
G
G

J
S

a

A
R
R
A

K
G
G
M
S
N
S

1

f
t
C
2
m
e
(
b
t
a
S

0
d

Precambrian Research 170 (2009) 27–42

Contents lists available at ScienceDirect

Precambrian Research

journa l homepage: www.e lsev ier .com/ locate /precamres

eochronology of Neoproterozoic mafic rocks and sandstones from northeastern
uizhou, South China: Coeval arc magmatism and sedimentation

in-Cheng Zhou ∗, Xiao-Lei Wang, Jian-Sheng Qiu
tate Key Laboratory for Mineral Deposits Research and School of Earth Science and Engineering, Nanjing University, 22 Hankou Road, Nanjing 210093, PR China

r t i c l e i n f o

rticle history:
eceived 8 April 2008
eceived in revised form 2 November 2008
ccepted 14 November 2008

eywords:
eochronology
eochemistry
afic rocks

andstones
eoproterozoic
outh China

a b s t r a c t

The mafic–ultramafic rocks in the Fanjingshan Group from northeastern Guizhou have been classified as
the calc-alkaline series. These mafic rocks have prominent negative Nb, Ta and Ti but positive Pb anoma-
lies and show typical geochemical signatures of arc basalts and decoupling Nd–Hf isotopic characters.
SHRIMP and LA-ICP-MS U–Pb zircon datings for four samples of the mafic rocks yield U–Pb zircon ages of
814 ± 15 Ma, 814 ± 6 Ma, 831 ± 6 Ma and 827 ± 24 Ma with an average age of 822 ± 15 Ma. The U–Pb ages
of the youngest detrital zircon grains in four samples of the sandstones from the Fanjingshan Group are
873 ± 4 Ma, 874 ± 10 Ma, 870 ± 10 Ma and 869 ± 9 Ma with an average age of 872 ± 3 Ma that is consid-
ered as the maximum depositional age of these sandstones. It suggests that the Fanjingshan Group, the
equivalent of the Sibao and Lengjiaxi Groups occurring in the western Jiangnan orogen, is Neoprotero-
zoic rather than Mesoproterozoic as previously considered. Combined with published age data, the U–Pb
zircon dating of both mafic rocks and sandstones in the Fanjingshan Group provides new constraints on
the timing of various geological events during the development of the Jiangnan orogen. It is evident that
there existed coeval magmatism (878–822 Ma) with arc signatures and sedimentation (872–835 Ma) in
the foreland basin along the southeastern margin of the Yangtze Block during the Neoproterozoic. Com-

pared with the Grenvillian-age orogenic event, the collision between the Yangtze and Cathaysia Blocks
was postponed for 355–160 Ma. Moreover, the basement strata in the Jiangnan orogen underwent thor-
ough greenschist-facies metamorphism. The prevalent granulite-facies metamorphism in the Grenvillian
orogenic belts has not been found in the metamorphosed sedimentary-igneous rocks of the basement
strata exposed in the Jiangnan orogen. All these suggest that the Jiangnan orogen should not be consid-
ered as a Grenvillian-age orogenic belt. It is proposed that the Jiangnan orogen might be the product of

ighbo
collision between two ne

. Introduction

In recent years, it has become a concerned and debated issue
or international geologists whether there existed any magma-
ism related to Neoproterozoic superplume activities in South
hina (Li et al., 1999, 2003a,b, 2005; Zhou et al., 2002, 2004,
005, 2006; Wang et al., 2004, 2006; Zheng et al., 2008). Four
afic–ultramafic dykes intruding into the Sibao Group in north-

rn Guangxi, South China, were dated at 828 ± 7 Ma by Li et al.
1999). These mafic–ultramafic dykes have been considered to

e correlated with the 827 Ma Gairdner Dykes Swarm (GDS) and
he 824 Ma Amata Dykes Swarm (Amate suite) in Australia (Li et
l., 1999; Ge et al., 2000, 2001a,b). These authors believed that
outh China lay between Australia and Laurentia in the Rodinia

∗ Corresponding author. Tel.: +86 25 83686336; fax: +86 25 83686016.
E-mail address: jczhou@nju.edu.cn (J.-C. Zhou).

301-9268/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.precamres.2008.11.002
ring blocks during the transition of Rodinia to Gondwana.
© 2008 Elsevier B.V. All rights reserved.

supercontinent which was situated on the top of a Neoprotero-
zoic superplume. Because of similar distribution patterns shown
in the histogram plots of the ages of Neoproterozoic igneous rocks
(dominantly granitoid) from South China, Australia, Laurentia, India
and South Africa, the generation of all the Neoproterozoic igneous
rocks has been considered to be related to the superplume activities
(Li et al., 2003b). Both the peraluminous S-type granites with ages
of 820–825 Ma, e.g. the Bengdong, Sanfang and Yuanbaoshan plu-
tons, and the Neoproterozoic mafic–ultramafic rocks from northern
Guangxi of South China were thought to be the products of bimodal
magmatism as well as the indicator for the arrival of a plume and
breakup of the Rodinia supercontinent (Li et al., 1999, 2003b). On
the other hand, the Neoproterozoic mafic–ultramafic rocks and the
S-type granites from northern Guangxi of South China have been

considered to be the products of magma activities in the convergent
plate margin along the Jiangnan orogen. They were formed during
the subduction of the oceanic crust and the post-collisional stage
respectively and show obvious geochemical signatures of island arc
basalts and post-collisional S-type granites. They do not display

http://www.sciencedirect.com/science/journal/03019268
http://www.elsevier.com/locate/precamres
mailto:jczhou@nju.edu.cn
dx.doi.org/10.1016/j.precamres.2008.11.002
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ny characteristics of plume magmatism and cannot be regarded
s indicators of breakup of the Rodinia supercontinent (Zhou et al.,
004, 2005; Wang et al., 2004, 2006).

Neoproterozoic mafic–ultramafic rocks like those from northern
uangxi are also distributed in the Fanjingshan area of north-
astern Guizhou Province, South China. The Fanjingshan area to
he west of Hunan Province lies on the Yunnan-Guizhou plateau
nd is located at the northwestern end of the Jiangnan orogen
Fig. 1). The Fanjingshan Group from northeastern Guizhou cor-
esponds to the Sibao Group from northern Guangxi (BGMRGZP,
987). The mafic–ultramafic rocks hosted in the Fanjingshan Group
re similar to those from the Sibao Group in geological setting and
ccurrence. However, research data on the Fanjingshan Group are
carce so far. This paper presents new SHRIMP and LA-ICP-MS U–Pb
ircon dating results for the mafic rocks and sandstones in the Fan-
ingshan Group. The geochemical and Sm–Nd and Lu–Hf isotopic
ata of the mafic rocks are also introduced to determine whether
hey are of arc or plume origin. This study is undertaken to bet-
er understand the evolutionary history of the Jiangnan orogen and
he overall characters of the Neoproterozoic magmatism in South
hina.

. General geology

The Fanjingshan area, west of Hunan, lies in northeastern
uizhou Province where the Fanjingshan Group is regarded as the
recambrian basement. The Fanjingshan Group crops out in Yin-
iang and Jiangkou counties of northeastern Guizhou, with total
rea of ∼270 km2 and a thickness of 7,500–11,620 m (GRGST, 1974).
t is unconformably overlain by the Neoproterozoic Banxi Group,
he Sinian system, the Cambrian-Permian systems (Fig. 1). The
anjingshan Group may be divided into upper and lower parts.
he lower part consists of mafic lavas erupted in sea floor and
errigenous detrital deposit constituting a volcanic–sedimentary
ystem (BGMRGZP, 1987). The volcanic–sedimentary system is
omposed of metamorphic sandstone with Bouma sequence, silt-
tone, tuff, sericite phyllite, slate and mafic lavas with pillow
tructure (Fig. 2a and b). This deep colored volcanic–sedimentary
ystem, in which the thicker mafic lavas are dominant, displays
he features of ocean-type crust. The lower part of the Fanjing-
han Group, from bottom to top, includes the Taojinhe, Yujiagou,
iaojiahe and Huixiangping Formations. The Taojinhe, Yujiagou
nd Xiaojiahe Formations show identical lithologies to the Jiux-
ao Formation of the Sibao Group from northern Guangxi (Fig. 3).
he Huixiangping Formation corresponds to the Wentong Forma-
ion of the Sibao Group (BGMRGZP, 1987). The upper part of the
anjingshan Group consists of terrigenous detrital turbidite with
ysch structure, including metamorphic sandstone, siltstone, tuff,
hyllite and slate. Compared with the lower Fanjingshan Group,
he upper part contains light-colored, coarse-grained sediments
xhibiting some features of ocean-continent transitional type crust
long the continental margin (BGMRGZP, 1987). The upper Fan-
ingshan Group, from bottom to top, includes the Tongchang,
oxi and Duyantang Formations (Fig. 3). The Tongchang Forma-
ion shows similar lithologies to the Yuxi Formation of the Sibao
roup in northern Guangxi (BGMRGZP, 1987). The mafic–ultramafic

ocks within the Fanjingshan Group include pillow basalts (Fig. 2),
abbro, diabase, gabbro–diabase, olivine pyroxenite, etc. The Fan-
ingshan Group underwent greenschist-facies metamorphism, in

hich the volcanic–sedimentary rocks have been replaced by

hlorite, tremolite, epidote, zoisite, calcite and quartz. Moreover,
he Fanjingshan Group was intruded by alaskite (GRGST, 1974;
GMRGZP, 1987).

