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Abstract

The Shuangqiaoshan Group is an important stratigraphic unit in the Jiangnan orogen, however, prior to this study its age was unclear. Zircon
from the intruding gabbros, interleaved quartz-keratophyres and tuffs yielded ages of 801+4 Ma, 878+5 Ma and 879+6 Ma, respectively.
The ages of the quartz-keratophyres and tuffs suggest that the depositional age for the Shuanggiaoshan Group is ca. 880 Ma, rather than
Mesoproterozoic as previously suggested. This Shuangqgiaoshan Group, and temporally equivalent folded sedimentary sequences along the
Jiangnan orogen, may have possibly formed within a back-arc foreland basin setting. The ca. 800 Ma gabbros have arc-like geochemical features,
high positive ey¢(?) values (mean value of 5.2+0.7), and Mesoproterozoic Hf model ages of 1163+26 Ma, suggesting that they may generate
from the partial melting of juvenile crustal materials resulting from the early subduction. Zircon from the interleaved quartz-keratophyres and tufts
have high positive ey (7) values, ranging from 3.3 to 18.8. They, as well as their equivalent volcanic rocks, may have acted as a main source for
880—850 Ma detrital zircon in folded sequences along the Jiangnan orogen, and their mantle source would represent the depleted mantle end-

member for Neoproterozoic crustal-mantle interactions in the Jiangnan orogen.
© 2008 International Association for Gondwana Research. Published by Elsevier B.V. All rights reserved.
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1. Introduction

In the last two decades, models involving reconstructions of
the Rodinia supercontinent have remained a significant topic of
debate. However, what is known is that it formed at ca. 1.3—
1.0 Ga and probably rifted apart at ca. 750 Ma (e.g. Li et al.,
1995, 1999; Piper, 2000; Meert, 2001; Zhou et al., 2002; Meert
and Torsvik, 2003; Torsvik, 2003; Ernst et al., 2007; Maruyama
et al., 2007). Reconstructions of the Rodinia supercontinent are
mainly based on the occurrence of ca. 1.3—1.0 Ga high-grade
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rock assemblages configured into linear belts resulting from
continental collision (Kroner and Cordani, 2003). The Jiangnan
orogen of South China is a clear linear belt separating the
Yangtze Block from Cathaysia (Fig. 1a), and prior to this study
has been considered as a Proterozoic mobile orogenic belt (Guo
et al., 1980; Zhou and Zhu, 1993; Charvet et al., 1996). Some
authors considered it part of the worldwide Grenvillian-age
orogenic belts (Li, 1999; Li et al., 2003a; Greentree et al., 20006;
Ye et al., 2007) mainly based on old imprecise age data for the
old sedimentary sequences. Studies on the Jiangnan orogen can
give some significant implications for the evolution of Rodinia
and the role of South China in the reconstruction of the
supercontinent. For example, some studies place South China in
the interior of the Rodinia supercontinent, and propose a
superplume beneath the block responsible for the rifting of the
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Fig. 1. Geological map of the Shuangqiaoshan Group in the northern Jiangxi Province (modified after RGSIJX, 2002; and Wang et al., 2007). (a) South China;
(b) Subdivision of the Shuangqiaoshan Group; (c) Northern Jiangxi Province. AH, Anhui Province; ZJ, Zhejiang Province, JX, Jiangxi Province; HN, Hunan Province;
GZ, Guizhou Province; GX, Guangxi Province. The age results of Fig. 1a are based on the Li et al. (2003a), Wang et al. (2006) and reference therein.

supercontinent at 820—750 Ma (Li et al., 1995, 1999, 2001,
2003a). Other studies place the South China block on the
margin of Rodinia (Zhao and Cawood, 1999; Zhou et al., 2002;
Wang et al., 2006). More recently, Zhang et al. (2007) provided
new palacomagnetic data supporting a South China—Australia
connection, with South China placed against northwest
Australia. These previous studies are mainly based on detailed
geochemical, chronological, and palacomagnetic data of
igneous rocks in the Jiangnan orogen, whereas the sedimentary
rocks have received little attention.

Wang et al. (2007) gave a detailed chronological discussion
on detrital zircon of the sedimentary rocks in the western
Jiangnan orogen, which provided good constraints on the
timing of assembly of the Yangtze and Cathaysia blocks at ca.
860 Ma. However, the detrital zircon only provided a lower age
limit on this assembly, and the depositional age of the

sedimentary rocks along the Jiangnan orogen still remains
unknown. Were all the folded strata along the Jiangnan orogen
deposited after ca. 860 Ma? Did their deposition take place
contemporaneously at a single period or continuously at a short
time span? Here, we present new zircon U—Pb crystallization
age and Hf isotopic data for volcanic rocks interlayered with
sedimentary rocks of the Shuangqgiaoshan Group, eastern
Jiangnan orogen. These new data provide depositional age
constraints on the Shuangqiaoshan Group and shed light on the
Neoproterozoic tectonic evolution of the eastern Jiangnan
orogen.

2. Geological background

South China is composed of the Yangtze Block in the
northwest and the Cathaysia Block in the southeast (Fig. 1a).
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The ca. 1500 km long, approximately ENE-trending Proter-
ozoic Jiangnan orogen is located along the southeastern margin
of the Yangtze Block (Fig. 1a). The Jiangnan orogen is com-
posed mainly of Proterozoic igneous rocks and low-grade
sedimentary strata. The presence of ophiolites, high-pressure
blueschists and orogenic granites suggests that this orogen may
be recording the convergence of the Yangtze and Cathaysia
Blocks (Fig. 1a; Wang et al., 2007, and references therein). The
assembly of the two Blocks led to an angular unconformity in
the sedimentary sequences of the Jiangnan orogen, representing
a regional orogenic event (named the “Jinning orogeny”) in
South China (Guo et al., 1980; Zhou and Zhu, 1993; Charvet et
al., 1996, Wang et al., 2007 and references therein). This
unconformity separates the low-grade sedimentary sequences
into two packages with contrasting deformation styles. Sedi-
mentary rocks above the unconformity show a simple structural
style, with approximate upright, open folds (BGMRIJX, 1984;
Wang et al., 2007 and references therein). However, sequences
below the unconformity formed the “folded basement strata”
displaying high-angle tight linear and isoclinal overturned folds
(Wang et al.,, 2007, and references therein). A detailed
description of the sedimentary rocks in the western Jiangnan
orogen has been given by Wang et al. (2007), and the folded
sedimentary sequences in the eastern Jiangnan orogen, which
are the focus of this study, display similar depositional features.

