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The Neoproterozoic mafic rocks of the Jiangnan Orogen in South China provide a critical geological record
for unraveling regional tectonic history and testing different tectonic models. However, the geochronol-
ogy, geochemistry and petrogenesis of >835 Ma mafic igneous rocks in the Central and Southwestern
Jiangnan Orogen have not been well reported so far, in contrast to the extensive study of such rocks
in the Eastern Jiangnan Orogen. An integrated study of geochronology and geochemistry has been car-
ried out for the basaltic rocks from NE Hunan and NW Jiangxi Provinces of the Central Jiangnan Orogen.
SHRIMP, SIMS and LA-ICP-MS zircon U-Pb dating of three mafic samples yielded zircon U-Pb ages of
860+20Ma, 838 4+ 12 Ma and 847 &+ 18 Ma, respectively. This provides evidence for the development of
early Neoproterozoic (~850 Ma) mafic lava along the Central Jiangnan Orogen. SiO, ranges from 49.43 wt%
to 52.07 wt% and MgO from 7.36 wt% to 9.04 wt% with mg-number of 68-57. Their chondrite-normalized
REE patterns exhibit a left-sloping pattern with more depleted LREEs relative to HREEs. On the N-MORB-
normalized multi-element patterns, they are characterized by enriched highly incompatible elements,
depleted moderately incompatible elements relative to those in N-MORB, insignificant Nb-Ta deple-
tion and remarkably positive Sr and weakly negative Ti anomalies, resembling those of modern Eastern
Lau back-arc basin basalts. In addition, these rocks have positive enq(t) values of 1.30-9.36 with initial
87Sr/86Sr ratios in the range of 0.70796-0.71126. The geochemical characteristics above indicate an orig-
ination of the MORB-like source modified by the flux of the slab-derived fluid and input of the recycled
sediment-derived melt. This finding, together with other geological observations, suggests that the mafic
rocks in the Central Jiangnan Orogen might be formed in a back-arc basin in the eastern SCB. In conjunc-
tion with other data, it is inferred that the closure of the back-arc basin along the Central Jiangnan Orogen
is contemporaneous with that in the Fuchuan area.
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1. Introduction

The united South China Block (SCB) is commonly accepted as
the result of the amalgamation of the Yangtze Block to the north-
west and Cathaysia Block to the southeast along the Jiangnan
Orogen (also named Jiangnan oldland) during the Neoproterozoic
period (e.g., Charvet et al., 1996; Zhao and Cawood, 1999, 2012;
Li et al., 2002, 2003, 2008a, 2009a; Wang et al., 2006, 2007; Ye
et al.,, 2007; Shu et al., 2011; Xia et al,, 2012; Yu et al,, 2012). The
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orogenic belt can be geographically subdivided into the Eastern (NE
Jiangxi and north Zhejiang), Central (NW Jiangxi and NE Hunan) and
Southwestern (west Hunan and north Guangxi Provinces) Jiang-
nan Orogen (Fig. 1a). The amalgamation history along the belt has
attracted much attention since the SCB has been proposed as the
“missing-link” between Australia and Laurentia during the assem-
bly and breakup of the Rodinia (e.g., Li et al., 1995, 2002, 2008b,
2010).

A number of lines of evidence show that, in the Zhangshudun-
Shuangxiwu areas in NE Jiangxi and north Zhejiang Provinces of
the Eastern Jiangnan Orogen, there occurred an earliest Neopro-
terozoic (~920-970 Ma) back-arc or intraoceanic arc system (e.g.,
Li and Li, 2003; Li et al., 2002, 2008a, 2009a; Ye et al., 2007).
However, in north Guangxi, west and NE Hunan and NW Jiangxi
Provinces of the Central and Southwestern Jiangnan Orogen, the
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Fig. 1. (a) Simplified geological map of the Yangtze Block showing the Jiangnan Orogen (modified after Zheng et al., 2007; Ma et al., 2002), which is subdivided into the Eastern
(1), Central (2) and Southwestern (3) Orogens. (b) Geological map of NE Hunan and NW Jiangxi Provinces of the Central Jiangnan Orogen. (c and d) Simplified geological map
of the Wenjiashi and Yifeng area (modified after Hunan BGMR, 1988; Jiangxi BGMR, 1984). Sources for the quoted granitic ages are from Zhang et al. (2011a) and Li et al.

(2003).

presence of >835 Ma mafic igneous rock have been poorly reported
so far, distinct from the Zhangshudun-Shuangxiwu area of the East-
ern Jiangnan Orogen where such rocks are rather extensive (e.g.,
Zhou et al., 2009; Li et al., 2002, 2008a, 2009a; Ye et al., 2007).
In contrast, there are numerous mafic and granitic rocks with the
crystallization ages of 835-750 Ma (with majority at 830-800 Ma)
along the Central and Southwestern Jiangnan Orogen, which are
linked to post-collision, rifting or plume settings (e.g., Wang et al.,
2006, 2011a,b, 2012a, 2012b; Zhou et al., 2009; Ma et al., 2009;
Zhang et al., 2009, 20114, 2011b, 2012b; Zhong et al., 2005; Dong
et al,, 2010, 2011, 2012; Zhao et al,, 2011). However, the sand-
stones in the Lengjiaxi Group and its equivalents (the Sibao Group
in Guangxi, Fanjingshan Group in Guizhou and Shuanggqiaoshan

Group in Jiangxi Provinces) as well as even lower Paleozoic units
along the Central and Southwestern Jiangnan Orogen preserved
abundant 850-880 Ma detrital zircons but rare ~1.0 Ga grains (e.g.,
Wang et al., 2007, 2010, 2012c, 20124, in press; Zhou et al., 2009;
Zhao et al., 2011). This led to the major controversy over the con-
vergent history of the Yangtze and Cathaysia Blocks, the timing of
final amalgamation (~880Ma vs. ~820Ma vs. ~800Ma) and the
geodynamic mechanism (subduction-collision vs. plume vs. plate-
rift models) (e.g., Li et al., 1995, 2002, 2008a, 2009a; Ye et al., 2007;
Wangetal., 2006, 2008a; Zheng et al.,2007; Zhao et al.,2011; Zhang
et al., 2012b; Zhao and Cawood, 2012 and reference therein).

The Neoproterozoic mafic rocks within the Central and South-
western Jiangnan Orogen are critical to unraveling regional tectonic
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history and test different tectonic models. Previous studies focused
on the mafic-ultramafic rocks with the formation ages of less
than 835Ma in the Fanjinshan and Sibao Groups in the South-
western Jiangnan Orogen (e.g., Li et al., 1999, 2003, 2004; Zhou
et al., 2004, 2009; Wang et al., 2006, 2008a, 2012b; Zheng et al.,
2006, 2008; Zhang et al., 2012b). However, less attention has been
paid to the mafic rocks in the Lengjiaxi Group in NE Hunan and
the Shuangqgiaoshan Group in NW Jiangxi Provinces of the Central
Jiangnan Orogen, about which the tectonic regime is still in dispute.
Our field investigations show that small amounts of layered or stra-
toid basaltic rocks occurred in the Lengjiaxi and Shuanggiaoshan
Groups along the Central Jiangnan Orogen. In this paper, we present
the results of our new geochronological and petrogenetic analy-
ses on these rocks and discuss their implications on the tectonic
settings.

2. Geological background and petrology

The Jiangnan Orogen extends geographically from northeast-
ern Jiangxi through southern Jiuling (northwestern Jiangxi) and to
eastern Xuefengshan (western Hunan) and then to the Miaoling
Mountain (northeastern Guangxi). It is an ENE-trending tectonic
belt, with awidth of 80-120 km and a strike-length of over 1000 km,
along the eastern margin of the Yangtze Block (Fig. 1a, Hunan
BGMR, 1988; Jiangxi BGMR, 1984). This belt is considered to be
a continental-continental orogen, along which the Yangtze and
Cathaysia Blocks amalgamated to form the coherent SCB during
the early Neoproterozoic time (e.g., Charvet et al., 1996; Shu et al.,
2006, 2011; Wang et al., 2008a; Zhao and Guo, 2012). Li et al.
(1999, 2002, 2008b) named it the Sibao (~1.0Ga) Orogen asso-
ciated with the assembly of Rodinia, occupying an intra-cratonic
keystone position between Australia and Laurentia. Along the belt,
the Precambrian sequences comprise the extensively-outcropped
Neoproterozoic Lengjiaxi Group, Banxi Group and their equivalents
as well as the Sinian units (e.g., Pan, 2001; Hunan BGMR, 1988).