Field survey indicated that the Proterozoic strata occurring
n Guizhou Province are coherent with those of the neighboring
search 170 (2009) 27–42

Hunan and Guangxi Provinces and display similar stratal sequences
and petrological characters. The alaskite intruded into the Fanjing-
shan Group gave muscovite K–Ar ages of 966 Ma (BGMRGZP, 1987).
The Rb–Sr age of the Bendong granite intruded into the Sibao Group
of northern Guangxi is 1063 ± 95 Ma (Wu, 1979). Therefore, the Fan-
jingshan Group, which corresponds to the Sibao Group in Guangxi
and the Lengjiaxi Group in Hunan, was considered to be Mesopro-
terozoic based on previous work (GRGST, 1970a,b, 1974; BGMRGZP,
1987; Wang, 2001). The unconformity between the Fanjingshan
Group and the overlying Banxi Group would suggest ca. 1000 Ma
Sibao orogeny which was considered to be the Grenvillian-aged
orogeny in South China and named the Jinning and Wuling oro-
genies (BGMRGZP, 1987).

The pillow basalts in the Fanjingshan Group predominantly
occur in the Huixiangping Formation. The voluminous layered gab-
bro, diabase, gabbro–diabase and olivine pyroxenite also occurs
as sills in the Huixiangping Formation, but are fewer in the Tao-
jinhe, Yujiagou, Xiaojiahe Formations of the lower Fanjingshan
Group. These mafic–ultramafic rocks have never been found in the
Tongchang, Aoxi and Duyantang Formations of the upper Fanjing-
shan Group. Furthermore, they never cut through the unconformity
interface between the Fanjingshan Group and the overlying Banxi
Group (GRGST, 1974; BGMRGZP, 1987). These mafic–ultramafic
rocks within the Huixiangping formation are distributed along
the stratification plane. They were often folded together with the
inclosing strata. These layered mafic–ultramafic rocks, a few to sev-
eral tens of meters thick, extend several km along the stratification
plane, with individual layers up to 20 km thick (BGMRGZP, 1987).

The pillow basalts, with pillows 25–60 cm long and 12–35 cm
wide, show vesicular and amygdaloidal structures. The vesicles are
filled with zeolite, chlorite, epidote, etc. Their primary minerals
are plagioclases, pyroxenes (diopside) and fewer magnetite grains.
The matrix shows an intergranular texture, in which the triangular
interstices among plagioclase laths are filled with pyroxene, mag-
netite and alteration minerals. It was reported that some pillow
lavas are spilites with higher Na2O (GRGST, 1974; BGMRGZP, 1987).
The gabbro–diabases show ambiguous gabbro and intergranular
textures and are composed of olivine, plagioclase, diopside, mag-
netite, pyrite, etc. The olivine pyroxenites consist of olivine and
pyroxene and show hypidiomorphic–idiomorphic granular texture.
These mafic–ultramafic rocks were replaced by tremolite, chlo-
rite, epidote, sericite, quartz, etc. (GRGST, 1974; BGMRGZP, 1987).
It should be noted that some gabbros, diabases, gabbro–diabases
occurring along the bedding in the Fanjingshan Group, in fact,
may be mafic eruptive lavas rather than basic intrusive rocks. For
example, some diabases with amygdaloidal structures may indi-
cate that they were originally eruptive basalts rather than intrusive
diabases as previously thought (GRGST, 1974; BGMRGZP, 1987).
In other words, the eruption of mafic magmas might have been
coeval with the deposit of terrigenous detritus during develop-
ment of the Fanjingshan Group as confirmed by the U–Pb zircon
dating for both the mafic rocks and the sandstones within the
Fanjingshan Group described below. However, the rock names
from the references will be put in parentheses, for the sake of
comparison.

3. Analytical techniques

3.1. Zircon U–Pb dating
Both the basalts and the sedimentary rocks from the Fanjingshan
Group were selected for zircon U–Pb dating. Zircons were separated
by conventional magnetic and density techniques to concentrate
non-magnetic, heavy fractions. About 3.0 kg for each sample was
crashed.
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ig. 1. Schematic geological map of the Fanjingshan area in northeastern Guizhou, So
ine, boundary line between two neighboring provinces in South China (ZJ, Zhejian
rovince; GZ, Guizhou Province).

.1.1. SHRIMP U–Pb zircon dating
The zircons of sample Fjs-16, together with several grains of

EMORA, were cast in an epoxy mount and polished down to
alf section. Transmitted and reflected light microphotographs and
athodoluminescence (CL) images were used to guide the SHRIMP
nalyses, and the mount was vacuum-coated with a layer of high-
urity gold. CL images were acquired with a Mono CL3+ (Gatan,
SA) attached to a scanning electron microscope (HITACHI S3000-
) at the Sensitive High-Resolution Ion MicroProbe (SHRIMP-II)

achine at the Beijing SHRIMP Center, Chinese Academy of Geo-

ogical Sciences (CAGS). CL images show typical oscillatory zoning
Fig. 4), indicating that the zircons are of magmatic origin. Zircon
–Pb isotopes were analyzed by SHRIMP-II ion microprobe at the
eijing SHRIMP Center, CAGS. Detailed analyzing processes are sim-

Fig. 2. (a) Pillow basalt from the Fanjingshan Group. (b) Several pillows in the pillo
hina (modified after Guo et al., 1984; BGMRGZP, 1987; GRGST, 1970a,b). Dash dotted
ince; AH, Anhui Province; JX, Jiangxi Province; HN, Hunan Province; GX, Guangxi

ilar to those of Compston et al. (1992) and Wang et al. (2007b,
2008a). A 3.2 nA primary beam, ∼30 �m diameter, was used for
ion production. Five scans through the mass stations were made
for each age determination. Both Pb/U and Pb/Th ratios and abso-
lute Pb, Th and U abundances of the standards Sri Lanka zircon
SL13 (206Pb/238U = 0.0928 corresponding 572 Ma, 238 ppm 238U,
Williams et al., 1996) and TEM with an age of 417 Ma (Black et
al., 2003) have been used to monitor the analyses of the zircon.
204Pb was applied for the common lead correction and data pro-

cessing was carried out using the SQUID 1.0 (Ludwig, 1999) and
PRAWN programs (Williams et al., 1996). Uncertainties on individ-
ual analyses are quoted at the 1� level, whereas those on pooled
alignment analyses are quoted at the 95% confidence level. SHRIMP
U–Pb isotopic data are listed in Table 1 (online Appendix A).

w basalt (inset displays the distribution of the pillows in the basalt outcrop).



30 J.-C. Zhou et al. / Precambrian Research 170 (2009) 27–42

ent s

3

L
i
w
U
a
t
v

a
P
w
I
a

l
(
N
c
b
w
o
u
W
B
a
p
2
c
a
2

f
r
2

Fig. 3. The stratigraphic columns of the basem

.1.2. LA-ICP-MS zircon dating
Zircon grains of other seven samples were analyzed using the

A-ICP-MS method. Zircons were mounted in epoxy resin and pol-
shed to expose the grain centers. CL images (Fig. 4) were acquired

ith a Mono CL3+ (Gatan, USA) attached to microprobe at China
niversity of Geosciences, and with a Mono CL3+ (Gatan, USA)
ttached to a scanning electron microscope (Quanta 400 FEG) at
he State Key Laboratory of Continental Dynamics, Northwest Uni-
ersity, Xi’an.