The Shuangqgiaoshan Group is the dominant folded basement
strata in the eastern Jiangnan orogen, and exposed mainly in
the northwestern, northern and northeastern parts of Jiangxi
Province (Fig. 1¢). It is mainly composed of a thick pile (2678—
5472 m) of pelitic and sandy sedimentary rocks, with lesser
volcanic rocks (Huang et al., 2003). The Group can be further
divided into four formations from oldest to youngest: the
Hengyong, Jilin, Anlelin and Xiushui Formations (Fig. 1b). Ma
(1991) reported a whole-rock Sm—Nd isochron age of 1939+
162 Ma for the spilites and keratophyres of the Shuangqiaoshan
Group, however, this age has a large error and a narrow range of
Sm/Nd ratios. Qin et al. (2002) proposed that the Shuang-
qiaoshan Group formed in the period 1.6—1.0 Ga. Generally, it

is accepted that the Shuangqiaoshan Group is equivalent to the
folded sequences in the western Jiangnan orogen (BGMRIX,
1984). However, the latter have been re-dated at around 860 Ma
(Wang et al., 2007). Therefore, it is apparent further chrono-
logical studies on the Shuanggqiaoshan Group are necessary to
determine its exact depositional age.

This study uses samples collected from the Hengyong
Formation, which is the lower part of the Shuanggiaoshan
Group, near Jingdezhen City (Fig. Ic). Locally, the Shuang-
qiaoshan Group consists mainly of tuffaceous sandstone, phyllite,
tuff, phyllite slate and lesser spilites and quartz-keratophyres
(BGMRIJX, 1984). The quartz-keratophyres, rhyolitic tuffs, and
intruding gabbro dykes sampled in this study occur near
Jinggonggiao town (N29°47'06.3”, E117°12'18.2") (Fig. lc¢).
The quartz-keratophyres are in the lower, core of a local anticline
(Fig. 2a). There is a detachment surface between the quartz-
keratophyres and the tuffs (Fig. 2b), which may have resulted from
the loose structure of the tuffs due to a folding event. The quartz-
keratophyres are grey green in color, while the tuff is dark white
(Fig. 2). Gabbro dykes that intrude the Shuangqgiaoshan Group
were sampled (N29°4820.7”, E117°12/25.1") (Figs. 1 and 3).
The dykes have an approximate width of ca. 1 m, and clearly cut
the bedding plane of slate and siltstone of the Hengyong
Formation within the Shuangqiaoshan Group (Fig. 3a, b).

3. Analytical methods

Zircons were mounted in epoxy and polished down to
approximately half section. Transmitted, reflected light micro-
graphs, and cathodoluminescence (CL) images were used for spot
targeting of U-Th—Pb and Lu—Hf isotope analyses. CL photos
were acquired with a Mono CL3+ (Gatan, U.S.A.) attached to a
scanning electron microscope (HITACHI S3000-N) at the Beijing
SHRIMP Center, Chinese Academy of Geological Sciences, and a
Mono CL3+ (Gatan, U.S.A.) attached to a scanning electron
microscope (Quanta 400 FEG) at the State Key Laboratory of
Continental Dynamics, Northwest University, Xi’an. LA-ICP-MS
zircon U-Pb dating was carried out at the State Key Laboratory of

Fig. 2. Field photo and interpreted sketch of the volcanic rocks in the Shuangqiaoshan Group. (a) Idealized cross section showing the interleaved quartz-keratophyres

and tuffs; (b) Field photos.
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Fig. 3. Field photos and line drawings of the gabbros that intrude the Shuanggiaoshan Group. (a) Sketch showing the intrusive relationship of the gabbro dyke with the

sedimentary rocks of the Shuangqiaoshan Group; (b) Field photos.

Geological Processes and Mineral Resources, China University of
Geosciences (Wuhan). All U-Th—Pb isotope measurements were
performed using zircon 91500 as an external standard for age
calculation (Wiedenbeck et al., 1995). The analytical accuracy
was controlled using zircon standard GEMOC GJ-1 (**"Pb/2%Pb
age of 608.5+ 1.5 Ma, Jackson et al., 2004) and TEM (**°Pb/***U
IDTIMS age 0of416.8+1.1 Ma, Black et al., 2003). A spot size of

Table 1

Major and trace element analyses for samples of gabbro

Sample SQS-04 SQsS-05 Sample SQS-04 SQsS-05
Rock type Gabbro Gabbro Rock type Gabbro Gabbro
Si0, 50.74 46.00 Cs 32.45 46.03
TiO, 0.84 0.78 W 0.91 0.71
ALO; 14.09 13.44  Pb 7.82 7.62
Fe,O5 8.49 8.61 Bi 0.12 0.13
MnO 0.12 0.17 Th 4.57 4.35
MgO 7.80 7.37 U 1.05 1.02
CaO 5.09 8.71 La 21.5 21.7
Na,O 3.78 2.22 Ce 46.8 45.7
K,0 0.48 047  Pr 6.3 6.0
P,0s 0.20 020 Nd 25.3 24.8
LOI 8.71 12.43 Sm 4.2 4.7
Total 100.32 100.39  Eu 1.91 2.02
FeO*/MgO 0.97 1.04 Gd 6.28 6.00
Na,0+K,0 4.26 270  Tb 0.63 0.67
Li 143 149 Dy 3.43 3.69
Be 1.7 2.0 Ho 0.65 0.64
Sc 27.6 26.9 Er 2.03 2.02
Vv 198 195 Tm 0.29 0.29
Cr 177 170 Yb 1.89 2.06
Co 38.2 37.3 Lu 0.28 0.29
Ni 78.6 77.8 Nb/Ta 15.35 15.50
Cu 41.7 40.1 Zr/Hf 34.32 36.48
Ga 16.1 16.8 Zr/Nb 24 25