The Lengjiaxi Group and its equivalents (e.g., Shuangqgiaoshan
Group in NW Jiangxi; Sibao Group in NE Guangxi and Fanjingshan
Group in SE Guizhou Provinces) experienced a multiple phase of
structural overprinting as marked by tight linear folds and isocli-
nal overturned folds. They were traditionally considered the folded
basement of the Jiangnan orogenic belt, which is characterized by
the greenschist-facies metamorphism with the metamorphic tem-
perature and pressure of 300-450°C and 4-6 kbar, respectively
(e.g., Hunan BGMR, 1988). The lithology of the Lengjiaxi Group and
its equivalents is dominated by volcanic-sedimentary sequences
with tholeiitic mafic lavas at the lower segment and flysch tur-
bidite at the upper segment. The turbidite sequence is more than
25,000 m thick, and consists of metamorphic sandstone, siltstone,
tuff, schist, phyllite and slate. Available data show that the ben-
tonite and sandstone of the Lengjiaxi Group and its equivalents
yielded a zircon U-Pb eruption age of 822-850 Ma and the youngest
detrital zircon U-Pb age-cluster of 850-870 Ma, respectively (Zhao
et al., 2011; Zhou et al,, 2009; Gao et al., 2008, 2010, 2011). At
the top of the Lengjiaxi Group in west Hunan, there is a volcan-
oclastic unit named the Cangshuipu Group that is composed of
the Linjiawan red-polymictic conglomerate and Yinzhuba terres-
trial volcanic agglomerate (e.g., Pan et al., 1988; Pan, 2001; Zhang
et al,, 2011b, 2012b). The part of the volcanic unit is characterized
by high-mg andesites formed in a collisional setting and dated at
822-825 Ma. The conglomerate is considered as the indicator of the
final assemblage of the Yangtze and Cathaysia Blocks (e.g., Zhang
et al., 2012b and reference therein).

The Banxi Group and its equivalents overlie the Lengjiaxi Group
with an angular unconformity. They are characterized by well-
bedded greywacke, conglomerate, sandstone, limestone, siltstones,

schist, shale and tuff, and are commonly considered a sedimen-
tary package deposited in a long-term but failed rift setting (e.g.,
Hunan BGMR, 1988; Chen and Jahn, 1998; Wang et al., 2003a, 2006;
Wang and Li, 2003). The Banxi Group and its equivalents underwent
a lower greenschist-facies metamorphism and preserve abundant
upright and open folds, distinct from those of the Leangjiaxi Group
and its equivalents.

Precambrian igneous rocks along the Jiangnan Orogen con-
tain a small amount of mafic-ultramafic plutons and tholeiitic
basalts in the Lengjiaxi Group and voluminous peraluminous
granites (e.g., Wang and Li, 2003). The granitic batholiths are dom-
inated by peraluminous K-feldspar granites and two-mica granites
with porphyritic to porphyroid textures, along with the mineral
assemblages of quartz, K-feldspar, plagioclase and minor biotite,
muscovite as well as accessory minerals. Available geochronologi-
cal data show that the Precambrian granites have the zircon U-Pb
crystallization ages of 745-825Ma with two age-peaks of ~770
and ~820Ma (e.g., Xu and Zhou, 1992; Tang et al., 1997; Liu, 1997;
Li, 1999; Li et al., 1999, 2002, 2003; Wu et al., 2006; Zheng et al.,
2007, 2008 and references therein). The mafic- ultramafic plutons
are mainly exposed in the Wanzai-Nanchang (NW Jiangxi), Huai-
hua -Yiyang-Liuyang (west Hunan) and Longsheng (south Guangxi)
areas. They are preserved as dykes and layered sills mainly in the
Lengjiaxi Group, with only several dykes observed in the Banxi
Group (e.g., Hunan BGMR, 1988; Wang et al., 2004, 2007). The Pre-
cambrian basaltic rocks in the Jiangnan Orogen mainly occurred at
the lower segment of the Lengjiaxi Group and its equivalents. They
usually show pillow structure with the primary mineral associa-
tion of plagioclases, pyroxenes and fewer magnetites, as observed
in the Fanjingshan (Guizhou) and Yiyang (Hunan) basaltic pillow
lavas.

The Central Jiangnan Orogen in northeast Hunan and west
Jiangxi has a strike-length of over 120km and is an area bridg-
ing the Eastern Jiangnan and SW Jiangnan Orogen (Fig. 1b). In
this orogenic belt, there are abundant mafic rocks in the Lengji-
axi and Shuanggiaoshan Groups (NE Hunan and western Jiangxi),
constituting an ENE-trending zone of mafic rocks (Figs. 1b-d). To
the northwest side of the zone, is marked by the 823-804 Ma
Jiuling granitic batholith with an exposed area of ~2500km?
(Li et al., 2003; Zhang et al., 2011a). To the southeast side the
outcropped rocks are characterized by the upper Paleozoic sil-
icoclastic strata (Fig. 1b). Previous studies usually mapped the
mafic rocks as the parallel gabbro and diabase dykes, with widths
of about 2-7m for individual dykes, in spite that some geolog-
ical, geochemical and geochronological data for the mafic rocks
have been reported. Our field investigation shows that the major-
ity of the mafic rocks are basaltic lava involving pillow basalt,
spilite, dolerite, coarse-grained basaltic andesite and tuff, which
are interlayered and stratoid in the greenschist-facies sedimentary
sequences of the Lengjiaxi and Shuangqiaoshan Groups (Fig. 2a
and b, Jiangxi BGMR, 1984; Hunan BGMR, 1988; Wang et al.,,
2008a; Zhou et al., 2009). These mafic rocks are grayish green
to dark grayish green and show a blastodiabastic texture. They
were often folded together with the inclosing sedimentary strata
and underwent greenschist-facies metamorphism (e.g., Jiangxi
BGMR, 1984; Hunan BGMR, 1988). The mineral assemblages of
the meta-basalts include 25-40% phenocrysts 53-62% matrix, with
phenocrysts being 15-20% clinopyroxene and 10-20% plagioclase
and matrix containing fine-grained to aphanitic groundmass of
plagioclase, clinopyroxene and minor apatite, ilmenite, sphene
and titanite (Fig. 2c and d). Plagioclase was usually altered. The
basaltic samples in this study are basalt and dolerite interlay-
ered in the slate, sandstone and phyllite in the lower part of
the Lengjiaxi and Shuangqiaoshan Groups (Fig. 2a and b). They
were collected from Shuikou and Nangiao villages in Wenjiashi
(Fig. 1c, NE Hunan), Zhonghuayuan at the border of NE Hunan



328 Y. Zhang et al. / Precambrian Research 231 (2013) 325-342

Fig. 2. Field and microscopic photographs for Shuikou basalt (a and c) and Fangxi dolerite (b and d) interlayered in the Lengjiaxi and Shuanggiaoshan sequences, repectively.

with west Jiangxi and Fangxi in Yifeng (Fig. 1c and d, western
Jiangxi).

3. Analytical methods

The first step of sample preparation is to remove weathered
rims. The samples were then pulverized to 200-mesh using an
agate mill for elemental and isotopic analyses. The contents of
major oxides were measured by a wavelength X-ray fluorescence
spectrometry at the Guangzhou Institute of Geochemistry (GIG),
Chinese Academy of Sciences (CAS). Details of procedures were
described by Li et al. (2005). Trace element abundances were
analyzed using inductively coupled plasma mass spectrometer
(ICP-MS) at GIG, CAS. Detailed sample preparation and analytical
procedure followed Wei et al. (2002). Samples powders for Sr and
Nd isotopic analyses were spiked with mixed isotope tracers, dis-
solved in Teflon capsules with HF+ HNOs acids, separated by the
conventional cation-exchange technique and run on single W and
Ta-Re double filaments. Sr-Nd Isotope ratios were measured on
the VG-354 mass-spectrometer at GIG, CAS. Sample preparation
and chemical separation followed Liang et al. (2003). The total pro-
cedure blanks were in the range of 200-500 pg for Sr and <50 pg
for Nd. The mass fractionation corrections for Sr and Nd isotopic
ratios are based on 86Sr/38Sr=0.1194 and 1%6Nd/'#*Nd=0.7219,
respectively. The measured 37Sr/36Sr ratio of the (NIST) SRM 987
standard is 0.710265 + 12 (20) and the 43Nd/!44Nd ratio of the La
Jolla standard is 0.511862 4+ 10 (20).

