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a  b  s  t  r  a  c  t

Tectonic  affinity  of Grenvillian  magmatism  in  the  South  China  Block  is  important  for  understanding  the
role  of  the  block  in  the  reconstruction  of the  Rodinia  supercontinent  during  the  Mesoproterozoic.  In  the
southwestern  Yangtze  Block,  South  China,  late  Mesoproterozoic  metabasalts  occur  as  layers  in  the  Pudeng
Formation  of  the  Julin  Group.  Most  metabasalts  are  highly  metamorphosed  to  be amphibolites  composed
of  dominantly  plagioclase  and  amphibole  with  minor  Fe–Ti  oxides,  titanite  and  apatite.  Two  metabasalt
samples  have  identical  zircon  U–Pb ages  of ∼1050 Ma.  These  basalts  are  tholeiitic  in compositions  and
have  high  and  variable  TiO2 (1.1–3.2  wt.%)  and  low  Mg#  values  (=Mg/(Mg  + Fe2+); 35–60).  In the  primitive
mantle-normalized  diagram,  they  are  characterized  by enrichments  in Th,  Nb, Ta  and  light  REE  without
significant  Zr–Hf–Nb–Ta–Ti  anomalies.  The  samples  have  εNd(t)  values  ranging  from  −1.4  to +4.0  and
their  zircon  grains  have  εHf(t)  values  from  −1.7 to +11.0.  The  low  Mg#  values  and  Cr  (55.1–261  ppm)  and
Ni  (13.5–76.5  ppm)  contents  suggest  fractional  crystallization  of  olivine  and/or  clinopyroxene,  whereas
minor  negative  Eu anomalies  indicates  slightly  fractional  crystallization  of  plagioclase.  High positive
εNd(t)  and  εHf(t)  values  suggest  derivation  of the parental  magma  from  a depleted  asthenospheric  mantle
source.  On the  other  hand,  variable  εNd(t)  and  εHf(t)  values  and  La/Sm  and  Nb/La  ratios  are  consistent
with  significant  crustal  assimilation  by  the  Paleoproterozoic  rocks  in  the  region.  These  samples  have high
Ti  and  Ti/V ratios  (mostly  >40),  typical  of  within-plate  basalts.  In the Zr–Nb–Y  and  Th–Ta–Hf  diagrams  for
tectonic  discrimination,  the  samples  with  least  crustal  contamination  are  plotted  in the ‘within-plate’  and

‘E-MORB’  fields,  indicating  an  intra-continental  rifting  setting.  In  view  of subsequent  Neoproterozoic  arc
magmatic  activities  (950–730  Ma)  in  the region,  we suggest  that  these  basalts  were  likely  produced  at  a
rifting basin  in  a passive  margin.  Results  presented  here  demonstrate  that  the  Grenville-age  magmatism
in  the  southwestern  Yangtze  Block  was  not  orogenic  in  origin,  thus  arguing  against  the  existence  of
Grenvillian  Orogen  in  the region  that was  traditionally  used  to  place  the  South  China  Block  in the central
part  of the  Rodinia  supercontinent.
. Introduction

Worldwide Grenvillian orogenic events in the time period of
a. 1300–900 Ma  were commonly associated with continental col-
isions during the assembly of the Neoproterozoic supercontinent
odinia (e.g., Hoffman, 1991; Clarke et al., 1995; Burrett and Berry,
000; Karlstrom et al., 2001; Boger et al., 2001; Jacobs et al.,
003). In South China, widespread deformation, regional uncon-
ormities and Proterozoic magmatism in the Jiangnan Fold Belt

ave long been thought to mark the Grenvillian orogenesis, form-

ng the so-called Sibao Orogenic Belt that has been positioned
n central Rodinia (Fig. 1) (e.g. Li et al., 1999, 2007, 2008, 2009;
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Greentree et al., 2006; Ye et al., 2007; Zhang et al., 2007; Yang
et al., 2009). This orogenic belt was  thought to extend from the
southeast to the southwest margin of the Yangtze Block, and
was produced by the amalgamation of the Yangtze Block and the
Cathaysia Block (Fig. 1) (Li et al., 2002a). Widespread Neoprotero-
zoic (850–740 Ma)  magmatism has been interpreted to be related
to the breakup of the Rodinia supercontinent (Li et al., 2002b).
However, new geochronological and geochemical data of sedimen-
tary rocks from the Jiangnan Fold Belt in the southeastern Yangtze
Block indicates that this orogenic belt likely formed at Neopro-
terozoic (∼830–815 Ma)  rather than Mesoproterozoic as previously
thought, and therefore the Yangtze Block cannot be affiliated with