LA-ICP-MS zircon U–Pb dating of three samples (Fjs-01, Fjs-22
nd Fjs-24) was carried out at the State Key Laboratory of Geological
rocesses and Mineral Resources, China University of Geosciences,
ith a GeoLas 193 laser ablation system. Spot size is 24 �m. LA-

CP-MS zircon U–Th–Pb analyzing and data treatment processes
re similar to those described by Wang et al. (2007b).

Four samples (Fjs-07-2, Fjs-09-2, Fjs-17 and Fjs-25) were ana-
yzed at the State Key Laboratory for Mineral Deposits Research, NJU
Nanjing University), using an Agilent 7500s ICP-MS attached to a
ew Wave 213 nm laser ablation system with an in-house sample
ell. Detailed analytical procedures are similar to those described
y Griffin et al. (2004) and Jackson et al. (2004). U–Pb fractionation
as corrected using zircon standard GEMOC GJ-1 (207Pb/206Pb age
f 608.5 ± 1.5 Ma, Jackson et al., 2004) and accuracy was controlled
sing zircon standards 91500 (207Pb/206Pb age of 1065.4 ± 0.6 Ma,
iedenbeck et al., 1995) and Mud Tank (intercept age of 732 ± 5 Ma,

lack and Gulson, 1978). Samples were analyzed in runs of ca. 18
nalyses which included 6 zircon standards and up to 12 sam-
le points. Most analyses were carried out using a beam with a
0 �m diameter and a repetition rate of 5 Hz. U–Pb ages were
alculated from the raw signal data using the on-line software pack-

ge GLITTER (ver. 4.4) (http://www.mq.edu.au/GEMOC). Because
04Pb could not be measured due to low signal and interference
rom 204Hg in the gas supply, common lead correction was car-
ied out using the EXCEL program ComPbCorr#3 15G (Andersen,
002).
trata occurring the western Jiangnan orogen.

LA-ICP-MS U–Pb isotopic data are listed in Tables 2 and 3
(online Appendix A). All of the U–Th–Pb age calculations and

plotting of concordia diagrams were made using the ISOPLOT/Ex
program (ver. 2.06) of Ludwig (1999).

3.2. Major and trace elements

All samples were prepared by crushing in an agate shatterbox.
Major elements were analyzed using a VF-320 X-ray fluorescence
spectrometer (XRF) at the Center of Modern Analysis, Nanjing Uni-
versity (NJU) with an analytical precision less than 1%, following
the procedures described by Franzini et al. (1972). FeO was ana-
lyzed by wet-chemistry method. Rare earth elements (REE) and
trace elements were determined on a VG Elemental PlasmaQuad
3 inductively coupled plasma-mass spectrometer (ICPMS) at the
University of Hong Kong, with detailed procedures similar to Zhou
et al. (2000). The analytical precision for most elements is better
than 5%.

3.3. Sm–Nd isotopes

Sm–Nd isotopic compositions were determined at the Iso-
tope Laboratory, Institute of Geology & Geophysics, Chinese
Academy of Sciences (CAS), using MAT-262 mass spectrograph.
The analytical details were given in Shen et al. (1997). Analy-
sis of the standard BCR-1 gives 143Nd/144Nd = 0.512656 ± 13. The
εNd(t) values were calculated based on the Nd isotopic composi-
tions of 143Nd/144Nd (CHUR) = 0.512638 and 147Sm/144Nd (CHUR) =
0.1967.
3.4. Zircon Lu–Hf isotopes

Zircon Lu–Hf analyses reported here were carried out in situ
using a Geolas CQ 193 nm ArF excimer laser ablation system at
the Institute of Geology and Geophysics, CAS. The laser ablation

http://www.mq.edu.au/GEMOC
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ig. 4. Representative cathodoluminescence images for zircons from the mafic roc
ircons from the sandstones.

ystem is attached to a Neptune MC-ICP-MS which has a double
ocusing multi-collector ICP-MS and the capability of high mass
esolution measurements in a multiple collector model. Both He
nd Ar carrier gases were used to transport the ablated sample
rom the laser-ablation cell via a mixing chamber to the ICP-MS
orch. The analytical techniques are similar to those described
n detail by Xu et al. (2004). Most analyses were carried out
sing a beam with a ca. 32 �m diameter and a 4 Hz repetition
ate. A new TIMS determined value of 0.5887 for 176Yb/172Yb
as applied for correction (Vervoort et al., 2004). During the

nalytical process, we applied the mean ˇYb value in the same
pot for the interference correction of 176Yb on 176Hf in order
o get precise data for the individual analyses. Zircon 91500 was
sed as the reference standard, with a recommended 176Hf/177Hf

atio of 0.282302 ± 8 (Goolaerts et al., 2004). The decay con-
tant for 176Lu of 1.865 × 10−11 year−1 proposed by Scherer et
l. (2001) was adopted in this work. εHf values were calcu-
ated according to the chondritic values of Blichert-Toft et al.
1997).
d sandstones in the Fanjingshan Group. (a–d) Zircons from the mafic rocks. (e–h)

4. Analytical results

4.1. U–Pb dating

4.1.1. Mafic rocks
Four samples of basalts from the lower part of the Fanjingshan

Group were selected for zircon separation. These zircon grains are
subhedral, subangular prismatic and granular, rose and pink with
lengths of 50–150 �m. The CL image shows oscillatory zoning of
igneous origin (Fig. 4).

Sample Fjs-16 (N27◦51′48.5′′, E108◦45′38.6′′) is a basalt, with
fewer zircon grains, collected from the Huixiangping Formation.
Zircons from this sample have Th/U ratios ranging from 0.21 to 1.68
(Table 1) (online Appendix A). All of the 10 analyzed points plot on or

near the Concordia, of which six analyses yield a weighted average
206Pb/238U age of 784 ± 28 Ma (MSWD = 4.9, n = 6) and 207Pb/206Pb
age of 814 ± 15Ma (MSWD = 0.57, n = 6) (Fig. 5a). It is evident that
the weighted average 207Pb/206Pb age has better precision and a
relatively low MSWD value. In addition, the age is similar to the
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Fig. 5. Concordia plot of dating results of zirc

rystallization age of the mafic rocks hosted in the Sibao Group
rom Northern Guangxi (811.5 ± 4.8 Ma; Wang et al., 2006). There-
ore, the weighted average 207Pb/206Pb age of 814 ± 15 Ma is taken
s the crystallization age of the basalt. The remaining four analy-
es give older 207Pb/206Pb ages of 1512–2243 Ma. These zircons are
nterpreted to be of xenolithic origin.

Sample Fjs-24 (N27◦54′53.0′′, E108◦38′08.8′′) is a basalt
gabbro–diabase), with fewer zircons, from the Xiaojiahe Forma-
ion. Eight analyses give a weighted average 206Pb/238U age of
14 ± 6 Ma (MSWD = 0.45, n = 8) (Fig. 5b). A departure of 207Pb/235U
f some analyses from the Concordia may result from the exis-
ence of minor common Pb or the inaccurate measurement of 207Pb.
he 206Pb/238U age of 814 ± 6 Ma represents the crystallization age
f the basalt (gabbro–diabase). Another analysis yields a younger
06Pb/238U age of 434 Ma due to post-crystallization reset.

Sample Fjs-09-2 (N27◦51′57.3′′, E108◦45′24.3′′) is a basalt (dia-
ase) collected from the Huixiangping Formation. Twenty-three
nalyses were obtained for the sample. One analysis gives an
lder 206Pb/238U age of 1999 ± 26 Ma to represent the age of
enolithic zircon. The other 22 nearly concordant points yield
weighted average 206Pb/238U age of 831 ± 6 Ma (MSWD = 0.16,

= 22) (Fig. 5c) which is taken as the crystallization age of the basalt

diabase).
Sample Fjs-07-2 (N27◦51′59.2′′, E108◦45′09.6′′) is a basalt (gab-

ro) from the Huixiangping formation. Four concordant points yield
weighted average 206Pb/238U age of 827 ± 24 Ma (MSWD = 0.12,
m the mafic rocks in the Fanjingshan Group.

n = 4) (Fig. 5d) which is considered to be the crystallization age of
the basalts (gabbro).

The above-mentioned ages of four samples of the basalts from
the Fanjingshan Group are basically consistent within error range.
All ages of zircon grains contained in the four samples yield a
weighted average age of 822 ± 15 Ma, which is considered to rep-
resent the crystallization age of the Neoproterozoic mafic rocks in
the Fanjingshan area. This age is identical to that of the Yangmeiao
mafic–ultramafic rocks (828 ± 7 Ma, Li et al., 1999) and slight older
than that of the Hejiawan mafic rock (811.5 ± 4.8 Ma, Wang et al.,
2006) from the Sibao Group in northern Guangxi.