Zircon grains were separated using standard density and
magnetic separation techniques, and then handpicked under a
binocular microscope. The grains were mounted in epoxy, pol-
ished and coated with gold. The reflected and transmitted light
and cathodoluminescene (CL) imaging was carried out using a

JXA-8100 electron probe microanalyzer at GIG, CAS to investigate
the internal texture of zircons. In this study, SHRIMP, SIMS and
LA-MC-ICP-MS zircon U-Pb dating methods were adopted. U, Th
and Pb isotopic measurements for 09WS-1,09WS-3A and 10WS-10
were undertaken using the Sensitive High-Resolution Ion Micro-
probe (SHRIMP-II) at the Beijing SHRIMP Center (Chinese Academy
of Geological Sciences), Cameca IMS 1280 large-radius SIMS at the
Institute of Geology and Geophysics (CAS) and Nu instruments MC-
ICP-MS, attached to the Resonetics RESOlution M-50-HR Excimer
Laser Ablation System at the Department of Earth Sciences, the Uni-
versity of Hong Kong, respectively. The instrumental setting and
detailed analytical procedures for three dating techniques were
described in Song et al. (2002), Li et al. (2009b), and Xia et al. (2011),
respectively. Common Pb correction was made using the observed
204pp peak (Compston et al., 1984). The errors for individual U-Pb
analyses are presented with 2o error in data tables and in concor-
dia diagrams and out using the SQUID) 1.03 and Isoplot/Ex 2.49
programs of Ludwig (2001).

4. Zircon U-Pb geochronology

Two basaltic samples from Shuikou (09WS-1) and Nangiao
(09WS-3A) and a dolerite sample from Fangxi (10WS-10) are
selected for SHRIMP, SIMS and LA-ICP-MS zircon U-Pb dating,
respectively. The corresponding dating results are presented in
Tables 1 and 2. The sampling location, outcrop and microscope
photos for these samples are shown in Figs. 1 and 2.

4.1. Shuikou basalt (09WS-1)

Zircon grains separated from this sample are euhedral, colorless,
either prismatic or ellipsoidal with weak oscillatory zoning (inset in



Table 1

SHRIMP and SIMS zircon U-Pb dating results for the Shuikou and Nangqiao basaltic rocks in the Central Jiangnan Orogen.

Spot# [U] [Th] Th/U [Pb] 207pp 206y +% 207pp235y +% 206pp 238y +% 206pp 238y +lo 207pp 235y +lo 207pp 206 phy +lo Disc
ppm ppm ratio ppm

09WS-1 (Shuikou, Wenjiashi), SHRIMP zircon U-Pb dating result
Cl1.1 407 1977 5.02 50.4 0.0656 23 1.298 4.2 0.1435 3.6 864 29 845 49 795795 48 48 109
C2.1 541 1631 3.12 64.4 0.0676 1.7 1.290 3.9 0.1383 3.6 835 28 841 45 857857 3535 97
C3.1 311 887 2.95 38.6 0.0615 34 1.216 5.0 0.1434 3.6 864 29 808 56 657657 7373 132
c4.1 568 1635 2.97 72.2 0.0638 1.6 1.295 3.9 0.1472 3.5 885 29 844 45 736736 3535 120
C5.1 172 282 1.70 20.5 0.0652 6.3 1.235 7.3 0.1375 3.7 830 29 817 84 779779 130130 107
C6.1 668 1645 2.54 84.5 0.0653 1.9 1.320 4.0 0.1467 3.6 882 29 855 47 783783 40 40 113
c71 289 1171 419 35.7 0.0627 3.6 1.234 5.1 0.1427 3.6 860 29 816 58 699699 7777 123

09WS-3A (Nangiao, Wenjiashi), SIMS zircon U-Pb dating result
09WS-3A-1 15 14 0.90 7 0.1087 3.39 4.6012 4.44 0.3175 1.53 1777 24 1749 38 1716 75 104
09WS-3A-2 14 12 0.87 6 0.1062 2.87 4.2220 4.12 0.3032 1.58 1707 24 1678 34 1642 69 104
09WS-3A-3 65 48 0.74 26 0.1099 1.32 4.5901 2.12 0.3078 1.53 1730 23 1747 18 1768 26 98
09WS-3A-4 26 31 1.19 11 0.1065 2.10 4.4245 297 0.3112 1.52 1747 23 1717 25 1681 46 104
09WS-3A-5 7 4 0.60 3 0.1076 4.73 4.2864 5.93 0.3001 1.81 1692 27 1691 50 1689 101 100
09WS-3A-6 10 7 0.77 4 0.1097 3.50 42114 5.05 0.2951 1.54 1667 23 1676 42 1688 86 99
09WS-3A-7 10 5 0.54 4 0.1094 3.40 4.2532 5.13 0.3021 1.56 1702 23 1684 43 1663 88 102
09WS-3A-8 19 19 0.98 8 0.1072 2.58 4.2269 3.19 0.2901 1.53 1642 22 1679 27 1726 51 95
09WS-3A-9 6 4 0.62 2 0.1123 4.41 45370 5.72 0.3053 1.61 1717 24 1738 49 1763 97 97
09WS-3A-10 19 20 1.06 8 0.1069 2.56 4.5229 3.19 0.3115 1.51 1748 23 1735 27 1720 51 102
09WS-3A-11 22 14 0.67 9 0.1027 2.40 4.3526 3.14 0.3137 1.54 1759 24 1703 26 1636 50 108
09WS-3A-12 30 35 1.16 13 0.1054 2.08 42279 3.02 0.3019 1.52 1701 23 1679 25 1653 47 103
09WS-3A-13 15 14 0.92 6 0.1064 3.88 4.6452 4.22 0.3168 1.65 1774 26 1757 36 1738 70 102
09WS-3A-14 10 7 0.69 4 0.1140 3.42 4.9029 3.87 0.3119 1.82 1750 28 1803 33 1864 60 94
09WS-3A-15 14 11 0.80 6 0.1096 3.01 4.6858 3.37 0.3100 1.51 1741 23 1765 29 1793 54 97
09WS-3A-16 31 21 0.68 12 0.1059 2.20 4.3452 2.88 0.3020 1.59 1701 24 1702 24 1703 44 100
09WS-3A-17 88 82 0.93 37 0.1081 1.20 4.5971 1.92 0.3083 1.50 1733 23 1749 16 1768 22 98
09WS-3A-18 20 22 1.13 8 0.1127 2.51 4.5716 3.24 0.3007 1.51 1695 23 1744 27 1804 51 94
09WS-3A-19 38 55 1.48 17 0.1067 1.84 43973 2.56 0.3038 1.51 1710 23 1712 21 1714 38 100
09WS-3A-20 103 144 1.39 21 0.0658 2.09 1.2607 2.57 0.1389 1.50 838 12 828 15 801 43 105
09WS-3A-21 13 9 0.71 5 0.1104 3.10 4.7258 3.45 0.3106 1.51 1744 23 1772 29 1805 55 97
09WS-3A-22 27 10 0.37 16 0.1700 1.46 10.6444 2.30 0.4682 1.52 2476 31 2493 22 2506 29 99
09WS-3A-23 161 121 0.75 62 0.1036 0.93 4.1554 1.78 0.2913 1.51 1648 22 1665 15 1687 17 98
09WS-3A-24 32 42 1.31 15 0.1096 1.95 4.5750 2.87 0.3142 1.52 1761 24 1745 24 1725 44 102
09WS-3A-25 249 224 0.90 164 0.1653 0.52 10.7299 1.59 04725 1.50 2494 31 2500 15 2505 9 100
09WS-3A-26 168 46 0.28 95 0.1690 0.87 10.6491 1.77 0.4605 1.52 2442 31 2493 17 2535 15 96
09WS-3A-27 64 63 0.98 28 0.1066 1.43 4.5644 2.21 0.3138 1.60 1759 25 1743 19 1723 28 102
09WS-3A-28 189 86 0.45 115 0.1712 0.79 11.2029 1.70 0.4754 1.50 2507 31 2540 16 2567 13 98
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Table 2

LA-MC-ICP-MS zircon U-Pb dating results for the Fangxi dolerite in the Central Jiangnan Orogen.