the Rodinia (Wang et al., 2010, 2012a,b, 2013; Wang and Zhou,
2012; Zhao et al., 2011), and that the Grenvillian orogen does not
exist in the east (Zhao et al., 2011; Li et al., 2013). It is important
to understand whether or not the Grenvillian orogenic magmatism
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ccurred in the southwestern Yangtze Block that was  considered
o be part of the so-called Sibao Orogen.

In the southwestern Yangtze Block, late Meso- to early Neopro-
erozoic sedimentary strata are widespread, as best represented
y the Kunyang, Huili and Julin Groups in different areas (Wu
t al., 1990; Deng, 2000; Sun et al., 2009). Mesoproterozoic mafic
nd felsic volcanic rocks occur as interlayers in these sedimentary
trata (Deng, 2000; Greentree et al., 2006; Geng et al., 2007; Zhang
t al., 2007). The tectonic affinity of these volcanic rocks is key to
nderstand the tectonic setting of the western Yangtze Block and
hus the role of the Yangtze Block in Rodinia during the Mesopro-
erozoic. Nevertheless, precise age data of these igneous rocks is
ot available in literature. Likewise, their petrogenesis is poorly
nderstood. Because mafic volcanic rocks (e.g., basalts) are derived
rom mantle sources directly, their compositions are widely used
o constrain the nature of mantle sources and tectonic settings
f the magmatic activities (Pearce and Cann, 1973). Thus, Meso-
roterozoic basalts in the southwestern Yangtze Block provide a
aluable opportunity to unravel the tectonic evolution of the south-
estern Yangtze Block during the time period when these basalts

rupted.
In this paper, we present new geochronological and geochemi-

al data for the Mesoproterozoic metabasalts from the Julin Group
n the southwestern Yangtze Block. These data provide tight con-
traints on the age, petrogenesis and tectonic setting of the basaltic
agmatism. With these new results, the late Mesoproterozoic tec-

onic evolution of the southwestern Yangtze Block is discussed in
he context of the Rodinia supercontinent assembly.

. Geological background

.1. Regional geology
The South China Craton consists of the Yangtze Block in the
orthwest and the Cathaysia Block in the southeast. The Yangtze
lock is bounded by the Songpan-Ganze Terrane of the Tibetan
lateau to the west and is separated from the North China

ig. 1. Simplified tectonic framework of the South China Craton showing the distribution
fter  Li et al., 2002a).
earch 242 (2014) 138– 153 139

Craton by the Qinlin-Dabie-Sulu Orogen to the north (Fig. 1).
The Precambrian lithology of the Yangtze Block is dominated
by widespread Neoproterozoic igneous and sedimentary rocks
(860–740 Ma)  with sporadical exposure of Archean units, as best
represented by the ∼2.9–3.3 Ga Kongling tonalitic-trondhjemitic-
granodioritic gneisses complex in the northern Yangtze Block (Qiu
et al., 2000; Gao et al., 2011). The Kongling Complex was intruded by
the ∼1.85 Ga A-type granitic plutons and mafic dykes in the north
(Peng et al., 2009; Xiong et al., 2009; Zhang et al., 2011) and the
∼850 Ma  Huangling tonalite-trondhjemite-granite complex in the
south (Zhao et al., 2013a,b).