4.1.2. Detrital zircons in the Fanjingshan Group
Four samples of sandstone from both the upper and lower parts

of the Fanjingshan Group were selected for detrital zircon separa-
tion. Zircon grains separated from these sandstones are dominantly
brown, rose and colorless, subhedral and mostly rounded with
lengths of 50–150 �m. Most detrital zircon grains have higher Th/U
ratios (>0.10, Table 3) and show oscillatory zoning in the CL images
(Fig. 4e–h). These suggest that they were dominantly derived from
some igneous source rocks.
Sample Fjs-01 (N27◦52′40.5′′, E108◦44′25.5′) is a sand-
stone, with abundant zircon grains, collected from the Huix-
iangping Formation. Most of the zircon analyses, about 42
(Table 3, online Appendix A), plot on or near the Concordia. Firstly,
two analyses of the oldest zircon grains in the sample give a
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Fig. 6. Concordia plot of dating results of the detrital zircons from the sandstones in the Fanjingshan Group and their age histograms.
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eighted average 206Pb/238U age of 2503 ± 45 Ma (MSWD = 0.038,
= 2) and appear as a minor age peak in its histogram (Fig. 6a).
econdly, the 206Pb/238U ages of 11 nearly concordant points of
lder zircon grains range from ∼1900 Ma to ∼1700 Ma. Three
f these analyses give a weighted average 206Pb/238U age of
863 ± 21 Ma (MSWD = 0.29, n = 3), while the other eight anal-
ses yield a weighted average 206Pb/238U age of 1767 ± 24 Ma
MSWD = 2.4, n = 8). Thirdly, the 206Pb/238U ages of 25 nearly con-
ordant points of younger zircon grains range between 962 Ma
nd 860 Ma. Eight of them yield a weighted average 206Pb/238U
ge of 925 ± 14 Ma (MSWD = 2.8, n = 8). Another seventeen ana-
yzed points give a weighted average 206Pb/238U age of 873 ± 4 Ma
MSWD = 1.12, n = 17), which is considered to represent the maxi-

um depositional age of the sandstone and constitutes an obvious
ge peak in its histogram for the distribution of 206Pb/238U ages
Fig. 6a).

Sample Fjs-17 (N27◦51′05.0′′, E108◦46′06.4′′) is a sandstone from
he Tongchang Formation of the upper Fanjingshan Group. A total
f 45 analyses (Table 3, online Appendix A) were obtained for the
ample, among which 11 from the youngest zircon grains form a
ight cluster with a weighted average 206Pb/238U age of 869 ± 9 Ma
MSWD = 0.29, n = 11; Fig. 6b). This age is considered to represent
he maximum depositional age of the sandstone. The remaining
ata points, except some departures from the Concordia, plot on or
ear the Concordia between 1400 Ma and 2600 Ma and constitute

our age populations, with the weighted average 206Pb/238U ages of
499 ± 43 Ma (MSWD = 5.3, n = 8), 1788 ± 81 Ma (MSWD = 1.7, n = 3),
138 ± 54 Ma (MSWD = 2.2, n = 5) and 2320 ± 31 Ma (MSWD = 0.89,
= 4) respectively (see Fig. 6b).

Sample Fjs-22 (N27◦54′31.9′′, E108◦38′47.3′′) is a sandstone
ollected from the Xiaojiahe Formation, which underlies the Huix-
angping Formation in the lower Fanjingshan Group. A total of 37
nalyses (Table 3, online Appendix A) were obtained from the sam-
le. Some data points depart from the Concordia, probably resulting
rom Pb loss, in which some with discordance degree >±10% were
ejected. Four analyses yield a weighted average 206Pb/238U ages
f 874 ± 10 Ma (MSWD = 1.12, n = 4) (Fig. 6c). This age is interpreted
o be the maximum depositional age of the sandstone. The other
oncordant points are distributed on or near the Concordia. Mul-
iple age peaks appear on its age histogram between ∼1.0 Ga and
2.5 Ga.

Sample Fjs-25 (N27◦54′55.8′, E108◦38′07.4′′) is a sandstone
rom the Xiaojiahe Formation making up the country rock of
he above-mentioned basalt (sample Fjs-24). A total of 47 anal-
ses (Table 3, online Appendix A) were obtained for the sample,
ost of which plot on or near the Concordia (Fig. 6d). The data

oints of the old zircon grains are distributed between ∼2100 Ma
nd ∼2600 Ma along the Concordia. Among the data points of
he older zircon grains ranging from ∼1913 Ma to ∼1020 Ma, sev-
ral age populations have been recognized, e.g. the weighted
verage 206Pb/238U ages of 1830 ± 25 Ma (MSWD = 1.8, n = 10),
703 ± 28 Ma (MSWD = 1.9, n = 8), 1553 ± 26 Ma (MSWD = 2.3, n = 9)
nd 1171 ± 16 Ma (MSWD = 0.85, n = 4) respectively. Moreover, one
mportant age population can be identified among Neoproterozoic
ata points. It is composed of seven analyses with a weighted aver-
ge 206Pb/238U age of 870 ± 10 Ma (MSWD = 0.23, n = 7; Fig. 6d),
hich has been defined as the maximum depositional age of the

andstone.
In summary, a total of 150 analyses were obtained for the

etrital zircons in the four samples of the sandstones hosted in
oth the upper and lower Fanjingshan Group (Fig. 7). Analyses

ith discordance degree >±10% have not been included in it. It is

vident from the general age histogram (Fig. 7) that several age
opulations may be recognized but the Neoproterozoic ages dom-

nate the spectrum, with a weighted average 206Pb/238U ages of
72 ± 3 Ma (MWSD = 1.16, n = 40). There also is a small age popula-
Fig. 7. General histogram of age distribution for the detrital zircon from the sand-
stones in the Fanjingshan Group. (Only analyses with lower discordance degree
(<±10%) are used in construction of the diagram.)

tion at ∼1174 Ma. Other older populations include age intervals of
ca. 1535 Ma to 1793 Ma, and ca. 2320 Ma to 2495 Ma.

4.2. Geochemistry

The major and trace element analyses of the mafic–
ultramafic rocks in the Fanjingshan area are listed in
Table 4 (online Appendix A). From SiO2 versus (K2O + Na2O)
diagram (not shown), the mafic rocks from the Fanjingshan
Group are dominantly subalkaline basalts and andesite-basalts,
lacking normative Ne. They have lower TiO2 (0.44–0.95 wt%),
moderate Al2O3 (12.87–15.65 wt%) and moderate or higher MgO
(5.11–10.65 wt%). However, they are unlike some basalts from both
the Sibao Group of northern Guangxi and the Lengjiaxi Group
of northern Hunan having MgO as high as 13.05–14.3 wt% (Zhou
et al., 2000; Wang et al., 2004). The mafic rocks have moderate
(6.02–11.67 wt%) or higher CaO (up to 12.7 wt%). Their Na2O con-
tents (1.16–3.2 wt%) are also moderate. The chondrite-normalized
REE patterns of the mafic rocks are shown in Fig. 8a and b. All
samples of the basalts show LREE enriched patterns with (La/Yb)N
ratios of 2.38–4.83 and flat HREE. A few samples have obvious
negative Eu anomalies with �Eu of 0.74–0.83. However, most
samples do not show distinct negative Eu anomalies, with �Eu
of 0.89–0.99. Some samples even show positive Eu anomalies
with �Eu of 1.01–1.08. This could be explained by two alternative
factors: (1) the mafic rocks in the Fanjingshan Group have higher
CaO; (2) the fractionation of plagioclase was not important during
petrogenetic process. The primitive mantle-normalized patterns
of the selected incompatible elements of the mafic rocks as shown
in Fig. 8c and d indicate that they are enriched in incompatible
elements. However, they present a striking contrast to that of OIB
(Sun and McDonough, 1989). The pattern of OIB show obvious
positive Nb, Ta and Ti as well as negative Pb anomalies, whereas
those of the mafic rocks from the Fanjingshan Group display
prominent negative Nb, Ta and Ti but positive Pb anomalies, the
typical geochemical signatures of arc basalts.