Spot# Th/U
ratio

WIpp6Y  +1g  W7PHBU o

206pb/238U +1o

W6pp238Y  +1g  207Pb/25U  +lg  27Pb/2%Pb 1o Disc

10WS-10 (Fangxi, Yifeng), LA-MC-ICP-MS zircon U-Pb dating result

10WS-10-01 044  0.0675 0.0014 1.2515 0.0291 0.1344
10WS-10-02  0.74  0.0686 0.0014 1.2071 0.0268 0.1276
10WS-10-03 0.82  0.0705 0.0017 1.0320 0.0268 0.1061
10WS-10-04 1.48 0.1654 0.0033  10.7815 0.2476  0.4728
10WS-10-05 0.38  0.1096 0.0022 4.5895 0.1135 0.3036
10WS-10-06  0.59  0.0681 0.0014 1.1993 0.0279  0.1277
10WS-10-07 0.60  0.0699 0.0016 1.2191 0.0313  0.1265
10WS-10-08 0.57  0.0702 0.0016 1.1514 0.0273  0.1189
10WS-10-09 0.51  0.1631 0.0035 10.1789 0.3055 0.4508
10WS-10-10 0.60  0.0703 0.0018 1.2173 0.0317  0.1256
10WS-10-11  0.67  0.0675 0.0014 1.3269 0.0321  0.1426
10WS-10-12  0.87  0.0687 0.0014 1.2269 0.0298  0.1295
10WS-10-13  0.58  0.0712 0.0016 1.2250 0.0320 0.1248
10WS-10-14 1.25  0.0691 0.0015 1.1329 0.0262 0.1189
10WS-10-15 0.64  0.0682 0.0014 1.3201 0.0316  0.1404
10WS-10-16  1.08  0.0660 0.0013 1.1353 0.0249 0.1248
10WS-10-17 0.67  0.0666 0.0014 1.1766 0.0260  0.1282
10WS-10-18 046  0.0671 0.0014 11723 0.0253  0.1267
10WsS-10-19  1.08  0.0671 0.0014 1.2315 0.0286  0.1332
10WS-10-20 0.26  0.0675 0.0014 1.2759 0.0304 0.1370
10WS-10-21  0.56  0.0670 0.0014 1.2906 0.0313  0.1398
10WS-10-22 0.84 0.1663 0.0034 10.8284 0.2519  0.4720
10WS-10-23 0.64  0.0685 0.0014 1.1966 0.0279  0.1267
10WS-10-24 047 0.1110 0.0022 4.9238 0.1182  0.3215
10WS-10-25 0.53  0.0675 0.00 1.1368 0.03 0.1220

0.0031 813 18 824 13 854 43 95
0.0027 774 16 804 12 887 43 87
0.0024 650 14 720 13 944 48 69
0.0109 2496 48 2504 21 2522 35 99
0.0075 1709 37 1747 21 1794 31 95
0.0029 775 17 800 13 872 43 89
0.0029 768 17 809 14 924 45 83
0.0026 724 15 778 13 1000 51 72
0.0117 2399 52 2451 28 2489 36 96
0.0028 763 16 809 15 937 52 81
0.0035 859 20 858 14 854 43 101
0.0032 785 18 813 14 900 38 87
0.0028 758 16 812 15 963 47 79
0.0027 724 15 769 12 902 43 80
0.0033 847 19 855 14 874 43 97
0.0027 758 15 770 12 806 47 94
0.0028 778 16 790 12 833 44 93
0.0027 769 15 788 12 843 43 91
0.0031 806 18 815 13 840 43 96
0.0032 828 18 835 14 854 43 97
0.0034 843 19 842 14 835 43 101
0.0110 2492 48 2509 22 2521 34 99
0.0029 769 17 799 13 883 43 87
0.0077 1797 38 1806 20 1817 32 99
0.00 742 16 771 12 854 43 87

Fig. 3a.). The SHRIMP zircon U-Pb analyses of seven zircons give U
and Th contents ranging from 172 to 668 ppm and 282 to 1977 ppm,
respectively, with Th/U ratios of 1.7-5.0. The seven spots form a
coherent group and yielded a weighted mean 206Pb/238U age of
860420 Ma with MSWD = 2.1 (Fig. 3a).

4.2. Nangiao basalt (09WS-3A)

09WS-3A-20 with weak oscillatory zoning (inset in Fig. 3b) gives
Th and U content of 144 and 103 ppm with Th/U ratio of 1.39 and
yields an apparent 206Pb/238U age of 838 + 12 Ma, representing the
crystallization age of the basalt. The majority of the remaining 27
zircons show a texture of inherited cores surrounded by heteroge-
neous rims or oscillatory zoning (inset in Fig. 3b). Their analyses
plot on the concordant line forming two age-clusters (Fig. 3b).
One is constituted by four spots with Th/U ratios of 0.28-0.90
and defines a weighted mean 207Pb/296Pb age of 2525+47 Ma
(MSWD =5.2). The other is clustered by 23 analyses, which gives
the Th/U ratios of 0.54-1.48 and a weighted mean 207Pb/206pp
age of 1725+21Ma (MSWD=1.5). The two older ages of
2525447 Maand 1725 £+ 21 Macanbe interpreted as the ages of the
Xenocrysts.

4.3. Fangxi dolerite (10WS-10)

Twenty-five spots are analyzed and give a wide range of
Th/U ratios from 0.38 to 1.48. Three zircons (10WS-10-0910, -04
and -22) yield the Neoarchean 297Pb/2096Pb ages of 2489 + 36 Ma,
2522 +35Maand 2521 + 34 Ma, respectively, representative of the
ages of the xenolithic grains (Fig. 3¢). Two zircons (10WS-10-05 and
-24) give the Mesoproterozoic 207Pb/206Pb ages of 1794 +31Ma
and 1817 +32Ma, respectively. The remaining 20 grains show
weak oscillatory zoning (inset in Fig. 3c) and yield the younger
apparent 296pb/238U ages of less than 900 Ma. These analytical
results form a well-defined regression line with the upper inter-
cept age of 847 +18Ma (Fig. 3c), which is considered to be the
crystallization age of the Fangxi dolerite.

5. Geochemical results

The elemental and Sr-Nd isotopic results of nineteen rep-
resentative samples are listed in Table 3. These samples show
narrow variation of major oxides with SiO, ranging from 49.43 wt%
to 52.07 wt% (volatile-free) and MgO from 7.36 wt% to 9.04 wt%
with mg-number of 68-57. They have 9.65-13.64 wt% of Fe,03,
13.94-15.55 wt% of Al;03, 0.63-0.94 wt% of TiO,, and K;0/Na,0
ratios of 0.05-0.95. In the plots of SiO, vs Na,0+K,0 (Fig. 4a,
Maitre et al., 1989) and Zr/TiO, Nb/Y vs Zr/TiO,, (Fig. 4b, Winchester
and Floyd, 1977), they fall into the fields of subalkaline basalt and
basaltic andesite. A tholeiitic basalt trend is shown in the AFM dia-
gram of Irvine and Baragar (1971) (Fig. 4c). These samples have
Cr and Ni contents of 94-336 ppm and 61-126 ppm, respectively.
Fe,03, P,0s5, TiO, and V correlates negatively but Al,03 and Cr
positively with MgO (Fig. 5a-f).