The southeastern and southwestern parts of the Yangtze Block
are different in terms of Proterozoic strata in the Jiangnan Fold Belt.
In the southeastern Yangtze Block, the early Neoproterozoic sedi-
mentary strata are widely distributed (Gao et al., 2008; Zhao et al.,
2011; Wang et al., 2010, 2012a,b, 2013), including the Sibao, Lengji-
axi, Fanjingshan, Shuangqiaoshan and Xikou Groups, which are
intruded by numerous felsic and mafic plutons (Li et al., 2003; Zhao
et al., 2013c). The late Neoproterozoic sedimentary strata, includ-
ing the Danzhou, Banxi, Heshangzheng and Likou Groups, have
deposited in the Nanhua rift basin and are unconformably over-
lain by the early Neoproterozoic strata (Wang and Li, 2003; Wang
and Zhou, 2012). The glacial-interglacial sedimentary sequences
have been recognized in several localities of the Hunan, Guizhou
and Guangxi provinces (Zhang et al., 2003).

In the southwest, late Paleoproterozoic to early Neoprotero-
zoic strata are widespread (Fig. 1). The Paleoproterozoic strata
include the Dahongshan, Dongchuan and Hekou Groups which are
characterized by upper greenschist to lower amphibolite facies
metamorphism (Li et al., 1988), and are intruded by Paleoprotero-
zoic gabbroic plutons (Zhao et al., 2010; Guan et al., 2011; Zhao
and Zhou, 2011). Both the Dahongshan and Hekou Groups com-
prise a sequence of meta-volcano-sedimentary rocks, whereas the
Dongchuan Group is dominated by sedimentary rocks including

sandstone, slate and dolostones (Zhao et al., 2010). These Paleo-
proterozoic strata contain tuffaceous layers with zircon U–Pb ages
of ∼1700 Ma  (Hu et al., 1991; Greentree and Li, 2008; Zhao et al.,
2010; Yang et al., 2012).

 and timing of the traditionally proposed Mesoproterozoic Sibao orogen (modified
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Late Meso- to early Neo- Proterozoic strata in the southwestern
angtze Block include the Kunyang, Huili, Julin and Yanbian groups
Fig. 1). Except with the Julin Group being locally metamorphosed
o lower amphibolite facies (YBGMR, 1991; Deng, 2000), the other
roups have underwent only lower greenschist facies metamor-
hism (Chen and Chen, 1987; Li et al., 1988). The Neoproterozoic
anbian Group has detrital zircons as young as ∼860 Ma  (Zhou et al.,
006; Sun et al., 2009). The Meso- to Neo-Proterozoic strata in the
egion were emplaced by numerous Neoproterozoic igneous rocks
ncluding granites, diorites and gabbros in the time interval of ∼860
o ∼740 Ma  (Zhou et al., 2002a,b, 2006; Li et al., 2003; Huang et al.,
008, 2009; Sun and Zhou, 2008; Zhao et al., 2008).

.2. Julin Group and its equivalents

The Julin Group covers an area approximating 800 km2 around

he Yuanmou County in northern Yunnan Province (Fig. 2). It
s intruded by numerous granitic and mafic-ultramafic plutons
nd doleritic and felsic dykes, such as the 746 Ma  Yuanmou
ranitic complexes (Zhou et al., 2002b) and Permian Zhubu

ig. 2. A simplified geological map  of the Yuanmou area (after YBGMR, 1991). Also show
–Pb  dating are also shown.
earch 242 (2014) 138– 153

mafic-ultramafic pluton (Zhu et al., 2007). The Julin Group is in fault
contact with the Jurassic to Cretaceous continental sediments to the
east, and is unconformably overlain by Sinian and younger strata to
the west and center (Fig. 2). The strata locally show strong schistos-
ity and are tightly foliated with mineral lineation (e.g., Fig. 3a–c),
but sedimentary structures such as cross-bedding are locally pre-
served in some meta-sandstones (YBGMR, 1991; Deng, 2000).

The Julin Group consists of the Pudeng, Lugumo, Fenghuangshan
and Haizishao Formations from the base upward, and has a total
thickness of >3560 m (Fig. 2) (cf. YBGMR, 1991). The Pudeng Forma-
tion consists dominantly of gneisses and schists with subordinate
meta-volcanic rocks and marbles. The Lugumo Formation is dom-
inated by massive quartzite and meta-sandstone with a thickness
of 219–310 m. The Fenghuangshan Formation is mainly composed
of marble and slightly deformed dolomite or limestone with minor
interlayers of carbonaceous slate, phyllite and quartz schist. The

Haizishao Formation is composed of sericite-chlorite phyllite, two
micas and quartz schists with minor quartzite.