Rb 18.4 24.0 Nb/La 0.26 0.25
Sr 996 831 Nb/Zr 0.041 0.041
Ba 2175 2798 Zr/Sm 32 29

Y 17.3 17.3 Th/Nb 0.8 0.8
Zr 137 135 Th*Nb/Zr* 0.0014 0.0013
Hf 3.99 370 Zr/Y 8 8

Nb 5.66 548  Nb/Y 0.33 0.32
Ta 0.37 0.35 Zr/TiO, 0.016 0.017
Sn 1.55 1.28  Nb/Th 1.24 1.26

24 um was used for all the samples, and the U-Th—Pb method and
data treatment processes followed that of Jackson et al. (2004) and
Wang et al. (2007). Isotopic ratios were calculated using GLITER
4.0 (van Achterbergh et al., 2001) while common lead correction
was carried out using the EXCEL program ComPbCorr#_151
(Andersen, 2002). As the internal standards, zircon standard GJ-1
of this work yielded *°°Pb/***U weighted mean age of 608+ 5 Ma
(MSWD=2.3, n=16), and TEM yielded mean °°Pb/***U age of
414+£2 Ma (MSWD=1.09, n=19).

Zircon Lu—Hf analyses 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 majority of the analyses
were carried out using a beam diameter of ca. 60 um, and a 5 Hz
repetition rate. Detailed procedures are similar to Wu et al.
(2006a) and Wang et al. (2008). A decay constant of '"*Lu of
1.865x 10" " year™ ' (Soderlund et al., 2004) was adopted in this
work, and ey¢(7) values were calculated using the present-day
chondritic values of '"*Hf/'”"Hfcyyr(o)=0.282772 and
7L/ H cyur(0ye =0.0332  (Blichert-Toft et al., 1997).
Depleted mantle model ages (7py) used present-day ratios of
7oH£/'7THf=0.28325 and '"°Luw/'""Hf=0.0384 (Griffin et al.,
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Fig. 4. Primitive mantle-normalized patterns of gabbros which intrude the
Shuanggiaoshan Group. The shaded area indicates the island-arc volcanic rocks
from Guardia volcano, Aeolian Arc (Santo et al., 2004). Normalization values of
primitive mantle and OIB data are from Sun and McDonough (1989).
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2000). Zircon standard 91500 and FM0411 (*"°Hf/'”"Hf ratios
of 0.282307+31 and 0.282983+17, respectively; Wu et al.,
2006a) were used to control the analytical accuracy. In this
work, 91500 gave a weighted average '"°Hf/'”’Hf ratio of
0.282310+0.000008 (20, MSWD=4.2, n=41), and FM0411
yielded a mean '"°Hf/!'""Hf ratio of 0.282989+0.000006 (2¢,
MSWD=2.0, n=43).

Major and trace element analyses of the two samples of
gabbro were carried out at Nanjing University (NJU) with
analytical procedures similar to Zhou et al. (2004). Major
elements were analyzed using a VF-320 X-ray fluorescence
spectrometer (XRF) at the Center of Modern Analysis, NJU,
with analytical precision is better than 1%. Rare earth and
other trace elements were analyzed using ICP-AES (JY38S) and
ICP-MS (Finnigan MAT-Element 2) techniques at the State Key
Laboratory for Mineral Deposits Research, NJU, with a relative
accuracy of 5-10%.

4. Geochemical and U-Pb dating results
4.1. Gabbro

The gabbros sampled in this work have been altered due to
low-grade greenschist metamorphism, with many minerals
replaced by carbonate, chlorite and zoisite. A peridotite enclave
with a diameter of ~2 cm was found in sample of SQS-04,
however, it has been completely replaced by the serpentine.
Si0, contents of the gabbros range from 46.00% to 50.74%
(Table 1). TiO, and K,O contents are low, with values of 0.78—
0.84% and 0.47-0.48%, respectively. Nb/Y ratios range
from 0.32 to 0.33, and FeO*/MgO ratios range from 0.97 to
1.04. Nb/La, Nb/Th and Nb/Zr ratios are all very low, with
ranges of 0.25-0.26, 1.24—1.26 and close to 0.04, respectively.
Negative anomalies of Nb, P and Ti are evident in the nor-
malized patterns, while Sr has positive anomalies (Fig. 4). The
normalized patterns of the gabbros are similar to the typical
island-arc basalts (Fig. 4), but evidently different from the ocean
island basalts.

Seventeen zircon grains were analyzed for U-Pb dating.
All are euhedral, with widths of 40—60 pm and lengths of 80—

JHE) 5 o
16, #F ‘,f

799 M * 50504

150 pm (Fig. 5a), and display clear magmatic zoning (Fig. 5a).
Th/U ratios range from 0.11 to 1.5 (Table 2). One analysis yields
an early Neoproterozoic 2°°Pb/***U age of ca. 920 Ma. The
other sixteen analyses have similar 2°°Pb/>**U ratios and are
considered a single population. A weighted mean 2°°Pb/***U
age of 801+4 Ma (20, MSWD=0.28, n=15; Fig. 6a) is
interpreted as the igneous crystallization age of the gabbro. A
single analysis shows a horizontal displacement from the
concordia, which may reflect the presence of common lead.

4.2. Quartz-keratophyre

The phenocrystic assemblage of sample SQS-03consists of
quartz and feldspar. Most feldspar grains in the sample have
been replaced by carbonates. Resorption is found mainly at the
margins of some phenocrysts. The matrix shows clear igneous
textures.