The chondrite-normalized rare earth element (REE) patterns are
shown in Fig. 6a. These samples exhibit a subparallel and gen-
erally left-sloping pattern with more depleted LREEs relative to
HREEs and insignificant Eu anomalies (Eu/Eu*=0.87-1.3017). The
(La/Sm)cn ratios range form 0.46 to 0.74, (La/Yb)cn from 0.27 to
0.62 and (Gd/Yb)cn from 0.68 to 0.94 (cn herein refers to chondrite-
normalized value). They are characterized by the enrichment of
highly incompatible elements (from Rb to Th) but depletion of the
moderately incompatible elements (from Nb to Ti with exception
of Sr) relative to those of N-MORB (Fig. 6b). Their (Nb/La)y ratios
range from 0.58 to 1.20 with an average value of 0.95, near the aver-
age N-MORB value. On the N-MORB-normalized diagram (Fig. 6b),
our samples exhibit insignificant Nb-Ta depletion and remarkably
positive Sr (Sr/Sr*=1.22-5.09) and weakly negative Ti anomalies
(Ti/Ti*=0.60-0.85; e.g., Sun and McDonough, 1989). Such signa-
tures are distinct from those of arc volcanics and oceanic island
basalt. On the contrary, the patterns are similar to those of mod-
ern Eastern Lau back-arc basin basalts (e.g., Tian et al., 2008). This
similarity is further supported by the left-sloping patterns for the
moderately incompatible elements from Zr to Lu in Fig. 6b.

Seven representative samples were selected for Sr-Nd isotopic
measurement and the analyzed results are presented in Table 3



Table 3

Elemental and Sr-Nd isotopic analyses for the ~850 Ma Neoproterozoic mafic rocks in the Central Jiangnan Orogen.

09WS-1 09WS-2 09WS-3A 09WS-3B 09WS-3D 09WS-3E 01WS-3 01WS-4 01WS-5 01WS-8 WS-8A WS-8D WS-8E  WS-8F 10WS-1 10WS-4 10WS-6 10WS-8 10WS-10
Si0, 4940 4749 4981 4883 49.41 48.92 49.92 49.84 50.07  49.00  50.82 50.18 50.75  50.87 4944 4972 49.82 49.25 49.18
Al,05 1396 1402 1357  13.61 1348  14.86 13.73 13.67 13.70 1430 1487 15.10 1520 15.01 1421 1390  14.03 14.25 14.10
Ca0 1077 1183 969 1328 11.13 7.92 10.70 10.88 1018 1201 1093 10.29 971 11.04 1145 1131 1140 10.94 11.99
FeOt 1236 11.84 1292 1118 1155  13.26 1233 1237 1251 10.71 9.42 9.77 9.68  9.45 1065 1123 1124 11.44 7.78
MgO 7.16 8.20 7.89 8.36 7.99 8.62 7.18 722 7.36 8.01 8.49 8.81 851 855 8.11 7.79 7.78 8.19 11.65
MnO 0.19 0.21 0.20 0.19 0.22 0.22 0.20 0.20 0.20 0.19 0.21 0.19 023 021 0.19 0.19 0.19 0.19 1.51
K,0 0.85 0.47 0.48 0.08 0.55 0.59 0.80 0.64 0.93 1.05 0.44 0.70 053 030 1.25 1.14 1.17 0.23 0.24
Na,0 1.60 1.34 1.44 1.43 1.52 2.09 1.81 1.89 1.85 1.31 1.70 1.69 238 166 1.32 1.46 1.42 223 0.22
P,05 0.07 0.04 0.07 0.04 0.05 0.05 0.09 0.07 0.09 0.05 0.05 0.04 0.05  0.05 0.05 0.06 0.06 0.05 0.81
TiO, 0.92 0.65 0.79 0.62 0.69 0.72 0.89 0.90 0.90 0.65 0.68 0.69 070  0.68 0.65 0.74 0.71 0.63 0.07
LOI 2.08 3.34 3.02 1.99 2.90 2.12 3.20 3.15 3.13 3.37 1.96 213 182 1.76 3.36 3.12 2.90 335 2.07
Total 9936  99.43  99.89  99.61 99.49  99.35 99.83 99.83 99.84  99.82  99.56 99.58 99.57  99.57 99.83  99.75  99.81 99.81 99.61
mg# 57 62 59 64 62 60 58 58 58 64 68 68 67 68 64 62 62 63 60
Sc 5145 5003 5235 53.42 46.40 46.57 46.46 4872 4470 43.70 45.80  43.10 4692 4286  44.07 44.03 46.60
\% 3051 2782 3112 274.8 358.9 337.6 3332 2861 2440 237.0 2460 2440 2789 2785  281.0 316.4 306.0
Cr 945 1050  123.1 176.1 139.7 102.8 2005 1221 3200 336.0 3140 304.0 1529 1984 1446 128.0 98.4
Co 4207 5826  31.82 41.74 39.66 48.74 4720  47.05  40.40 38.60 3570 38.20 4879 4715 4477 44.74 40.90
Ni 60.73 8350  70.42 70.14 78.16 66.98 11474  80.00 100.00 97.60 107.00  96.30 9836 12571  87.08 85.34 70.60
Rb 4591 2456 2473 32.74 53.18 37.99 6029  69.99 2250 32.30 3570  14.10 86.95  70.06  72.22 11.79 15.90
Sr 9535 107.80  88.86 66.83 112.61 111.75 9552 9578 303.00 164.00 270.00 291.00 90.39 11023  114.21 138.72 77.50
Y 3033 2411 3135 24.82 33.08 32.87 3215 2619  27.80 26.40 27.20  26.50 2450 2596 3622 24.82 29.70
Zr 59.61 4075  50.68 4272 44.60 4355 4403 3074 4180 42.00 3930 40.10 2989  31.09  33.64 25.13 39.70
Nb 1.51 1.06 1.50 0.88 1.94 1.90 1.98 1.28 1.34 1.33 127 126 1.29 1.22 1.19 1.26 1.38
Ba 63.4 40.0 412 52.0 74.5 57.4 77.0 73.6 1450 128.0 101.0 932 83.3 74.2 73.5 29.5 26.1
La 2.15 1.12 1.62 1.11 1.83 1.90 1.77 1.30 1.69 246 167 1.70 1.35 1.31 127 1.15 4.01
Ce 5.99 3.29 495 3.26 5.13 5.52 5.09 3.72 5.04 6.98 525  5.06 3.95 3.81 3.75 3.13 431
Pr 0.98 0.56 0.87 0.58 0.87 0.89 0.85 0.66 0.90 1.13 084 085 0.66 0.67 0.63 0.56 1.21
Nd 5.52 3.24 5.00 335 498 4.89 477 3.67 495 6.54 489 470 3.69 3.62 3.57 3.10 533
Sm 215 1.50 2.15 1.55 2.15 2.07 221 1.60 1.99 226 193 178 1.60 1.72 1.62 1.47 212
Eu 0.81 0.63 1.02 0.60 0.79 0.82 0.84 0.67 0.76 1.01 1.01 076 0.60 0.72 0.67 0.57 0.93
Gd 3.51 261 3.62 2.76 3.47 3.42 3.49 2.68 325 323 290 315 243 2.72 2.63 2.49 336
Th 0.75 0.59 0.81 0.62 0.77 0.78 0.79 0.64 0.61 0.65 058 061 0.58 0.60 0.60 0.58 0.70
Dy 5.25 4.16 5.50 437 5.30 5.00 5.41 417 424 4.47 406  4.06 3.91 425 4.09 3.94 5.18
Ho 1.19 0.94 1.25 0.98 1.27 1.22 1.27 0.98 1.05 1.03 1.06  1.02 0.94 1.02 1.03 0.96 124
Er 3.45 275 3.67 2.96 3.65 3.59 3.60 278 3.10 3.06 3.03 289 2.87 2.88 2.96 2.93 3.45
Tm 0.52 0.43 0.57 0.45 0.54 0.56 0.56 0.42 0.46 0.43 045  0.44 0.40 0.39 0.43 0.43 0.49
Yb 3.57 2.88 3.69 2.95 3.60 3.71 3.69 2.99 2.98 2.84 286 277 2.82 297 3.17 2.97 3.28
Lu 0.54 0.44 0.57 0.46 0.60 0.61 0.60 0.48 0.48 0.43 045  0.42 0.48 0.50 0.49 0.47 0.49
Hf 1.75 127 1.63 1.30 1.46 1.43 1.51 1.10 1.19 1.17 125 115 1.06 1.09 1.10 0.89 1.21
Ta 0.13 0.08 0.12 0.07 0.13 0.13 0.14 0.09 0.12 0.10 010  0.10 0.10 0.09 0.10 0.08 0.11
Pb 5.54 3.34 2.00 275 6.50 522 8.84 659  11.27 8.27 8.07 10.64 6.03 9.07 732 6.38 4.54
Th 0.32 0.11 0.14 0.14 0.21 0.29 0.16 0.12 0.32 0.27 018 027 0.24 0.11 0.13 0.14 0.14
U 0.07 0.03 0.04 0.04 0.05 0.07 0.04 0.03 0.09 0.07 0.05  0.07 0.04 0.07 0.03 0.04 0.07
87Rb/86sr 1.3693 0.9857 0.2153 0.5710 0.1405 1.8334 0.2464
147gm/144Nd 0.2611 0.2559 0.2431 0.2122 0.2291 0.2754 0.2877