4.3. Sm–Nd and Lu–Hf isotopic compositions
The Sm–Nd isotope analyses of the mafic rocks in the Fan-
jingshan Group are listed in Table 5 (online Appendix A). These
data indicate that the mafic rocks from the Fanjingshan Group
have lower (143Nd/144Nd)i (0.511365–0.511557) and negative εNd(t)
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for arc basalts are put in parentheses for comparison. As shown
in Table 4 (online Appendix A), the Fanjingshan basalts have
lower TiO2, from 0.44 wt% to 0.95 wt% (≤1.25 wt%); lower Ta,
0.16–0.59 ppm (≤0.7 ppm) except for individual sample up to
ig. 8. Chondrite-normalized REE (a and b) and Primitive mantle-normalized trace e
re taken from Sun and McDonough (1989).

alues (−0.41 to −4.16) and are basically similar to those of the
afic rocks in the Sibao Group from northern Guangxi (Zhou

t al., 2004). Because the zircon grains in the mafic rocks are
carce and fine-grained, only one sample (Fjs-09-2) was used to
nalyze the Lu–Hf isotopic compositions of zircon. The analyti-
al results of 18 spots are listed in Table 6 (online Appendix A).
n contrast to the Sm–Nd whole-rock isotopic compositions
f the mafic rocks, zircons from the mafic rock have higher
176Hf/177Hf)i (0.282330–0.282428) and positive εHf(t) values (+3.19
o +5.97) (Table 6, online Appendix A), indicating Nd–Hf isotopic
ecoupling.

. Discussion

.1. Origin of the mafic volcanic rocks in the Fanjingshan Group

The geochemical signatures of the mafic volcanic rocks in the
anjingshan Group provide a great deal of information about their
rigin. The FeO*/MgO–SiO2 diagram (Fig. 9) indicates that of the
8 samples of the mafic rocks, 22 samples fall in the calc-alkaline
omain. Six other samples are in the tholeiitic area, of which 4 sam-
les are close to the boundary between the two fields suggesting
hat most mafic rocks from the Fanjingshan Group should be clas-
ified as the calc-alkaline series. In trace element diagram (such
s plot Ti/Zr–Zr/Y, Fig. 10), all samples of the mafic rocks fall in the
elds of calc-alkaline basalts of island arc (CABI) and continental arc
CABC) rather than that of alkaline basalts of island arc (IAB). This
s consistent with what is implied by the FeO*/MgO–SiO2 diagram

nd further indicates their calc-alkaline affinities. It also suggests
hat low-grade metamorphism and alteration did not exert a strong
nfluence on the contents of major oxides, such as SiO2, MgO and
eO in these rocks. The calc-alkaline characters of the mafic rocks
rom the Fanjingshan Group may indicate that the Fanjingshan area
t patterns(c and d) of the mafic rocks in the Fanjingshan Group. Normalizing values

is situated at the northern margin of Jiangnan orogen and near the
interior of the Yangtze Block (Fig. 1).

Condie (1989) proposed the geochemical screens for Precam-
brian mafic rocks formed in various tectonic settings in the
world. These geochemical screens of Condie (1989) will be used
in this study for discrimination of tectonic environments of the
mafic rocks in the Fanjingshan Group. The data of his screen
Fig. 9. Plot of FeO*/MgO–SiO2 for the mafic rocks (after Miyashiro, 1974). (1) This
work. (2) From reference (GRGST, 1974).
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Fig. 10. Plot Ti/Zr–Zr/Y for the mafic rocks (after Condie, 1989).

.87 ppm; lower Nb, 1.91–5.97 ppm (≤12 ppm); higher La/Ta ratio,
1.04–27.70 (>15) except for one sample being 13.82; lower Ti/Y
atio, 168.73–242.92 (<350). All these element contents and ratios
re within the range of the screen for arc basalts (listed here in
arentheses) of Condie (1989). Therefore, these mafic rocks from
he Fanjingshan Group are considered to have arc basalts signa-
ures. Moreover, in the light of lower Hf/Th, 0.57–0.91 (<8), and
igher Th/Yb, 0.97–1.90 (>0.1), they can be distinguished from N-
ORB, further confirming their geochemical features of arc basalts.

hirdly, their lower La/Ta ratio of 21.04–27.70 (<50) and lower Ti/Zr
atio of 44.10–80.93 (<85) suggest that they can be classified as the
alc-alkaline basalts formed in arc settings (Condie, 1989).

Whether in element pair (e.g. Ti–Zr), three elements (e.g.
f–Th–Ta) or element ratios (e.g. Th/Ta–La/Yb) tectonic discrimina-

ion diagrams (Figs. 11–13), the mafic rocks from the Fanjingshan
roup plot in the field of volcanic arc basalts, suggesting that they
ere generated in an island arc setting. Furthermore, it has been
oted that the ratios of some incompatible trace elements, such
s La/Nd, La/Ta, Sm/Nd and Nb/Ta, in the mafic rocks are close

o those of the primitive mantle (Sun and McDonough, 1989).
heir primitive mantle-normalized trace element ratios, such as
La/Nd)pm, (La/Ta)pm, (Sm/Nd)pm and (Nb/Ta)pm, are generally less
han 2 (Table 4, online Appendix A). This implies that the geochem-

Fig. 11. Plot Ti-Zr for the mafic rocks (after Pearce, 1982).
search 170 (2009) 27–42

istry of the incompatible trace elements in the mafic rocks from
the Fanjingshan Group likely mirror the mantle source signatures
(Tommasini et al., 1995). Thus, the process controlling the geochem-
ical variability of these mafic rocks may be primarily the source
processes rather than possible crustal contamination. Therefore,
we have reasons to believe that these mafic magmas should have
been formed in the geological processes related to the subduction
of the oceanic crust. The mantle source, from which the magmas
in the subduction zone were derived, has generally been consid-
ered to be N-MORB type depleted mantle (Tatsumi et al., 1986).
The positive εHf(t) values (+3.19 to +5.97) of zircons from the mafic
rock in the Fanjingshan Group (Table 6, online Appendix A) imply
the existence of the depleted mantle source along the subduction
zone of the southeastern margin of the Yangtze Block during Neo-
proterozoic. However, Sm–Nd isotope (εNd(t) = −0.41 to −4.16) of
whole rocks of the mafic rocks display rather enriched signatures.
These decoupling Nd–Hf isotopic characters are likely to indicate
the impression of early subduction of oceanic crust in the mantle
source (Pearce et al., 1999; Polat and Münker, 2004). The occurrence
of the 920–870 Ma arc volcanic rocks (Wang, 2000; Wang et al.,
2008b) in the Shuangxiwu Group in the eastern part of the Jiangnan
orogen might suggest that the subduction of the oceanic crust along
the southeastern margin of the Yangtze Block had already started
before ca. 920 Ma. Therefore, the mantle wedge source metaso-
matised by earlier sub-derived melts or fluids with high Nd/Hf
ratios and the mantle-derived mafic magmas would have decou-
pled Nd–Hf isotopic features.

Moreover, as mentioned above, the Proterozoic strata in north-
eastern Guizhou are coherent with those of neighboring northern
Guangxi and display similar petrological characters. It has also
been noted that the mafic rocks in both the Fanjingshan and Sibao
Groups share similar geochemical features. The mafic–ultramafic
rocks, with an age of 828 ± 7 Ma and hosted in the Sibao Group
from northern Guangxi, was considered to be of plume origin by Li
et al. (1999). However, the total areas of the Neoproterozoic mafic
and ultramafic rocks exposed in the western section of the Jiang-
nan orogen, including northeastern Guizhou, northern Guangxi and
northern and western Hunan Provinces, are only about 200 km2

(BGMRGZP, 1987; BGMRGXP, 1985; BGMRHNP, 1988) and there-
fore are incomparable with those of the GDS and Amate suite of
plume origin in Australia (about 210,000 km2, Zhao et al., 1994).
Another noteworthy feature of the mafic–ultramafic rocks in the
Fanjingshan Group and the corresponding strata in the western
Jiangnan orogen is that they never show any geochemical signa-
tures of the plume-derived continental flood basalt (CFB) and ocean
island basalt (OIB), whereas their arc-like geochemical characters
are prominent as indicated above. Some pillow basalts with higher
MgO from northern Hunan, previously interpreted as evidence of
plume-related high temperature magmatism (Wang et al., 2007a),
are considered to be generated in the subduction zone (Zheng et
al., 2008). Therefore, it is preferred by the present authors that the
formation of the mafic volcanic rocks in the Fanjingshan Group
and corresponding strata distributed along the western Jiangnan
orogen was responsible for the northwest-ward subduction of the
oceanic crust at the early stage of the generation of the Jiangnan
orogen. These rocks should be regarded as the products of magma
activities at a convergent plate margin. Our works and almost all
data reported indicate that there was no Neoproterozoic plume-
related magmatism in the western Jiangnan orogen as well as in
South China.
5.2. Coeval arc magmatism and sedimentation: implication for
tectonic setting