Zircon grains separated from the sample are generally small,
with widths of 50—70 pm and lengths of 50—100 pm (Fig. 5b).
The zircons are euhedral, and display clear oscillatory zoning
(Fig. 5b). Twenty-five zircon grains were analyzed for U-Pb
dating (Table 2; Fig. 6b), and give high Th/U ratios (0.16—1.80;
Table 2). Of the twenty-five analyses, one analysis gave a
Neoarchean age of 2.62 Ga, one analysis yielded a Paleoproter-
ozoic age of 1.97 Ga, and three analyses yielded ages in the
range 770—790 Ma, clearly younger than the crystallization age
of the gabbros that intruded the Shuangqiaoshan Group. These
zircons with younger ages generally do not have clear zones or
their zones are relatively wider (Fig. 5b), which may be resulted
from Pb-loss or re-crystallization due to later hydrothermal
event (rifting-related?) in the area. The remaining twenty
analyses are concordant within errors, yielding a weighted
average “"°Pb/***U age of 878+5 Ma (20, MSWD=0.85,
n=20; Fig. 6b) which is interpreted as the crystallization age of
the quartz-keratophyre.

4.3. Tuff

The tuffs studied in this work are different in the contents of
crystal fragments, and are composed dominantly of quartz and

Fig. 5. Representative cathodoluminescence (CL) images of the zircons from the volcanic rocks in the Shuangqgiaoshan Group. (a) Gabbro, acquired at the Beijing
SHRIMP centre; (b) quartz-keratophyre and (c) tuff were acquired at the Northwest University. Solid circle represents the U-Pb dating position, while the dotted circle
represents the Hf isotope analyzing spots. Analyzing No., 2°°Pb/***U age and ey (7) values are indicated beside the spots.



Table 2
LA-ICP-MS U-Pb analyses for zircons from the volcanic rocks in the Shuangqiaoshan Group
Analysis Th**? us Th/U Isotopic ratios Ages (Ma)

207pp2%ph lo 207pp/AyY lo 206pp/238y lo 207pp/2%5ph lo 207pp/A3y lo 206pp/238y lo
SOS-04: gabbro
01 144 264 0.55 0.06596 0.00178 1.21026 0.03183 0.13308 0.00159 805 58 805 15 805 9
02 497 621 0.80 0.07001 0.00110 1.48141 0.02277 0.15345 0.00160 929 33 923 9 920 9
03 267 272 0.98 0.06612 0.00159 1.21591 0.02855 0.13338 0.00153 810 51 808 13 807 9
04 281 716 0.39 0.06583 0.00109 1.20781 0.01944 0.13307 0.00140 801 35 804 9 805 8
05 105 643 0.16 0.06621 0.00144 1.20323 0.02551 0.13179 0.00147 813 47 802 12 798 8
06 237 203 1.17 0.06592 0.00176 1.19642 0.03114 0.13163 0.00156 804 57 799 14 797 9
07 431 542 0.79 0.06675 0.00126 1.22318 0.02240 0.13291 0.00143 830 40 811 10 304 8
08 553 483 0.11 0.06626 0.00142 1.21190 0.02518 0.13265 0.00147 815 46 806 12 803 8
09 86.3 174 0.50 0.06590 0.00210 1.19618 0.03710 0.13165 0.00167 803 68 799 17 797 10
10 311 719 0.43 0.06707 0.00125 1.21964 0.02206 0.13189 0.00142 840 40 810 10 799 8
11 207 365 0.57 0.06660 0.00163 1.22814 0.02924 0.13373 0.00154 825 52 813 13 809 9
12 129 389 0.33 0.06670 0.00203 1.22936 0.03639 0.13368 0.00167 828 65 814 17 809 9
13 274 214 1.28 0.06574 0.00170 1.19304 0.03003 0.13161 0.00154 798 55 797 14 797 9
14 247 437 0.56 0.06585 0.00129 1.19197 0.02256 0.13128 0.00142 802 42 797 10 795 8
16 1928 1285 1.50 0.06588 0.00138 1.19813 0.02434 0.13191 0.00145 803 45 800 11 799 8
17 176 742 0.24 0.06607 0.00167 1.20093 0.02940 0.13182 0.00153 809 54 801 14 798 9
SOS-03: quartz-keratophyre
01 27.1 52.7 0.51 0.06860 0.00197 1.38001 0.03833 0.14590 0.00170 887 61 880 16 878 10
02 55.6 50.1 1.11 0.07401 0.00557 1.43895 0.10472 0.14102 0.00273 1042 157 905 44 850 15
03 62.8 117 0.54 0.06824 0.00190 1.36106 0.03649 0.14467 0.00166 876 59 872 16 871 9
04 280 267 1.05 0.06958 0.00124 1.42480 0.02420 0.14853 0.00148 916 38 899 10 893 8
05 37.2 109 0.34 0.06872 0.00182 1.38865 0.03539 0.14657 0.00165 890 56 884 15 882 9
06 43.4 41.5 1.05 0.06768 0.00285 1.38326 0.05667 0.14823 0.00206 859 90 882 24 891 12
07 41.1 120 0.34 0.06818 0.00195 1.37299 0.03797 0.14605 0.00171 874 61 877 16 879 10
08 67.0 69.9 0.96 0.07031 0.00455 1.43143 0.08992 0.14765 0.00293 937 137 902 38 888 16
09 52.8 50.6 1.04 0.06841 0.00247 1.37120 0.04804 0.14536 0.00190 881 76 877 21 875 11
10 45.8 283 0.16 0.06991 0.00180 1.37742 0.03425 0.14290 0.00161 926 54 879 15 861 9
11 58.1 86.6 0.67 0.06800 0.00322 1.36986 0.06304 0.14610 0.00227 869 101 876 27 879 13
12 80.6 63.3 1.27 0.06808 0.00344 1.35311 0.06633 0.14414 0.00232 871 107 869 29 868 13
13 141 111 1.27 0.06774 0.00162 1.37496 0.03166 0.14722 0.00160 861 51 878 14 885 9
14 59.3 156 0.38 0.06692 0.00189 1.34127 0.03655 0.14535 0.00169 835 60 864 16 875 10
15 86.5 164 0.53 0.17744 0.00297 12.23975 0.19520 0.50028 0.00516 2629 28 2623 15 2615 22
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16 104