875r/865r 0.727048  0.722308 0713682  0.714894 0.712960 0.733435  0.712914

20 15 14 11 12 12 18 16

143Nd/144Nd 0.513417 0.513373 0.513137 0.512791 0.513113 0.513487 0.513624

20 8 9 10 8 10 9 11

875r/86Sr(i) 0.710420  0.710338 0.711068  0.707960 0.711255 0711172 0.709922

ena(t) 8.21 7.91 4.70 1.30 5.76 8.01 9.36
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Fig.3. (a-c)Concordiadiagrams of zircon U-Pb data for the Shuikou (09WS-1), Nan-
qiao (09WS-3A) and Fangxi mafic rocks (10WS-10), respectively along the Central
Jiangnan Orogen. Insets in a—c note the representative cathodoluminescence images
for zircons.
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Fig. 4. Rock classification diagrams of (a) TAS diagram (after Maitre et al.,
1989), (b) Zr/TiO,-Nb/Y diagram (after Winchester and Floyd, 1977) and (c)
MgO-FeOt-Na,;0+K,0 diagrams (after Irvine and Baragar, 1971) for the Neopro-
terozoic mafic rocks in the Central Jiangnan Orogen.

and Fig. 7a. Their measured 87Sr/36Sr ratios range from 0.71291 to
0.73344 and *3Nd/'#4Nd ratios from 0.51279 to 0.51362. When
back-calculated to the formation age of 850 Ma, the correspond-
ing initial 87Sr/86Sr ratios are in the range of 0.70796-0.71126 and
end(t) values are from +1.30 to +9.36. The high initial 87Sr/86Sr
ratios show a subhorizontal trend off the array of oceanic basalt
(Fig. 7a), which could be caused by the isotopic exchange due to sea-
water hydrothermal alteration (e.g., Shuto et al., 2006; Fan et al.,
2010).
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Fig. 5. Plots of MgO vs (a) Al,03, (b) FeOt, (c) P,0s, (d) TiO,, (e) Cr and (f) V vs MgO for the Neoproterozoic mafic rocks in the Central Jiangnan Orogen.

6. Discussion and tectonic implications
6.1. Formation age of the mafic lava in the Lengjiaxi Group

The geochronological data have been poorly reported for the
mafic rocks along the Central Jiangnan Orogen, with the exception
of a 207pp/206ph evaporation age of 1271 +2 Ma for the Nangiao
basalt reported by Zhou et al. (2003). Our dating grains from three
samples (09WS-1, 09WS-3A and 10WS-10) mostly show weak
oscillatory zoning and high Th/U ratios, the typical characteris-
tics of a magmatic origin. They yield the weighted mean ages
of 860 +20Ma (n=7, Shuikou basalt), upper intercept age of 847
+18 Ma (n =25, Fangxi dolerite) and the apparent 206Pb/238U age of
838 +£12 Ma (n=1, Nangiao basalt), respectively.

Numerous geochronological data show that the detrital zircons
from the sandy rocks in the middle-upper segment of the Lengjiaxi
Group and its equivalents (Sibao, Fanjinshan and Shuangqiaoshan
Groups) have the youngest age-cluster at ~860-880 Ma (e.g., Wang
etal.,2007,2012d; Zhou et al.,2009; Zhao et al.,2011). This places a
constraint on the maximum deposition age of 860-880 Ma for the
majority of the exposed Lengjiaxi Group. The bentonite, tuff and
dacite from the exposed Lengjiaxi Group and its equivalents give
the zircon U-Pb ages ranging from 831 Ma to 850 Ma (Gao et al.,
2008, 2010; Dong et al., 2010; Wang et al., 2006; Zhao et al., 2011;
Zhou et al., 2009). The intermediate-acid volcanic sequence with a
high-mg geochemical affinity, which is underlain by the Lengjiaxi
Group but overlain by the Banxi Group, were dated at 822-824 Ma

(Zhang et al., 2012b). In addition, the granitic plutons (e.g., Jiul-
ing, Xiyuankeng) that intruded the Lengjiaxi and Shuangqgiaoshan
Groups have the crystallization ages of 804-823 Ma (Fig. 1b; e.g.,
Ma et al., 2009; Li et al.,, 2003; Zhang et al., 2011a). As introduced
above, the tholeiitic mafic lava occurred as interlayer in the Lengji-
axi and Shuanggiaoshan packages (Fig. 2a and b). Synthesis of these
age data and their spatial relationship suggests that the depo-
sition timing of the exposed Lengjiaxi Group in NE Hunan and
the Shuanggiaoshan Group in west Jiangxi should be older than
~822 Ma and the majority be younger than ~860 Ma. Thus, the age
of 847 + 18 Ma from the Fangxi dolerite is reliable, and the ages
of 838 Ma and 860 Ma from the Shuikou and Nangiao basalts can
be used as the reference ages, suggesting that the eruption age of
the mafic lava along the Central Jiangnan Orogen is ~850 Ma. In
addition, a part of the grains from 09WS-3A and 10WS-10 gives
an age-cluster of ~1800 Ma, representing the age of the xenolithic
zircons. This probably suggests the development of the Paleopro-
terozoic basement beneath the Central Jiangnan Orogen in spite
of poor outcrops. The previously-reported 207 Pb/206Ph evaporation
age of 1271 + 2 Ma from the Nangqiao basalt probably represents a
mixed age.

6.2. Origination from MORB source modified by arc component in
the BAB setting

The samples analyzed in this study have experienced
greenschist-facies metamorphism and have L.O.I. contents of
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and arc volcanics (Luhr and Haldar, 2006).

1.76-3.37 wt%, showing weak weather alteration. Discussion of
petrogenesis herein focuses on the high field strength elements,
which are considered least susceptible to metamorphism and alter-
ation (e.g., Nb, Ta, Zr, Hf, REE, Th, Ti, Y, V and Sc) rather than those
that are considered to be more mobile (e.g. Rb, Sr, K; Pearce, 1975;
Wood et al., 1979).

These samples have the mg-number from 57 to 68, reflective
of certain degree of the fractionation crystallization of the olivine
and clinopyroxene. It is also noted that Cr concentration decreases
but V increases remarkably with magma evolution (Fig. 5e and f).
This provides additional evidence for clinopyroxene fractionation
from the parental magma. Weak Eu anomalies (Fig. 6b) and posi-
tive correlation between MgO and Al, 05 (Fig. 5a) probably indicate
poor fractionation of plagioclase. However, on the plot of La and
La/Sm, these samples plot along the trend of source heterogeneity
or dynamic melting rather than that of the fractionation crystal-
lization (Fig. 7b). It is apparent that a petrogenetic model of simple
fractionation can not fully explain the variety of incompatible ele-
ment ratios (e.g., Nb/La of 0.54-1.12) and isotopic compositions
(end(t) of 1.30-9.36).

The relatively constant Nb/La ratios and highly positive enq(t)
values irrespective of MgO suggest an insignificant crustal assimi-
lation (Fig. 8a). The samples with high MgO contents have lower
end(t) values than those with low MgO content (Fig. 8b). For
example, the sample (WS-8D) with the highest MgO (9.04 wt%)
shows mg-number of 68, slightly lower than that of the primary
magma, but has the lowest enq(t) values (+1.30) and relatively
low Nb/La ratio (0.54). The sample (01WS-3) with the lowest
MgO content has eng(t) value of up to +8.21 (Table 2). The sam-
ples with low MgO contents exhibit higher Fe,05 content relative
to the high MgO samples (Fig. 4b). More importantly, our sam-
ples are characterized by the depletion in LREE relative to HREE
and the lower contents of highly incompatible elements (from
U to Ti) than those of N-MORB source (Fig. 6a and b). When
significant crustal contamination en route is considered, at least
20-70% SCB crustal materials are required to be involved in the
mantle-derived magma to balance the observed variations in
Nb/La ratios. Such high-proportional addition of crust materials
is obviously impossible for maintaining the basaltic composi-
tions and balancing the Sr-Nd isotopic ratios of these samples.
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Such signatures, together with the presence of the xenocrystic
zircons in our samples, suggest that the crustal contamination en
route is most likely very weak and insufficient to change their ele-
mental and isotopic compositions.