Because the Fanjingshan and Sibao Groups were intruded by
the alaskite with K–Ar ages of 966 Ma (BGMRGZP, 1987) and by
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Fig. 12. Plot Hf/3–Th–Ta for the

he Bendong granodiorite with Rb–Sr age of 1063 ± 95 Ma (Wu,
979), respectively, both groups were previously considered to be
he Mesoproterozoic basement (GRGST, 1970a,b, 1974; BGMRGZP,
987; Zhao et al., 1996; Wang, 2001). However, the results of new
A-ICP-MS U–Pb dating of the detrital zircons in this study indi-
ate that the maximum depositional age of the sandstones in the
anjingshan Group is ca. 872 ± 3 Ma. A similar maximum deposi-
ional age (866 ± 4 Ma) has also been reported for the equivalent
asement strata, i.e. the Sibao Group in Guangxi and the Lengjiaxi
roup in Hunan Provinces, in the western Jiangnan orogen (Wang
t al., 2007b). This suggests that the Fanjingshan Group and the
quivalent Sibao and Lengjiaxi Groups are Neoproterozoic rather
han Mesoproterozoic as previously thought. Moreover, recent new
A-ICP-MS U–Pb zircon dating gave an age of 835.8 ± 2.5 Ma for
he Zhaigun granitic pluton intruding the Sibao Group in north-
rn Guangxi (Wang et al., 2006). This means that the upper limit
f depositional ages of the Fanjingshan Group and the equivalent
asement strata in the western Jiangnan orogen may be considered
o be 835 Ma. Therefore, the development of these basement strata
hould be between 872 Ma and 835 Ma.
On the other hand, both SHRIMP and LA-ICP-MS U–Pb zircon
ating in this study (see above) gave an age range from 814 ± 15 Ma
o 831 ± 6 Ma, with an average age of 822 ± 15 Ma, for the mafic
ocks in the Fanjingshan Group. It is also suggested that the

Fig. 13. Plot Th/Ta–La/Yb for the mafic rocks (after Condie, 1997).
rocks (after Wood et al., 1979).

deposition of the Fanjingshan Group did not end at some time
before 822 ± 15 Ma. It is uncertain whether the minimum depo-
sitional age of the Fanjingshan Group is 822 ± 15 Ma or 835 Ma
(835.8 ± 2.5 Ma)? Although the two ages are consistent within the
error range, we believe that future precise chronological studies
may resolve the conflict. Furthermore, it was reported that there
are arc-like quartz-keratophyre and tuff with ages of 878 ± 5Ma and
879 ± 6Ma, respectively, in the Shuangqiaoshan Group (equivalent
to the Sibao Group) from Jiangxi Province in the eastern Jiangnan
orogen (Wang et al., 2008b). On the basis of these new and accurate
U–Pb zircon datings for the associated sandstones and the mafic
rock in the Fanjingshan Group as well as the quartz-keratophyre and
tuff in the equivalent Shuangqiaoshan Group from the western and
eastern Jiangnan orogen, respectively, we believe that there existed
coeval magmatism (878–822 Ma) with arc signatures and sedimen-
tation (872–835 Ma) along the southeastern margin of the Yangtze
Block during Neoproterozoic. At the western margin of the Yangtze
Block, the development of the Neoproterozoic Yanbian Group has
also been considered to be coeval with subduction-related magma-
tism (Zhou et al., 2006).

The general age histogram of the detrital zircon from the
sandstones in the Fanjingshan Group (Fig. 7) provides some new
information about the provenance and tectonic setting for the
development of the Fanjingshan Group. First, the age histogram
indicates a dominant input of ca. 872 Ma aged detrital zircon grains.
It is evident that the provenance of the sandstones from the Fan-
jingshan Group has close relationship with the arc-island igneous
terrane of these ages situated at the southeastern margin of the
Yangtze Block, i.e. the detrital zircon grains in these sandstones
were predominantly derived from the arc-island acid volcanic rocks
with ages of ∼870 Ma. Second, an important older age population
ranging between ca. 1793 Ma and ca. 1535 Ma is shown in the his-
togram. The earlier Mesoproterozoic era of 1800–1600 Ma has been
regarded as an important period of crustal growth in South China
(Gan et al., 1996). Zircons with ages of ∼1800 Ma were obtained
from many localities within the Yangtze Block (Zhang et al., 2006).
The detrital zircons with ages of 1874–1730 Ma have also been found

in the Meso-Neoproterozoic sedimentary rocks distributed along
the western margin of the Yangtze Block (Greentree et al., 2006).
Thus, a portion of the detrital zircon grains in the sandstones in the
Fanjingshan Group might have been derived from the earlier Meso-
proterozoic provenance in the Yangtze Block. Third, there exists the
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mallest ca. 2320–2495 Ma population in the histogram. Similar zir-
on U–Pb ages (2493 ± 19 Ma) for the gneiss from the Yangtze Block
ave been reported by Tu et al. (2001). The magmatic zircons with
imilar ages (ca. 2325–2500 Ma) have also been found in the base-
ent of the Yangtze Block, but are absent in that of the Cathaysia

lock (Greentree et al., 2006). Therefore, the earlier Paleoprotero-
oic terranes within the Yangtze Block are likely to be a provenance
f these sandstones. Finally, a population of late Mesoproterozoic
ircons with an age of ca. 1174 Ma may be related to the metamor-
hic rocks of this period occurring in Hainan Island in the Cathaysia
lock (Greentree et al., 2006).

Above detrital zircon provenance analysis of the sandstones
n the Fanjingshan Group indicates that their source rocks are
ominantly the volcanic rocks exposed on the juvenile Jiangnan
rogen. Some terranes within the Yangtze Block are likely to be
dditional potential sediment provenance. The terranes within the
athaysia Block are unlikely to be an important provenance of these
andstones. These depositional events document that the suitable
edimentary basin for deposition of the sedimentary sequences in
he Fanjingshan Group was the foreland basin on the southeastern

argin of the Yangtze Block and behind the Jiangnan orogen, as
ang et al. (2007b) suggested for the equivalent Sibao and Lengjiaxi

roups in the western Jiangnan orogen.

.3. The Jiangnan orogen: a Grenvillian orogenic belt?

On the basis of the dating data obtained in 1980s–1990s, the ages
f the Precambrian igneous and metamorphic rocks distributed
long the middle and eastern Jiangnan orogen range from 1.10 Ga
o 0.96 Ga (Li and Mu, 1999). Thus, the collision and assembly event
etween the Yangtze and Cathaysia Blocks to generate the Jiangnan
rogen was considered to take place during late Mesoproterozoic to
arliest Neoproterozoic (Shui, 1987; Li, 1998). Therefore, the Jiang-
an orogen was thought to be a Grenvillian orogenic belt (Li et al.,
996, 2002; Li and Mu, 1999).

In the following discussion, we basically use the age data
eported in recent years of this century and obtained by SHRIMP,
a-ICP-MS zircon U–Pb and other new dating methods (Table 7).
he mafic lavas with perfect pillow structures have been sought
ut in the Lengjiaxi Group in northern Hunan, the Sibao Group
n northern Guangxi and the Fanjingshan Group in northeastern
uizhou (Zhou et al., 2000, 2004; Wang et al., 2004). The typi-
al N-MORB with highly depleted geochemical features was found
n the Lengjiaxi Group in northeastern Hunan (Zhou et al., 2003).
ll these suggest that the subduction of the oceanic crust did exist
long the southeastern margin of the Yangtze Block during the early
tage of the generation of the Jiangnan orogen. The Neoprotero-
oic ophiolites with age of 858 ± 11 Ma (ophiolitic mélange, Shu et
l., 2006) and the glaucophane-bearing schists occur in the eastern
iangnan orogen. Associated volcanic–sedimentary rocks include
he arc-like calc-alkaline volcanic rocks, the island-arc type fly-
ches, the pyroclastic rocks deposited in the back-arc basin and the
urbidites developed in the margin sea setting (Shu et al., 1995).
ll these subduction-related volcanic–sedimentary rocks are dis-

ributed along the southeastern margin of the Yangtze Block rather
han the northeastern margin of the Cathaysia Block. This sce-
ario suggests the northwest-ward subduction of the oceanic crust.
he thrusting, imbricate and nappe structures developed in the
egional basement metamorphic rocks in the Yangtze Block always
ip northwest, which also imply the northwest-ward subduction of
he oceanic crust. Moreover, the detailed kinematics study further

onfirmed the northward subduction polarity (Shu et al., 1995). It is
vident that the strata in the Fanjingshan Group and Sibao Groups
ere tightly folded, trending NW, NE and nearly EW (BGMRGXP,

985; BGMRGZP, 1987), in response to the northward subduction
f the oceanic crust (Zhou et al., 2004). It should be mentioned
search 170 (2009) 27–42

that the glaucophane-bearing schist with K–Ar age of 866 ± 14 Ma
(Table 7; Shu et al., 1994) occurring in the eastern Jiangnan orogen
is the product of deep subduction of the oceanic crust. The age was
considered to represent the record of peak metamorphism in the
Jiangnan orogen (Zhao and Cawood, 1999).