Equivalents to the Julin Group in this region are the Kunyang
Group distributed in central and eastern Yunnan Province and the

n is the stratagraphic column of the Julin Group. Locations of samples for zircon
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uili Group in southern Sichuan Province. The Kunyang Group is
 flysch-like sequence consisting primarily of grey to dark car-
onaceous slate, siltstone, sandstone and carbonate. It has been
ubdivided into the Dayingpan, Heishantou, Dalongkou, and Mei-
ang Formations from the base upward (Wu et al., 1990; Zhao et al.,
010). Greentree et al. (2006) has identified the Laowushan For-
ation at the basal part of the Kunyang Group. There are minor

ntermediate volcanic layers occurring at uppermost unit of the
eishantou Formation and basaltic layers in the Laowushan For-
ation (e.g., Greentree et al., 2006). Zircon U–Pb dating of these

olcanic layers constrained that the Kunyang Group have formed
t ∼960–1142 Ma  (Greentree et al., 2006; Zhang et al., 2007).

The Huili Group, distributing in southernmost Sichuan Province,
s a sequence of slate, siltstone, sandstone and carbonate, with felsic
olcanic layers in its upper portion. It is divided into, from the base
pward, the Tongan, Limahe, Fengshanying and Tianbaoshan For-
ations (BGMRSP, 1970). According to YBGMR (1991), the Pudeng

ormation of the Julin Group is an equivalent of the Tongan For-
ation of the Huili Group, whereas the other three Formations are

omparable to the Limahe, Fengshanying and Tianbaoshan Forma-
ions of the Huili Group. The Tianbaoshan Formation contains felsic
olcanic layers with zircon U–Pb ages of ∼1028 Ma  (Geng et al.,
007; Sun et al., 2009).
. Field relations and petrography of metabasalts

Abundant basaltic layers occur in the lower and upper parts
f the Pudeng Formation of the Julin Group. These basaltic layers

ig. 3. Field and microscopic photos of the metabasalt layers in the Julin Group. (a) Massi
b)  foliated metabasalts characterized by lineation of plagioclase and amphibole; (c) me
raphic  photos of foliated metabasalts (amphibolite). They are dominated by amphibole 

bbreviations: Pl – plagioclase; Amp  – amphibole; Ap – apatite; Qz – quartz.
earch 242 (2014) 138– 153 141

have a total thickness of >260 m.  They are generally massive, and
are locally interbedded with albitites, quartz schists and meta-tuff,
some of which are primary felsic volcanic rocks in compositions
(YBGMR, 1991) (Fig. 3c). Basaltic layers have also been documented
in the Laowushan Formation, the basal unit of the Kunyang Group,
which are interlayered with tuff dated at ca. 1142 Ma  (Greentree
et al., 2006).

These basaltic layers are amphibolites, and are mostly char-
acterized by foliation due to mineral lineation (Fig. 3b). They are
commonly massive, and are locally crosscut by quartz or carbonate
veinlets. However, original volcanic structures such as porphyry
and almonds are also preserved in some locations, and some phe-
nocrysts are elongated plagioclase (YBGMR, 1991; Deng, 2000).
They are dominantly composed of elongated amphibole and pla-
gioclase (>80 vol.% in total) with subordinate titanite, Fe–Ti oxides
and apatite (Fig. 3d), and thus were considered to be metamor-
phosed products of original basalts (YBGMR, 1991). There are
also minor epidote, chlorite and quartz, as subsequent alteration
products.