The chondrite-normalized REE patterns are strongly depleted
in the LREE compared with HREE (Fig. 6a), suggesting an affin-
ity to an N-MORB source. The N-MORB-normalized patterns for
these samples are characterized by relative enrichment in very
highly incompatible elements (e.g., Rb, Ba and Th) and depletion
in highly incompatible elements (e.g., Nb, La, Ce, Zr, Sm and Eu).
The pattern for moderately incompatible elements (e.g., Tb, Dy, Y,
Yb and Lu) is generally similar to that of the N-MORB (Fig. 6b).
In addition, the Nb/Ta (11-16) and Nb/Yb (0.30-0.54) ratios are
lower than those of N-MORB (17 and 0.76, respectively). All these
patterns suggest a derivation from more refractory mantle source
relative to average N-MORB (Fig. 9a). Similar consideration is given
in the plot of Fe8 vs Na8 Fe8 (Fig. 9b), in which the majority of
these samples fall into the region below the MORB global trend.
However, these samples have higher Th contents, and lower Th/Yb
(0.04-0.11) and Th/Zr (0.003-0.008) ratios than those of aver-
age N-MORB (0.12 ppm, 0.04, 0.002, respectively (e.g., Sun and
McDonough, 1989; Kepezhinaskas et al., 1996; Lapierre et al., 2000;
Kerr et al., 2002). Their Th/La ratios range from 0.08 to 0.19, falling
between those of bulk continental crust (~0.3) and N-MORB (0.05)
(e.g., Hoffman and Ranalli, 1988; Sun & McDonough, 1989). In
Fig.9a, theincrease of Th/Ybratios with Nb/Ybratios plots above the
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Fig. 8. Plots of MgO vs (a) Nb/La and (b) eng(t) for the Neoproterozoic mafic rocks
in the Central Jiangnan Orogen.

depleted back-arc line across the N-MORB and implies that these
samples have experienced an subduction-related enrichment pro-
cess. In Fig. 10a—c, these samples bridge the regions of the MORB
and arc-volcanics.

In the eng(t)-Nb/La and Nb/Zr-Th/Zr Nb/diagrams (Fig. 11a and
b), a mixed trend is well defined, suggesting the involvement of
two end-members in the magma source without the consideration
of the crustal contamination en route. One end-member is charac-
terized by high eng(t) (>9.0) and Nb/La (>1.0) but low Nb/Zr (<0.03)
and Th/Zr (<0.002), resembling those of average N-MORB. The other
most likely has a geochemical affinity to arc volcanics with enqg(t)
<1.0, Nb/La <0.5, Nb/Zr >0.06 and Th/Zr >0.01. The input of the arc-
component is further evidenced by the low Ti/V ratios (12-18) and
TiO, (0.62-0.92 wt%) contents for these samples, which fall into
the field of arc tholeiite in the Zr-Ti diagram (Fig. 10c). Such arc-
like elemental signatures, together with their lower Nb/U (16-45)
and Ce/Pb (0.4-2.5) ratios and highly positive enq(t) values, suggest
the involvement of an arc-like component in the MORB-like source.
Therefore, the first-order interpretation is that these mafic samples
have a depleted MORB-like source with an addition of a “crustal”
component released from the subducted slab or sediment at the
convergent margin (e.g., McCulloch and Gamble, 1991; Pearce and
Peate, 1995; Shinjo et al., 1999).

The question remains as to which component (c.f. slab- and
sediment-derived components) is newly added into the source. An
analysis combining Nd/Pb and Nb/Y ratios with isotope composi-
tions can effectively evaluate the nature of subduction components,
because Nd, Nb and Y contents are generally dominated by
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Fig. 9. Plots of (a) Nb/Yb vs Th/Yb (after Pearce et al., 1995), and (b) Fe8 vs Na8
(after Pearce et al., 1995) for the Neoproterozoic mafic rocks in the Central Jiangnan
Orogen.

sediment- and slab-derived melts but Pb is controlled by hydrous
fluids formed by dehydration of the oceanic crust as a result of dis-
tinct mobility of these elements (e.g., Brenan et al., 1995a, 1995b;
Elliott et al., 1997; Kogiso et al., 1997; Castillo et al., 2002, 2007;
Castillo, 2008; Class et al., 2000; Petrone and Ferrari, 2008). Our
samples show lower Nd/Pb ratios (0.40-2.51) than those of typical
MORB mantle (~24) and plot along the mixed line of the man-
tle wedge modified by fluids and subducted sediment in Nd/Pb vs
end(t)diagram (Fig. 11c). The weak changes of Th/Yb ratios irrespec-
tive of Ba/La ratios also argue for the flux of fluids. In Fig. 11d, they
plot along the mixed line of a MORB source (or mantle wedge mod-
ified by slab-derived fluid) with the subducted sediment-derived
melt (e.g., Gertisser and Keller, 2003; Seghedi et al., 2004; Class
et al.,, 2000; Petrone and Ferrari, 2008). In the Harker diagram
(Fig. 5), Al,03 correlates positively but FeOt negatively with MgO,
indicating that the magma source is characterized by high Al,03
and low FeOt. These, taking into account the high eng(t) values
for our samples, probably suggest the small-proportional involve-
ment of a recycled sedimentary component. The synthesis of all
these data indicates the magma source of these samples has sub-
jected to a joint modification by the flux of the slab-derived fluid
and proportional input of the recycled sediment-derived melt.
The input of such “crustal” component suggests that the mafic
rocks in the Central Jiangnan Orogen might be related to a subduc-
tion rather than a spreading oceanic setting (e.g., Zhou et al., 2003).
In the Th-Hf-Ta and Zr-Nb-Y discriminated diagrams (Fig. 12a and
b), these samples plot into the field of N-MORB and volcanic-arc
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Fig. 10. Plots of (a) La/Nb vs Nb/Th, (b) La/Nb vs Ba/Nb (after Fan et al., 2004), and
(c) Zr vs Ti (after Pearce, 1982) for the Neoproterozoic mafic rocks in the Central
Jiangnan Orogen.

basalts. Their geochemical affinity to both MORB- and arc-like com-
ponents might be genetically related to the fore-arc or back-arc
basin settings (e.g., Hawkins, 1995; Shinjo et al., 1999; Sandeman
et al., 2006; Teklay, 2006). However, there are little evidence or
poor reports for supporting the development of the contemporane-
ous boninite, high-mg andesite and arc-andesite along the Central
Jiangnan Orogen so far, inconsistent with what would be expected
for the rocks association in a fore-arc basin setting (e.g., Hawkins,
1995; Gribble et al., 1998; Shinjo et al., 1999; Shuto et al., 2006;
Rolland et al., 2009). Moreover, our samples have similar (La/Yb)n,
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Sm/Nd, Th/Yb and Th/Nb ratios, as well as REE and multi-elemental
patterns to those in Eastern Lau Basin, typical of the modern back-
arc basin (Fig. 6a and b, Tian et al., 2008). They fall into the range of
the back-arc basin basalt in Fig. 12c. On the plot of Th/Nb vs Ce/Nb
(Fig. 12d), these samples plot into the field of the Japan Sea back-arc
basin that initiated in the rifting of continental crust (e.g., Pouclet
et al,, 1995; Shuto et al., 2006; Sandeman et al., 2006; Emilio et al.,
2011). Low Nb/Ta ratios (11-16) in arc-lavas are also commonly
regarded as indicative of a mantle wedge which is the residual to
the back-arc melting (e.g., Class et al., 2000). In addition, the trends
in Fig. 10a and b for these samples reflect that the formation of
the mafic lava is related to the subduction enrichment after the
previous melt extraction in a back-arc setting. The previous melt
extraction might result in stronger depletion in very high and high
incompatible elements than moderately incompatible elements in
the mantle source, and lower Na8 relative to Fe8, due to the loss
of a small melt fraction. During subduction enrichment, the sub-
ducted component would lead to high Ba/Nb and Th/Yb ratios due
to its high proportions of Rb, Ba and Th in the depleted source. Such
processes are operating most likely in the back-arc basin setting
(e.g., Pearce and Peate, 1995; Emilio et al., 2011). Samples 09WS-
3A and 10WS-10 preserved abundant xenolithic zircons with the
ages grouping at ~1800 Ma and ~2500 Ma. These ages reflect the
presence of the continental basement prior to volcanic eruption at
~850 Ma. Therefore, it can be concluded that the mafic rocks devel-
oped in a continental back-arc basin along the central Jiangnan
Orogen at ~850 Ma.