On the other hand, the muscovite or cordierite-bearing pera-
luminous S-type granites (i.e. MPG and CPG; Barbarin, 1999) are
distributed throughout the Jiangnan orogen (Fig. 1) (Li et al., 2003a;
Wang et al., 2006; Qiu et al., 2002). Both field and geochronologi-
cal study indicate that these peraluminous S-type granites are the
products of two magmatic stages (BGMRGXP, 1985). The plutons
emplaced in the earlier stage are basically granodiorites with ages
of 835–820 Ma, including the Zhaigun (835.8 ± 2.5 Ma), Bendong
(822.7 ± 3.8 Ma) and Dongma (824 ± 13 Ma) plutons in northern
Guangxi, the Jiuling pluton (828 ± 8–819 ± 9 Ma) in northwestern
Jiangxi, the Xucun (823 ± 17 Ma), Xiuning (824 ± 7 Ma) and Shex-
ian (823 ± 9 Ma) plutons in southern Anhui (Table 7; Wang et al.,
2006; Li et al., 2003a; Wu et al., 2006; Zhong et al., 2005). The
plutons emplaced in the later stage are dominantly the biotite gran-
ites with ages of 804–771 Ma, such as the Sanfang (804.3 ± 5.2 Ma)
and Tianpeng (794.2 ± 8.1 Ma) plutons in northern Guangxi and
the Shiershan (779 ± 11–771 ± 17 Ma) pluton in western Zhejiang
and southern Anhui (Table 7; Wang et al., 2006; Wu et al., 2005;
Li et al., 2003b; Zheng et al., 2008). The earlier stage granodi-
orites intruded such basement strata as the Sibao Group and its
equivalents and were in turn intruded by the later stage biotite
granites (Wang et al., 2006). For example, in northern Guangxi,
the Zhaigun (835.8 ± 2.5 Ma) and Bendong (822.7 ± 3.8 Ma) plu-
tons were intruded by the Tianpeng (794.2 ± 8.1 Ma) and Sanfang
(804.3 ± 5.2 Ma) plutons, respectively. Moreover, some plutons
emplaced at the earlier stage, e.g. the granodiorites from
northeastern Hunan, show obvious deformation, gneissic struc-
ture and preferred orientation of quartz, biotite and muscovite
(Wang et al., 2004). This suggests that the granodiorite plutons
emplaced at the earlier stage may be the products of syntectonic
magmatism.

In the light of the relationship between granitoid types and
their geodynamic environments summarized by Barbarin (1999),
the MPG and CPG are associated with the climax of orogenesis. The
melting of continental crust produces the MPG- and CPG-like pera-
luminous granites after the convergence between oceanic crust and
continental lithosphere and during the collision between two conti-
nental lithospheres (Barbarin, 1999). Therefore, the S-type granites
of the earlier stage (835–820 Ma) exposed in the entire Jiangnan
orogen (Fig. 1) may be considered as a petrological indicator of the
collision event between the Yangtze and Cathaysia Blocks. The age
interval (835–820 Ma) of the S-type granites of the earlier stage
in the Jiangnan orogen may be taken to represent the climax of
collision between the two blocks. It is evident that the assembly
of the Yangtze and Cathaysia Blocks in southern China took place
between 835 Ma and 820 Ma. Those S-type granites of the later
stage (804–771 Ma) should be considered as the products of post-
collisional granitic magmatism (Wang et al., 2004, 2006). It is also
obvious that Table 7 listed the precise timing of magmatic activ-
ities of subduction related, syn-collision and post-collision stages
except two samples with ages of 913–905 Ma. Combined with the
age data reported recently (Table 7), the U–Pb zircon dating of both
mafic rocks and sandstones in the Fanjingshan Group may provide
new constraints on the timing of various geological events during
the development of the Jiangnan orogen as following: (a) subduc-
tion of the oceanic crust northward underneath the Yangtze Block

(before ca. 866–835 Ma) with peak subduction at ca.866 Ma; (b)
sedimentation in the back-arc foreland basin (ca. 872–835 Ma); (c)
arc magmatism (ca. 878–822 Ma); (d) collision between the Yangtze
and Cathaysia Block (ca. 835–820 Ma) and (e) post-collision (after
ca. 820 Ma).
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Table 7
Compilation of new dating data of the igneous and metamorphic rocks from the Jiangnan orogen.

Pluton or strati-graphic unit Locality Lithology/mineral Age (Ma) Methods References General geology

Yangmeiao Northern Guanagxi Mafic–ultramafic
rocks

828 ± 7 SHRIMP U–Pb Li et al. (1999) Hosted in the Sibao Group

Hejiawang Northern Guanagxi Mafic rock 811.5 ± 4.8 La-ICP-MS zircon U–Pb Wang et al. (2006) Layer mafic rocks hosted in the Sibao
Group

Bendong Northern Guanagxi Granodiorite 819 ± 9 SHRIMP U–Pb Li (1999) Intruded into the Sibao
Group,underlying by the Danzhou
Group and was intruded by the
Sanfang pluton

Northern Guanagxi Granodiorite 822.7 ± 3.8 La-ICP-MS zircon U–Pb Wang et al. (2006)

Sanfang Northern Guanagxi Biotite granite 804.3 ± 5.2 La-ICP-MS zircon U–Pb Wang et al. (2006) Intruded the Bendong pluton
Tianpeng Northern Guanagxi Granite 794.2 ± 8.1 La-ICP-MS zircon U–Pb Wang et al. (2006) Intruded the Zhaigun pluton
Zhaigun Northern Guanagxi Granodirite 835.8 ± 2.5 La-ICP-MS zircon U–Pb Wang et al. (2006) Was intrude by the Tianpeng pluton

and the mafic rocks
Dongma Northern Guanagxi Granodirite 824 ± 13 La-ICP-MS zircon U–Pb Wang et al. (2006) Intruded the Sibap Group
Qianyang Western Hunan Diabase 747 ± 18 SHRIMP U–Pb Wang et al. (2008a) Intruded along the sequences of the

Banxi Group and overlain by the
sandstones of the Sinian SystemGuzhang Western Hunan Diabase 768 ± 28 SHRIMP U–Pb Zhou et al. (2007)

Tongdao Western Hunan Altered ultramafic
rocks

756 ± 12 SHRIMP U–Pb Wang et al. (2008a) Intruded into the Banxi Group

Longsheng Northern Guanagxi Gabbro–diabase 761 ± 8 TIMS Pb-Pb concordant age Ge et al. (2001a,b) Hosted in the Danzhou Group (?)
Sanmenjie Northern Guanagxi Rhyo-dacite (?) 765 ± 14 SHRIMP U–Pb Zhou et al. (2007)
Cangshuipu Northeastern Hunan Dacitic volcanic

conglomerate (?)
814 ± 12 SHRIMP U–Pb Wang et al. (2003) Occurred as the base of the Banxi

Group
Jiuling Northwestern Jiangxi Granodiorite 819 ± 9 SHRIMP U–Pb Li et al. (2003a) Intruded into the Jiuling Group and

underlain by the lower Sinian System828 ± 8 SHRIMP U–Pb Zhong et al. (2005)
820 ± 10 SHRIMP U–Pb Zhong et al. (2005)

Dexing Northeastern Jiangxi Glaucophane in the
blueschist

866 ± 14 K-Ar Shu et al. (1994) Hosted in the Qigong Group and
underlain by Sinian System