4. Analytical methods

4.1. LA-ICP-MS zircon U–Pb dating
Zircon grains were separated using magnetic and heavy liq-
uid techniques, mounted in epoxy and polished to about half of
their thicknesses. Cathodoluminescence imaging (CL) was used to
investigate morphologies and internal structure of the crystals and

ve metabasaltic layers which are crosscut by minor veinlets of carbonate or quartz;
tabasaltic layers are interlayered with felsic meta-volcanic rocks; (d) petromicro-
and plagioclase with subordinate Fe–Ti oxides, apatite, zircon and quartz. Mineral
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o select analytical spots. Uranium-lead isotopes of zircon grains
ere analyzed using the Nu Instrument multi-collector inductively

oupled plasma-mass spectrometry (MC-ICP-MS), attached to the
esonetics RESOlution M-50-HR Excimer Laser Ablation System,
t the University of Hong Kong. Analyses were performed with
 beam diameter of 30 �m and 6 Hz repetition rate. Data acqui-
ition started with a 30 s measurement of gas blank during the
aser warm-up time. Typical ablation time was 40 s for each mea-
urement, resulting in pits of 30–40 �m depth. 232Th, 208Pb, 207Pb,

able 1
A-ICP-MS zircon U–Pb analyses of the metabasalts of the Julin Group.

Spot Th (ppm) U (ppm) Th/U 207Pb/206Pb 207Pb/235U

Ratio 1� Ratio 1� 

YM-93 metabasalt
1 142 611 0.23 0.0703 0.0004 1.5585 0.011
2  562 520 1.07 0.0721 0.0006 1.7033 0.014
3  1976 1142 1.70 0.0737 0.0008 1.6647 0.016
4  590 592 0.98 0.0712 0.0009 1.4706 0.017
5  578 572 1.01 0.0729 0.0008 1.7283 0.018
6  2428 1031 2.33 0.0730 0.0008 1.3593 0.015
7  1419 1003 1.41 0.0727 0.0007 1.6440 0.017
8  527 668 0.78 0.0722 0.0008 1.6751 0.019
9  201 299 0.67 0.0731 0.0011 1.7273 0.024

10  927 1204 0.78 0.0708 0.0009 1.6056 0.021
11  510 454 1.11 0.0736 0.0010 1.7182 0.021
12  1072 759 1.41 0.0717 0.0009 1.6059 0.019
13  2418 1757 1.37 0.0731 0.0007 1.7256 0.017
14  679 561 1.21 0.0739 0.0008 1.7241 0.019
15  496 406 1.22 0.0740 0.0009 1.6705 0.020
16  713 492 1.39 0.0741 0.0009 1.6953 0.020
17  677 526 1.29 0.0742 0.0009 1.8223 0.022
18  874 939 0.94 0.0736 0.0008 1.7738 0.021
19  681 655 1.03 0.0745 0.0008 1.8217 0.020
20  828 915 0.90 0.0730 0.0007 1.5342 0.016
21  701 688 1.01 0.0747 0.0008 1.7090 0.018
22  1246 885 1.37 0.0744 0.0009 1.7580 0.020
23  268 421 0.62 0.0740 0.0010 1.8060 0.024
24  874 1063 0.82 0.0727 0.0009 1.4359 0.017
25  759 818 0.92 0.0731 0.0008 1.7505 0.022
26  2467 1308 1.87 0.0733 0.0007 1.6131 0.016
27  1431 919 1.55 0.0729 0.0008 1.7008 0.017
28  1573 901 1.73 0.0734 0.0008 1.7095 0.020
29  281 296 0.95 0.0740 0.0011 1.8069 0.026
YM-94 metabasalt

1 693 493 1.39 0.0735 0.0009 1.8044 0.021
2  601 457 1.27 0.0749 0.0009 1.8027 0.022
3  1338 821 1.60 0.0732 0.0008 1.7752 0.019
4  677 550 1.22 0.0736 0.0009 1.7368 0.019
5  361 451 0.80 0.0884 0.0010 2.0844 0.023
6  483 417 1.15 0.0741 0.0009 1.8157 0.022
7  919 705 1.29 0.0740 0.0009 1.8082 0.020
8  1635 876 1.81 0.0741 0.0009 1.6135 0.020
9  1583 1943 0.79 0.0726 0.0008 0.9442 0.010