17 79.3
18 194
19 145
20 49.8
21 175
22 82.6
23 154
24 25.1
25 58.8

SOS-08-1: tuff

01 31.4
02 99.2
03 61.2
04 165
05 58.2
06 943
07 105
08 172
09 92.6
10 109
11 124
12 93.1
13 424
14 78.1
15 349
16 28.4
17 64.3
18 706
19 196
20 146
21 285
22 165
23 117
24 191
25 36.0

333
72.9
329
80.7
108
134
75.2
132
72.4
82.8

40.5
149
69.9
145
123
148
116
71.7
79.3
82.8
116
68.5
529
69.2
379
37.0
73.3
282
123
125
339
140
135
673
45.1

0.31
1.09
0.59
1.80
0.46
1.31
1.10
1.17
0.35
0.71

0.78
0.67
0.88
1.13
0.47
0.64
0.90
2.39
1.17
1.32
1.07
1.36
0.80
1.13
0.92
0.77
0.88
2.51
1.59
1.17
0.84
1.18
0.87
0.28
0.80

0.06930
0.06912
0.06707
0.06897
0.12125
0.06529
0.06824
0.06463
0.06777
0.06958

0.06715
0.07324
0.06421
0.06489
0.17887
0.06717
0.06807
0.07915
0.06837
0.06725
0.06866
0.06867
0.06718
0.06729
0.06771
0.06711
0.06497
0.08106
0.06864
0.06835
0.06855
0.06479
0.06867
0.06857
0.06750

0.00142
0.00498
0.00123
0.00222
0.00209
0.00155
0.00213
0.00158
0.00220
0.00236

0.00833
0.00200
0.00272
0.00226
0.00340
0.00303
0.00253
0.00583
0.00174
0.00783
0.00251
0.00325
0.00349
0.00342
0.00436
0.00249
0.00254
0.00887
0.00238
0.00216
0.00163
0.00181
0.00202
0.00184
0.00466

1.39145
1.40251
1.20099
1.38641
6.00202
1.15937
1.36277
1.12485
1.37856
1.38708

1.32021
1.24549
1.10467
1.13486
10.91559
1.32777
1.37762
1.59203
1.39432
1.33362
1.40438
1.36444
1.32993
1.19370
1.39012
1.32081
1.08631
1.42500
1.37203
1.39099
1.37995
1.14774
1.37274
1.40415
1.35629

0.02744
0.09822
0.02105
0.04315
0.09901
0.02653
0.04125
0.02662
0.04328
0.04559

0.15951
0.03278
0.04546
0.03833
0.19959
0.05823
0.04977
0.11364
0.03438
0.15133
0.04986
0.06275
0.06710
0.05900
0.08718
0.04780
0.04132
0.15356
0.04619
0.04282
0.03184
0.03117
0.03927
0.03666
0.09119

0.14562
0.14717
0.12986
0.14578
0.35899
0.12878
0.14483
0.12621
0.14753
0.14458

0.14258
0.12333
0.12476
0.12684
0.44258
0.14337
0.14678
0.14588
0.14791
0.14382
0.14835
0.14411
0.14358
0.12866
0.14891
0.14274
0.12128
0.12751
0.14497
0.14760
0.14601
0.12849
0.14498
0.14854
0.14573

0.00152
0.00316
0.00131
0.00181
0.00366
0.00140
0.00177
0.00139
0.00184
0.00185

0.00484
0.00144
0.00177
0.00163
0.00478
0.00217
0.00199
0.00338
0.00168
0.00456
0.00199
0.00227
0.00239
0.00211
0.00288
0.00189
0.00167
0.00241
0.00190
0.00185
0.00163
0.00152
0.00176
0.00174
0.00301

908
902
840
898
1975
784
876
762
862
916

842
1021
749
771
2642
843
871
1176
880
846
889
889
843
847
860
841
773
1223
888
879
885
768
889
886
853

43
153
39
68
31
51
66
53
69
71

272
57
92
75

96
79
150
54
254
77
100
111
108
138
79
84
224
73
67
50
60
62
57
148

885
890
801
883
1976
782
873
765
880
883

855
821
756
770
2516
858
879
967
887
860
891
874
859
798
885
855
747
899
877
885
880
776
877
891
870

12
42
10
18
14
12
18
13
18
19

70
15
22
18
17
25
21
45
15
66
21
27
29
27
37
21
20
64
20
18
14
15
17
15
39

876
885
787
877
1977
781
872
766
887
871

859
750
758
770
2362
864
883
878
889
866
892
868
865
780
895
860
738
774
873
887
879
779
873
893
877

18

10
17

10

10
10

27

10

21
12
11
19

26
11
13
13
12
16
11
10
14
11
10

10
10
17
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Fig. 6. Concordia diagram of LA-ICP-MS zircon U-Pb analytical results.
(a) Gabbro; (b) quartz-keratophyre; (c) tuff.

feldspar. The microtwins with the albite law are common.
Resorption can be found at the margins of some quartz grains.
SQS-08-1 is a tuff with crystal fragments. Zircons separated
from the sample are small, with shapes ranging from granular to
short-prismatic (Fig. 5c). Zircon grains range from 40—80 pm
wide and 50—120 um long (Fig. 5¢). Zircons display oscillatory

zoning and high Th/U ratios (0.28-2.51; Table 2), both
indicating a magmatic origin.