Jingdezhen Northeastern Jiangxi Gabbro 801 ± 4 La-ICP-MS zircon U–Pb Wang et al. (2008b) Intruded into the Shuangqiaoshan
Group

Jingdezhen Northeastern Jiangxi Quartz-keratophyre 878 ± 5 La-ICP-MS zircon U–Pb Wang et al. (2008b) Hosted in the Shuangqiaoshan Group
Jingdezhen Northeastern Jiangxi Tuff 879 ± 6 La-ICP-MS zircon U–Pb Wang et al. (2008b)
Jingtan Formation Southern Anhui Dacite 773 ± 7 La-ICP-MS zircon U–Pb Wu et al. (2007) Neoproterozoic strata
Jingtan Formation Southern Anhui Dacite 820 ± 16 SHRIMP U–Pb Wu et al. (2007) Neoproterozoic strata
Jingtan Formation Western Zhejiang Tuff 779 ± 7 La-ICP-MS zircon U–Pb Zheng et al. (2008) Neoproterozoic strata
Shiershan Shouthern Anhui Granite 771 ± 17 La-ICP-MS zircon U–Pb Zheng et al. (2008) Intruded into the Jingtan Formation

Shouthern Anhui Granite 777 ± 7 La-ICP-MS zircon U–Pb Zheng et al. (2008) Intruded into the Jingtan Formation
Shouthern Anhui Granite 775 ± 5 La-ICP-MS zircon U–Pb Zheng et al. (2008) Intruded into the Jingtan Formation
Western Zhejiang Granite 777 ± 9 La-ICP-MS zircon U–Pb Wu et al. (2005) Intruded into the Jingtan Formation

779 ± 11 SHRIMP U–Pb Li et al. (2003b)
Xucun Southern Anhui Granodiorite 823 ± 17–827 ± 7 La-ICP-MS zircon U–Pb Wu et al. (2006) Intruded the Shangxi Formation and

was underlain by the Xiuning
Formation

Southern Anhui Granodiorite 823 ± 8 SHRIMP U–Pb Li et al. (2003a)

Shexian Southern Anhui Granodiorite 823 ± 9–824 ± 6 La-ICP-MS zircon U–Pb Wu et al. (2006) Intruded the Shangxi Formation and
was underlain by the Xiuning
FormationXiuning Southern Anhui Granodiorite 824 ± 7–825 ± 7 La-ICP-MS zircon U–Pb Wu et al. (2006)

Shijiao, Zhuji Western Zhejiang Hornblende in the
tebinite

832.3 ± 6.8 40Ar/39 Ar Quote from a secondary source
of Zhou and Zhu (1992)

Hosted in the Shuangqiaoshan Group

Zhuji Western Zhejiang Ophiolitic gabbro 858 ± 11 SHRIMP U–Pb Shu et al. (2006) Hosted in the ophiolitic mélange
Shenwu Northern Zhejiang Dolerite 849 ± 7 SHRIMP U–Pb Li et al. (2008) Intruded into the Shuangxiwu Group
Daolinshan Northern Zhejiang Granite 794 ± 9 SHRIMP U–Pb Li et al. (2008) Intruded into the Shuangxiwu Group
Shangshu Northern Zhejiang Rhyolite 792 ± 5 SHRIMP U–Pb Li et al. (2008) Hosted in the Shangshu Formation
Hongchicun Formation Northern Zhejiang Intermediate-acidic

rocks
797 ± 11 SHRIMP U–Pb Li et al. (2003b) Neoproterozoic strata

Taohong Northern Zhejiang Tonalite (?) 913 ± 15 SHRIMP U–Pb Ye et al. (2007) Intruded the Shuangqiaoshan Group
Xiqiu Northern Zhejiang Granodiorite 905 ± 14 SHRIMP U–Pb Ye et al. (2007)
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However, it is well known that the continent–continent colli-
ion event forming Grenvillian orogenic belt spanned a period from
190 Ma to 980 Ma (Rivers, 1997). Therefore, compared with the
renvillian-age orogenic event, the collision between the Yangtze
nd Cathaysia Blocks was postponed for 355–160 Ma. Moreover,
he basement strata in the Jiangnan orogen underwent thorough
reenschist-facies metamorphism. The prevalent granulite-facies
etamorphism in the Grenvillian orogenic belt has never been

ound in the metamorphosed sedimentary-igneous rocks of the
asement strata in the Jiangnan orogen. Because of above two
easons, the Jiangnan orogen should not be considered as a
renvillian-age orogenic belt. Zhao and Cawood (1999) pointed out

hat orogenic activity for 870–820 Ma is not known from either east-
rn Australia or western North America. Shu et al. (1995) suggested
hat some area of South China was a part of Gondwana conti-
ent according to the paleomagnetic data. Recently, it was found
hat there are the detrital zircon grains with Pan-African-ages of
50–530 Ma in the basement strata from the Cathaysia Block (Yu
t al., 2006). In addition, it is also indicated that the magmatic arc
820–780 Ma) built on the western margin of the Yangtze Block may
e a part of the magmatic belt at the western margin of East Gond-
ana and Australia during assembly of Gondwana supercontinent

Zhao and Zhou, 2007). Therefore, we propose that the Jiangnan oro-
en might be a product of the collision between two neighboring
locks during the transition of Rodinia to Gondwana superconti-
ent. Willbold et al. (2004) pointed out that the transition from
odinia to Gondwana had already started with the formation of
odinia, which supports above proposition.

. Conclusions

1) The mafic rocks from the Neoproterozoic Fanjingshan Group
occurring in the northwestern end of the Jiangnan orogen have
been classified as the calc-alkaline series. These mafic rocks
show the geochemical signatures of arc basalts and decoupling
Nd–Hf isotopic characters. The northwest-ward subduction of
the oceanic crust at the earlier stage of the generation of the
Jiangnan orogen was responsible for the formation of the mafic
volcanic rocks in the Fanjingshan Group and corresponding
strata.

2) SHRIMP and LA-ICP-MS U–Pb zircon dating for four samples
of the mafic rocks in the Fanjingshan Group yield U–Pb zircon
ages of 814 ± 15 Ma, 814 ± 6 Ma, 831 ± 6 Ma and 827 ± 24 Ma,
with an average age of 822 ± 15 Ma. Moreover, there exist
the quartz-keratophyre and tuff, with ages of 878 ± 4 Ma and
879 ± 5 Ma respectively, hosted in the Shuangqiaoshan Group
from Jiangxi Province in the eastern Jiangnan orogen (Wang et
al., 2008b). On the other hand, the U–Pb ages of the youngest
detrital zircon grains in four samples of the sandstones from
the Fanjingshan Group, as their maximum depositional ages,
are 873 ± 4 Ma, 874 ± 10 Ma, 870 ± 10 Ma and 869 ± 9 Ma with
an average maximum depositional age of 872 ± 3 Ma. This sug-
gests that the Fanjingshan Group (equivalent to the Sibao and
Lengjiaxi Groups) is Neoproterozoic rather than Mesoprotero-
zoic as previously thought. The upper limit of the depositional
ages of the Fanjingshan Group and the equivalent basement
strata in the western Jiangnan orogen may be 835 Ma. On the
basis of these new and accurate U–Pb zircon datings, it is
evident that during the Neoproterozoic there was coeval mag-
matism (878–822 Ma) with arc signatures and sedimentation

(872–835 Ma) in the foreland basin along the southeastern mar-
gin of the Yangtze Block.

3) Combined with the age data reported recently, the U–Pb zircon
dating of both the mafic rocks and the sandstones in the Fan-
jingshan Group may provide new constraints on the timing of
search 170 (2009) 27–42

various geological events during the development of the Jiang-
nan orogen as followings: (a) northwest-ward subduction of the
oceanic crust (before ca. 866–835 Ma) with peak subduction at
ca. 866 Ma; (b) sedimentation in the back-arc foreland basin (ca.
872–835 Ma); (c) arc magmatism (ca. 878–822 Ma); (d) collision
between the Yangtze and Cathaysia Blocks (ca. 835–820 Ma);
(e) post-collision (after ca. 820Ma). Therefore, compared with
the Grenvillian-age orogenic event, the collision between the
Yangtze and Cathaysia Blocks was postponed for 355–160 Ma.
The Jiangnan orogen should not be considered as a Grenvillian-
age orogenic belt. It is proposed that the Jiangnan orogen might
be a product of the collision between two neighboring blocks
during the transition of Rodinia to Gondwana supercontinent.
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