10  905 781 1.15 0.0733 0.0008 1.7485 0.019
11  644 477 1.35 0.0742 0.0009 1.7640 0.022
12  1404 803 1.75 0.0717 0.0009 1.6803 0.021
13  659 996 0.65 0.0705 0.0008 1.5480 0.018
14  593 949 0.62 0.0726 0.0008 1.7423 0.019
15  464 798 0.58 0.0721 0.0009 1.6974 0.020
16  635 592 1.03 0.0726 0.0008 1.7470 0.020
17  872 622 1.39 0.0726 0.0008 1.7414 0.020
18  3556 1094 3.16 0.0744 0.0008 1.8137 0.019
19  781 678 1.13 0.0747 0.0008 1.8225 0.021
20  1958 1225 1.58 0.0744 0.0009 1.7868 0.019
21  595 529 1.11 0.0743 0.0011 1.8054 0.024
22  1428 1171 1.22 0.0740 0.0009 1.8146 0.021
23  912 835 1.09 0.0745 0.0008 1.8022 0.019
24  546 930 0.59 0.0726 0.0010 1.7273 0.024
25  890 1436 0.62 0.0738 0.0008 1.4948 0.016
26  3067 2288 1.34 0.0735 0.0007 1.3630 0.013
27  1078 1272 0.85 0.0734 0.0008 1.6009 0.018
28  749 790 0.95 0.0744 0.0009 1.7082 0.020
29  1074 1019 1.05 0.0776 0.0012 1.4386 0.020

o common lead is corrected.
earch 242 (2014) 138– 153

206Pb, 204Pb were simultaneously measured in static-collection
mode. External corrections were applied to all unknowns, and stan-
dard zircons 91500 (206Pb/238U age = 1065.4 ± 0.6 Ma; Wiedenbeck
et al., 1995) and GJ (206Pb/238U age = 599.8 ± 4.5 Ma; Jackson
et al., 2004) were used as external standards and were ana-

lyzed twice before and after every 10 analyses. The raw data
were reduced firstly by ICPMSDataCal program (Liu et al., 2008)
and then were processed using the ISOPLOT program (Ludwig,
2003).

206Pb/238U 207Pb/206Pb 207Pb/235U 206Pb/238U

Ratio 1� Age 1� Age 1� Age 1�

8 0.1597 0.0009 936 13 954 5 955 5
3 0.1704 0.0008 987 17 1010 5 1014 4
9 0.1627 0.0009 1035 21 995 6 972 5
4 0.1487 0.0009 965 26 918 7 894 5
6 0.1712 0.0010 1011 24 1019 7 1019 5
4 0.1341 0.0009 1017 21 872 7 811 5
5 0.1629 0.0010 1006 20 987 7 973 6
2 0.1670 0.0009 991 23 999 7 995 5
2 0.1704 0.0012 1018 34 1019 9 1014 6
3 0.1635 0.0011 950 26 972 8 976 6
8 0.1683 0.0010 1029 26 1015 8 1003 5
0 0.1614 0.0010 977 29 973 7 965 5
4 0.1699 0.0009 1017 20 1018 6 1011 5
2 0.1682 0.0010 1039 22 1018 7 1002 6
5 0.1627 0.0011 1043 25 997 8 972 6
6 0.1648 0.0010 1044 56 1007 8 983 6
7 0.1771 0.0013 1047 19 1054 8 1051 7
0 0.1736 0.0013 1031 22 1036 8 1032 7
1 0.1762 0.0011 1057 21 1053 7 1046 6
3 0.1515 0.0009 1013 21 944 7 910 5
7 0.1649 0.0009 1061 22 1012 7 984 5
2 0.1705 0.0010 1052 24 1030 7 1015 5
3 0.1764 0.0012 1043 28 1048 9 1047 6
8 0.1423 0.0010 1007 24 904 7 858 6
2 0.1730 0.0016 1017 22 1027 8 1029 9
9 0.1587 0.0009 1021 16 975 7 949 5
5 0.1677 0.0009 1013 21 1009 7 1000 5
2 0.1678 0.0012 1025 18 1012 8 1000 7
2 0.1765 0.0013 1043 31 1048 9 1048 7