A total of twenty-five analyses was conducted, with one data
point yielding a discordant Paleoproterozoic age (Fig. 6¢). The
remaining analyses show Neoproterozoic ages which fall into
two groups (Fig. 6¢). The older groups are concordant within
error, and yield a weighted average *°°Pb/***U age of 879+
6 Ma (20, MSWD=0.89, n=17; Fig. 6¢). The younger groups
form an age cluster of ca. 740—780 Ma (Fig. 6¢). Two analyses
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Fig. 7. Hf isotopes of the analyzed zircon from the volcanic rocks in the
Shuangqiaoshan Group. (a) Gabbro; (b) quartz-keratophyre; (c) tuff.
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Table 3

LA-MC-ICP-MS zircon Hf isotopic compositions for the volcanic rocks in the Shuangqiaoshan Group

Analysis  #(Ma) 76yp/THE 20 TS u/'THE 20 TSHH " H o, 20 eni(0) eHf() 20 Tpm  fi/HF
SOS-04, gabbro

01 805+9 0.045872 0.002320  0.001354 0.000063  0.282438 0.000038  —11.82 52 13 1163 —0.96
02 807+9 0.062258 0.000891  0.001977 0.000018  0.282506 0.000040 -9.41 7.3 14 1084 —0.94
03 805+8 0.059979 0.002106  0.001698 0.000067  0.282460 0.000035  —11.03 5.8 12 1142 -0.95
04 798+8 0.091900 0.002818  0.002610 0.000069  0.282465 0.000035  —10.87 5.4 12 1164 —0.92
05 79749 0.043374 0.001228  0.001228 0.000023  0.282414 0.000029  —12.65 43 1.0 1192 —0.96
06 804+8 0.056631 0.000180  0.001687 0.000018  0.282494 0.000046 -9.83 7.0 1.6 1093  —0.95
07 8038 0.062527 0.000822  0.001939 0.000006  0.282570 0.000039 -7.13 9.6 1.4 990  —0.94
08 797+£10  0.033967 0.001437  0.001025 0.000037  0.282361 0.000034  —14.54 25 12 1261 —0.97
09 799+8 0.078520 0.001678  0.002182 0.000042  0.282443 0.000029  —11.63 4.8 1.0 1182 —0.93
10 809+9 0.059291 0.000938  0.001523 0.000014  0.282466 0.000033  —10.84 6.2 12 1129  —0.95
11 809+9 0.070096 0.002998  0.001768 0.000058  0.282462 0.000036  —10.96 6.0 13 1141 —0.95
12 79749 0.056558 0.000180  0.001391 0.000021  0.282490 0.000039 -9.98 6.9 14 1090 —0.96
13 795+8 0.122300 0.001661  0.003181 0.000080  0.282469 0.000034  —10.73 5.1 12 1176 —-0.90
14 802+9 0.035602 0.000655  0.000886 0.000023  0.282449 0.000028  —11.43 5.8 1.0 1133 —0.97
15 799+8 0.039116 0.000278  0.001000 0.000013  0.282429 0.000031  —12.13 5.0 1.1 1164 -0.97
16 798+9 0.082200 0.001115  0.002058 0.000025  0.282407 0.000029  —12.90 3.6 1.0 1229 —0.94
SOS-03, quartz-keratophyre

01 87110  0.024262 0.000362  0.000769 0.000016  0.282334 0.000032  —15.49 33 1.1 1290 -0.98
02 887+10  0.048394 0.001999  0.001714 0.000065  0.282481 0.000033  —10.28 8.3 12 1112 —0.95
03 88518  0.035806 0.000560  0.001324 0.000023  0.282545 0.000045 -8.02 108 1.6 1010  —0.96
04 787+7 0.050094 0.002226  0.001678 0.000059  0.282462 0.000036  —10.98 5.5 13 1139  —-0.95
05 87510  0.042714 0.001194  0.001356 0.000031  0.282458 0.000034  —11.09 75 12 1134 -0.96
06 885+9 0.032341 0.001585  0.001155 0.000045  0.282580 0.000038 -6.78 121 13 956  —0.97
07 879+13  0.023041 0.000478  0.000757 0.000012  0.282424 0.000031  —12.32 6.7 1.1 1164 —0.98
08 861+9 0.036594 0.000784  0.001157 0.000028  0.282447 0.000032  —11.49 6.9 1.1 1144  —097
09 87511  0.029838 0.000179  0.001026 0.000006  0.282658 0.000036 -4.04 147 1.3 843 —0.97
10 879+10  0.017714 0.000435  0.000512 0.000014  0.282388 0.000031  —13.57 5.5 1.1 1206 —0.98
11 89112 0.031756 0.000160  0.001096 0.000005  0.282352 0.000035  —14.85 42 12 1275  -097
12 893+8 0.027980 0.000299  0.001102 0.000013  0.282629 0.000031 -5.07 140 1.1 886  —0.97
13 871+9 0.088660 0.000330  0.002727 0.000011  0.282579 0.000036 -6.84 108 13 1000 —0.92
SOS-08-1, tuff

01 864+12  0.025733 0.000306  0.000873 0.000011  0.282554 0.000037 -7.70 109 13 985  —0.97
02 892+11  0.068734 0.003882  0.002250 0.000108  0.282495 0.000037 -9.81 8.6 13 1109  —0.93
03 866+26  0.053487 0.000348  0.001836 0.000019  0.282578 0.000042 -6.86 112 15 976  —0.94
04 868+13  0.060020 0.000916  0.002071 0.000026  0.282567 0.000044 -724 107 1.5 998  —0.94
05 889+9 0.043941 0.001083  0.001462 0.000026  0.282609 0.000035 -575  13.0 12 922  -0.96
06 865+13  0.055831 0.001042  0.001906 0.000026  0.282677 0.000053 -335 147 1.9 835  —0.94
07 895+16  0.049455 0.001669  0.001666 0.000048  0.282604 0.000058 -593 129 2.1 934  —-0.95
09 87311  0.069633 0.002151  0.002389 0.000076  0.282570 0.000049 -7.14  10.8 1.7 1003  —0.93
10 873+£10  0.039157 0.000258  0.001177 0.000004  0.282451 0.000042  —11.34 7.3 1.5 1138 —0.96
11 887+10  0.103758 0.004242  0.003513 0.000142  0.282807 0.000060 124 188 2.1 677  —0.89
13 877+17  0.058402 0.000543  0.001977 0.000029  0.282632 0.000051 -496 133 1.8 902 —0.94

from the younger groups are very discordant, suggesting that
they might have been experienced Pb-loss or being affected by a
later hydrothermal event. Considering the age of the gabbros,
we interpret the age of 87946 Ma as the eruption age of the tuffs
in the area.