6.3. Amalgamation along the Central Jiangnan Orogen and its
eastward extension

The formation of the SCB is commonly considered as the result of
the amalgamation of the Yangtze with Cathaysia Blocks. The Jiang-
nan Orogen is traditionally interpreted as the suture of the oceanic
subduction and subsequent collisional orogen between the Yangtze
and Cathaysia Blocks in spite that different amalgamation times
have been proposed (~880 Ma vs ~820 Ma vs ~800 Ma; e.g., Li et al.,
1995, 2002, 20083, 2009a; Ye et al., 2007; Wang et al., 2006, 2007,
20083, 2008b; Zheng et al., 2007; Zhao et al., 2011; Zhang et al.,
2012b and reference therein).

Our data demonstrate that there occurred a ~850Ma back-
arc basin in the Wenjiashi-Fangxi areas of the Central Jiangnan
Orogen. In the Fuchuan area in south Anhui Province, the gab-
bro and wehrlite in ophiolite suite yielded the zircon U-Pb ages of
848 + 12 Ma and 827 + 9 Ma, respectively (Ding et al., 2008). Zhang
et al. (2012a) obtained a zircon U-Pb age of 82443 Ma from the
gabbro in the Fuchuan ophiolite with the geochemical affinity to
the back-arc basin. In the Zhangyuan (NE Jiangxi) and Leigong-
cao (NW Jiangxi) areas, synchronological pillow basalt and spilite
with similar geochemical signatures have also been identified
(Zhang et al., 2011b, 2012b and authors’ unpublished data). These
signatures indicate the development of the 824-860Ma back-
arc basin along the Wenjiashi-Fangxi and Fuchuan-Zhangyuan
areas, with a closure time later than ~830Ma. Field observations
show that the greywacke-slate-schist-tuff Banxi Group (and its
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equivalents) deposited in the failed-rift setting and overlies the
abysmal flysch- and turbidite-facies Lengjiaxi Group (and its
equivalents) with an angular unconformity (e.g., Hunan BGMR,
1988; Jiangxi BGMR, 1984). In the Cangshuipu area of the Cen-
tral Jiangnan Orogen, below the angular unconformity marked by
a conglomerate layer, there occurred the Yinzhuba high-mg vol-
canic agglomerates dated at 822-824 Ma (e.g., Pan, 2001; Zhang
et al.,, 2012b). The tuff, bentonite and volcanic interlayer from the
Banxi Group (and its equivalents) gave the zircon U-Pb ages of
719-809 Ma (Wang et al., 2008b, 2012a, 2012b; Gao et al., 2008,
2010; Yin et al., 2003; Zhang et al., 2008; Chen et al., 2005; Wu
etal., 2007; Zheng et al., 2008; Huang et al., 2009). The oldest gran-
iteintruding the Banxi Group at Chengbu (western Hunan Province)
was dated at 806 +9 Ma (Bai et al., 2010). These data constrain the
final amalgamation of the Yangtze and Cathaysia Blocks along the
Central Jiangnan Orogen being at ~806-822 Ma.

Previous studies (e.g. Xu et al., 1992; Charvet et al., 1996)
suggested that the Zhangshudun ophiolite in NE Jiangxi and the
Fuchuan ophiolite in South Anhui belong to the same ophio-
lite suite, representing the suture boundary of the Yangtze and
Cathaysia Blocks along the Eastern Jiangnan Orogen (Fig. 1a). How-
ever, in the Shuangxiwu area of NE Zhejiang and the Zhangshudun
area of NE Jiangxi, there preserved the SSZ-type ophiolite suite,

arc-like volcanic rocks, subduction-related granites and adakites,
which were dated at 900-970Ma (e.g., Chen et al, 1991; Li
et al., 1994, 2008a, 2009a; Li and Li, 2003; Wu et al., 2006; Ye
et al., 2007). The associated plagiogranite, andesite, amphibolite-
bearing tonalite and granodiorite yielded the zircon U-Pb ages of
900-930 Ma and show an arc-like geochemical affinity with posi-
tive enqg(t) and eyg(t) values (e.g., Ye et al., 2007; Chen etal., 20093a,b;
Lietal.,2009a). The glaucophane-bearing schist gave the metamor-
phic age of 866 + 10 Ma (K-Ar method; Shu et al., 1993; Charvet
et al.,, 1996). The Xiwan leucogranites and Zhangcun rhyolite in
the Zhangshudun ophiolitic suite, interpreted as anatexis product
of arc-derived sedimentary materials, were dated at 880419 Ma
and 891 + 19 Ma, respectively (e.g., Li et al., 2008a, 2009a). These
data are synthetically interpreted as indicating the development
of intra-oceanic arc at ~900-970 Ma and possible amalgamation
at ~880Ma along the Zhangshudun and Shuangxiwu areas. It is
obvious that the igneous magmatism along the Zhangshudun-
Shuangxiwu areas is significantly older than that along Central
Jiangnan Orogen and Fuchuan in South Anhui (e.g., Ye et al,
2007; Li et al., 2008a, 2009a; Chen et al., 2009a,b). Therefore,
the Fuchuan and Zhangshudun ophiolites might be two different
ophiolite suites formed at different time during Neoproterozoic
amalgamation in Eastern South China. Such a temporal and spatial
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Fig. 13. Schematic cartoon showing the tectonic pattern at ~830-860 Ma across the Jiangnan back-arc basin and Shuangxiwu arc.

relationship shows that the Central Jiangnan Orogen links east-
erly to the Zhangyuan-Fuchuan area along the Jingdezhen fault
rather than toward the Zhangshudun-Shuangxiwu area along the
Jiangshan-Shaoxing fault (Wang et al., in press).

In summary, our data synthesis suggests that the amalgamation
regime along the central Jiangnan Orogen and Zhangyuan-Fuchuan
areas (renamed eastern Jiangnan orogen) contributed to the clo-
sure of the back-arc basin rather than oceanic subduction (Zheng,
2012; Zheng et al,, 2013; Zhang et al., 2012a) This supports the
model of the Neoproterozoic orogenism in the eastern SCB might
be characterized by arc-collision accretion assembly as a part of an
exterior accretionary orogen along the periphery of Rodinia. This
consideration is further supported by the following observations:
(1) poor occurrence of synchronous low temperature and high pres-
sure metamorphism; and (2) ~800-830 Ma peraluminous granite
characterized by positive ey(t) values (juvenile component) and
high 8180 values (e.g., Wu et al,, 2006; Zhang et al., 2011a; Ma
et al.,, 2009). Based on all the available geological, geochemical
and geochronological data, we suggest a cartoon for the tectonic
pattern at ~830-860Ma across the Jiangnan back-arc basin and
Shuangxiwu arc (Fig. 13). This may give us a hint that accretionary
orogens are characterized by multiple accretionary orogenic pro-
cesses, including the following stages of (1) the Shuangxiwu arc
being accreted to the Cathaysia Block at ~880Ma (e.g., Ye et al.,
2007; Li et al., 2008a, 2009a; Chen et al., 2009a,b), and (2) the clo-
sure of the short-aged back-arc basin (830-860 Ma) by ~820 Ma
orogenic event along Jiangnan Orogen (Zhang et al., 2012a,b; Wang
et al., 2008b, 2012a, 2012b; Gao et al., 2008, 2010 and authors’
unpublished data).
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