5 0.1769 0.0011 1028 24 1047 8 1050 6
2 0.1737 0.0012 1065 30 1046 8 1033 6
7 0.1745 0.0010 1020 22 1036 7 1037 6
9 0.1700 0.0010 1031 24 1022 7 1012 5
8 0.1699 0.0010 1392 23 1144 8 1012 5
1 0.1764 0.0011 1044 56 1051 8 1047 6
8 0.1760 0.0010 1040 24 1048 8 1045 6
2 0.1568 0.0011 1056 56 975 8 939 6
4 0.0937 0.0006 1011 18 675 5 578 4
7 0.1720 0.0011 1022 23 1027 7 1023 6
1 0.1713 0.0012 1048 20 1032 8 1019 7
6 0.1690 0.0010 976 26 1001 8 1007 6
2 0.1581 0.0008 943 25 950 7 946 5
9 0.1727 0.0012 1003 18 1024 7 1027 7
5 0.1695 0.0010 991 25 1008 8 1009 6
2 0.1734 0.0010 1011 18 1026 7 1031 5
3 0.1727 0.0010 1011 18 1024 8 1027 5
6 0.1752 0.0010 1051 20 1050 7 1041 5
1 0.1754 0.0011 1061 22 1054 8 1042 6
6 0.1723 0.0010 1054 22 1041 7 1025 6
1 0.1748 0.0014 1050 30 1047 9 1039 8
4 0.1756 0.0012 1043 23 1051 8 1043 7
8 0.1735 0.0011 1054 22 1046 7 1032 6
2 0.1706 0.0013 1011 29 1019 9 1015 7
0 0.1452 0.0009 1039 23 928 7 874 5
1 0.1327 0.0007 1029 20 873 6 803 4
6 0.1564 0.0011 1033 22 971 7 937 6
8 0.1646 0.0010 1054 24 1012 8 982 6
7 0.1331 0.0009 1144 30 905 9 806 5
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.2. Whole-rock major and trace elemental analyses

Samples were crushed and powered to 200 meshes in an agate
ill. Major element abundances were obtained using X-ray fluores-

ence (XRF) on fused glass beads at the University of Hong Kong. The
ccuracies of the XRF analyses are estimated to be ±1% (relative)
or SiO2, ±2% (relative) for other oxides present in concentrations
reater than 0.5 wt.% and ±5% (relative) for minor oxides present
n concentrations greater than 0.1%.

Trace elements were analyzed using a Quadrupole ICP-MS at the
tate Key Laboratory of Ore Deposit Geochemistry, Institute of Geo-
hemistry, Chinese Academy of Sciences, Guiyang. Closed beakers
n high-pressure bombs were used to ensure complete digestion
Qi et al., 2000). This analytical procedure is particularly suitable
or analyzing Zr and Hf because zircon grains are completely dis-
olved with a recovery of nearly 100%. Pure elemental standards
or external calibration, and OU-1 and AMH-1 as reference mate-
ials were used. Detailed procedures are given in Qi et al. (2000).
nalyses for trace elements have accuracies better than 5%.
.3. Whole-rock Sm–Nd isotope analyses

Sample powders were dissolved in Teflon bombs
ith HF + HNO3 acid, and separated by the conventional

ig. 4. U–Pb isotopic concordia plots of zircon grains from two  metabasaltic samples
f  the Julin Group. Also shown are representative CL images.
earch 242 (2014) 138– 153 143

cation-exchange technique. Total procedural blanks were <60 pg
for Nd. Nd isotopic compositions were determined using a
Neptune Plus multicollector mass spectrometer at Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences. The
mass fractionation correction for Nd isotopic ratios was  based on
146Nd/144Nd = 0.7219. The standard materials, JNdi-1 and BHVO-2,
measured together with samples, have average 143Nd/144Nd
ratios of 0.512085 ± 0.000006 (2�) and 0.512962 ± 0.000004
(2�), respectively, in agreement with recommended values (e.g.,
Chauvel et al., 2011). Detailed procedures for Nd isotope analyses
are available in Li et al. (2004).