5. Hf isotopes of zircons

The sixteen dated zircon grains with ages of ca. 800 Ma of the
sample SQS-04 were analyzed for Hf isotopes. '"®Hf/!7”Hf ratios
range from 0.282361 to 0.282570 (Fig. 7a; Table 3). Excluding the
lowest and highest ratios, the other fourteen '"°Hf/'/"Hf ratios are
near-concordant and Gaussian in distribution, with a weighted
mean '"°Hf/'”7Hf ratio of 0.282445+20 20, MSWD=4.4, n=15)

and thus the weighted mean eye(f) value of 5.2+0.7 (20,
MSWD=4.3) (Fig. 7a). Depleted mantle Hf model ages for the
zircons of this sample range from 990 Ma to 1261 Ma, with a mean
age of 1163+£26 Ma (MSWD=3.9, n=14).

Thirteen dated zircon grains close to 880 Ma (i.e. primary
magmatic grains) of the sample SQS-03 were analyzed for
Hf isotopes. Unlike those of the gabbro sample, '"°Hf/'""Hf
ratios of the quartz-keratophyre sample have a wide range, from
0.282334 to 0.282658 (Table 3). They show a multi-peaked
distribution (Fig. 7b). ey¢(¢) values of the zircons of this sample
have a wide range (3.3—14.7), and Hf model ages range from
843 Ma to 1290 Ma.

Eleven zircon grains with ages ~880 Ma (i.e. primary
magmatic grains) of the sample SQS-08-1 were analyzed for
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Hf isotope compositions. Similar to those of sample SQS-03,
zircon Hf isotopes of this sample also show a wide range of
76H{/'7THF ratios, ranging from 0.282451 to 0.282807, and
enr(?) values ranging from 7.3 to 18.8 (Table 3). The calculated
mean gy¢(¢) valueis 11.1+1.6 (MSWD=7.2), and the depleted
mantle Hf model ages range from 677 Ma to 1138 Ma
(Table 3).

6. Discussion
6.1. Age of the Shuangqiaoshan Group and its significance

The age of ca. 800 Ma for the gabbros that intrude the
Shuangqiaoshan Group indicates that the depositional age for
the Group should be older than 800 Ma. Moreover, the ca.
825 Ma peraluminous granites (i.e. the Xiuning, Shexian and
Xucun plutons; Li et al., 2003b; Wu et al., 2006b) in the eastern
Jiangnan orogen all intrude the Shuangqiaoshan Group,
providing an upper age limit for the age of the sequences.
The Shuanggiaoshan Group, as well as the equivalents in the
western Jiangnan orogen, has previously been regarded as
Mesoproterozoic (BGMRIJX, 1984; BGMRGX, 1985;
BGMRHN, 1988; Wang et al., 2007 and references therein).
However, the U-Pb zircon ages (around 880 Ma) obtained in
this study for the quartz-keratophyres and tuffs clearly show that
the Shuangqiaoshan Group was deposited during the Neopro-
terozoic, not in the Mesoproterozoic as previously considered.
Therefore, reevaluation is needed for all models that assumed
the Shuangqiaoshan Group formed in the Mesoproterozoic (e.g.
Zhou and Zhu, 1993; Charvet et al., 1996; Li et al., 2003a).

Because the quartz-keratophyres and tuffs were sampled
from the bottom of the Shuangqgiaoshan Group, it may be
deduced that the deposition of the Group may begin at
ca. 880 Ma at earliest. This age is relatively older than the
maximum depositional age of the sedimentary rocks from the
western part of the Jiangnan orogen. However, the folded
sequences (including the Shuangqiaoshan Group in Jiangxi
Province, the Lengjiaxi Group in Hunan Province, and the
Sibao Group in Guangxi Province) along the Jiangnan orogen
show similar depositional, deformational, metamorphic and
structural characteristics (BGMRJX, 1984; BGMRGX, 1985;
BGMRHN, 1988), suggesting that they may have been formed
contemporaneously. The small differences between the age of
the Shuangqiaoshan Group and the folded sequences of western
Jiangnan orogen (Wang et al., 2007) may have been caused by
different sampling levels and/or analytical errors. As a whole,
the earliest deposition of folded basement sequences along the
Jiangnan orogen may begin contemporaneously at ca. 860—
880 Ma. The folded sedimentary sequences were folded due to
the Jinning orogeny that led to the assembly of the Yangtze and
Cathaysia blocks, the orogenic event might have taken place at
some time later than 880 Ma, best probably in the range
ca. 800—860 Ma as suggested by Wang et al. (2007). It should
also be noted that the Shuangqiaoshan Group was probably
immediately prior to the Jinning orogeny. Moreover, the grain
sizes of the sedimentary rocks of the Shuanggiaoshan Group
generally increase from the bottom to top (Cai et al., 2003),

suggesting that they might have been formed in a synorogenic
back-arc foreland setting. It follows that the arcs and related
igneous rocks should be located to the southeast (at present
coordinates) of the folded sedimentary rocks along the Jiangnan
orogen, and may be represented by the arc-like volcanic rocks
of the Shuangxiwu group in the northern Zhejiang Province
(Cheng, 1993; Ye et al., 2007).

The new age data presented in this study indicate that the
Shuanggiaoshan Group and its equivalent sequences along the
Jiangnan orogen, with ages of ca. 860—880 Ma, should not be
regarded as basement to the Jiangnan orogen. This conclusion is
also supported by their low-greenschist facies (BGMRIX, 1984;
Wang et al., 2007) metamorphic grade. The only occurrence of
high-grade metamorphic rocks is in the Lushan area, north-
western Jiangxi Province. These high-grade rocks, with a zircon
U-Pb age of 1869+40 Ma (Xie et al., 1997), possibly represent
the real basement of the Jiangnan orogen.

6.2. Implications for Neoproterozoic magmatic activities

Geochemical characteristics and tectonic setting of the
Neoproterozoic magmatism in the Jiangnan orogen are the
keys to revealing the formation and evolution of the orogenic
belt. The igneous rocks in the orogenic belt mainly consist of
three series: 1) the 875-904 Ma Shuangxiwu arc volcanic
rocks (Cheng, 1993); 2) the ca. 835—-800 Ma mafic—ultramafic
rocks and peraluminous granitoids (Li et al., 2003a; Wang
et al., 2006); and 3) the 780—750 Ma mafic—ultramafic rocks
(Li et al., 2003b; Wang et al., 2004, 2008; Zhou et al., 2007)
and granites (Tang et al., 1997, Li et al., 2003a). The first series
is clearly related to the subduction along the Jiangnan orogen,
and the third one may be related to the post-orogenic extension
after the Jinning orogeny (Wang et al., 2008). Tectonic
affinities of the second one are hotly debated (Li et al.,
2003a,b; Wang et al., 2004, 2006, 2008; Zhou et al., 2004,
2005; Wu et al., 2006b). The ca. 800 Ma gabbros in this study
that intrude the Shuangqiaoshan Group have low Nb/La, Nb/
Th and Nb/Zr ratios, and negative Nb, P and Ti anomalies,
suggesting that the gabbros may have been generated in an arc
environment (Sun et al., 2003). Zircon Hf isotopes indicate that
they have been generated from a depleted mantle source,
absolutely different from the asthenosphere-originated mafic
rocks in the western Jiangnan orogen (Wang et al., 2008). In a
subduction related environment, the depleted mantle wedge
could be partially melted to generate the rocks with the arc-like
geochemical features and depleted Hf isotopes (Thompson
et al., 2004), as seen in the gabbros of this study. However, the
weighted mean zircon Hf model age of the gabbro is 1163+
26 Ma, evidently older than its crystallization age of ca.
800 Ma. Moreover, the subduction and collision processes
may have been ended at ca. 800 Ma in the area (Wang et al.,
2007). This suggests that the mafic magmatic rocks may not be
directly generated from the depleted mantle wedge during
the subduction, but from the partial melting of juvenile crustal
materials resulting from the early subduction, as the mid-
dle Neoproterozoic magmatism in South Anhui (Wu et al.,
2006b).
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Apart from the Shuangxiwu arc volcanic rocks, igneous rocks
with ages of ca. 880—850 Ma reported in the Jiangnan orogen are
very rare (Li et al., 2003a; Wang et al., 2007). However, detrital
zircons in age from 880—-850 Ma are numerous in the folded
sedimentary rocks (Wang et al., 2007). It is interesting to note
that zircons from the ca. 880 Ma quartz-keratophyres and tuffs
from the Shuanggqiaoshan Group show distinctly high positive
epf(?) values (Fig. 7). Some analyses display values similar to the
contemporary depleted mantle, suggesting that the volcanic
rocks are generated from a juvenile source. Although not
occurring well, coeval volcanic magmatism with the gabbros in
the Shuangqiaoshan Group may have existed more or less along
the whole Jiangnan orogen. The ca. 880 Ma magmatic rocks
could potentially be a source for the ca. 880—850 Ma detrital
zircons in the folded sedimentary sequences (Wang et al., 2007)
along the Jiangnan orogen. Their mantle source would represent
the depleted mantle end-member of crustal-mantle inter-
actions resulting from collisional orogenesis along the Jiangnan
orogen.

As a whole, the new chronological and zircon Hf isotopic data
of the volcanic rocks from the Shuangqiaoshan Group provide
important insights into understanding the evolution of the
southeastern margin (or the Jiangnan orogen), the timing of the
Jinning orogeny and the characteristics of the Neoproterozoic
magmatism. It is noted that some micas from the metamorphic
rocks of Cathaysia yielded an Ar—Ar ages of ca. 1000 Ma (Fan
etal., 1997; Liet al., 2007). Moreover, detrital zircon populations
from the sedimentary rocks in the Jiangnan orogen are somewhat
different from that of the Cathaysia Block (Yu et al., 2006; Wan
et al., 2007), most notably Grenvillian-ages are very rare in the
Jiangnan orogen (Wang et al., 2007), but relatively abundant in
Cathaysia (Yu et al., 2006). This suggests that the Cathaysia may
have had a distinctly different tectonic evolution history from that
of the Yangtze Block prior to 1000 Ma.

7. Conclusions

1) The new geochronological data suggest that the Shuang-
qiaoshan Group formed in the Neoproterozoic at ca. 880 Ma,
rather than in the Mesoproterozoic as previously proposed.
This suggests that the Shuangqiaoshan Group, as well as the
equivalent folded sedimentary sequences along the Jiangnan
orogen, might have been formed near simultaneously,
probably within a back-arc foreland basin setting.

2) The gabbros that intrude the Shuangqiaoshan Group have arc-
like geochemical features and depleted zircon Hf isotopes,
but Mesoproterozoic Hf model ages, suggesting that they
might have generated from the partial melting of juvenile
crustal materials resulting from the early subduction in the
area.

3) The Hf isotopic composition of zircons from quartz-
keratophyres and tuffs are also elevated. These interleaved
volcanic rocks could possibly provide a source for the ca.
880—-850 Ma detrital zircons in the folded sequences along
the Jiangnan orogen, and their mantle source would
represent the depleted mantle end-member for Neoproter-
ozoic crustal-mantle interactions in the Jiangnan orogen.
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