4.4. Zircon Lu–Hf isotope analyses

Spots on zircon grains from Sample YM-93, previously analyzed
with for U–Pb isotopes, were selected for Hf isotope measure-
ment with a Nu Plasma HR MC-ICP-MS (Nu Instruments, UK),
coupled with a 193 nm excimer laser ablation system (RESOlu-
tion M-50, Resonetics LLC, USA), hosted in the Department of
ried out with beam diameter of 33 �m,  repetition rate of 10 Hz
and typical ablation times of 40 s, resulting in 30–40 �m deep
pits. Atomic masses 172–179 were simultaneously measured in

Fig. 5. Rock classification diagram of the metabasalts in the Julin Group. (a) The Nb/Y
versus Zr/TiO2 × 0.0001 diagram distinguishing subalkaline and alkaline basalts
(Winchester and Floyd, 1976, 1977); (b) FeOT/MgO versus SiO2 diagram distinguish-
ing tholeiitic and calc-alkaline series (Miyashiro, 1974).
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tatic-collection mode. Isobaric interference of 176Yb on 176Hf was
orrected against the 176Yb/172Yb ratio of 0.5886 (Chu et al., 2002).
nterference of 176Lu on 176Hf was corrected by measuring the
ntensity of the interference-free 175Lu isotope and using a rec-
mmended 176Lu/175Lu ratio of 0.02655 (Machado and Simonetti,
001). External calibration was made by measuring zircon stan-
ard 91500 and GJ-1 as unknowns. The measured 176Lu/177Hf ratios
nd a 176Lu decay constant of 1.865 × 10−11 a−1 (Scherer et al.,
001) were used to calculate initial 176Hf/177Hf ratios. Calcula-
ion of εHf(t) is based on the chondritic values of 176Hf/177Hf and
76Lu/177Hf reported by Blichert-Toft and Albarède (1997). Single-
tage model ages (TDM1) were calculated using the present-day
atios of 176Hf/177Hf (0.28325) and 176Lu/177Hf (0.0384) (Griffin
t al., 2000). Two-stage model ages (TDM2) were calculated by
rojecting the initial 176Hf/177Hf ratios of the zircon back to the
epleted mantle model growth curve, assuming a 176Lu/177Hf value
f 0.022 for the average continental crust (Amelin et al., 1999).

. Results

.1. Zircon U–Pb ages

Zircon grains of two metabasalts (YM-93 and YM-94) collected

rom the Pudeng Formation (Fig. 2) are analyzed. Zircon grains from
hese samples are mostly elongated with length <100 �m and show
egular oscillatory zoning in the CL images (Fig. 4).

ig. 6. Chondrite-normalized REE patterns and primitive-mantle normalized multi-
lemental spider diagrams of the metabasalts in the Julin Group. Also plotted are
hose of N-MORB, E-MORB and Paleoproterozoic mafic rocks in the same region.
alues of N-MORB, E-MORB, Chondrite and primitive mantle are after Sun and
cDonough (1989), while those of the Paleoproterozoic mafic rocks are from Chen

t  al. (2013).
earch 242 (2014) 138– 153

Twenty-nine zircon grains from sample YM-93 have
300–1700 ppm U and 200–2500 ppm Th with Th/U ratios ranging
from 0.8 to 2.5 (Table 1), consistent with a magmatic origin. Most
grains have concordant or marginally concordant U–Pb ages, but
four grains (spots 4, 6, 20, and 24) are discordant (Fig. 4). The anal-
yses yield an upper intercepted age of 1043 ± 19 Ma (MSWD = 1.9;
Fig. 4).

Twenty-nine zircon grains from sample YM-94 have
500–1200 ppm U and 500–3000 ppm Th with Th/U ratios ranging
from 0.6 to 1.4 (Table 1). Most spot analyses yield concordant U–Pb
ages (Fig. 4). Spots 05 and 13 were excluded from age calculations
as they have much older and younger apparent ages, respectively
(Table 1). The remaining 27 analyses yield an upper intercepted
age of 1050 ± 14 Ma  (MSWD  = 2.2; Fig. 4), identical to the value of
sample YM-93 within uncertainty.

5.2. Major and trace elements

Most samples have high loss on ignition (L.O.I) up to 6.48 wt.%,
presumably due to metamorphism and alteration (Table 2). In
this case, major elements were normalized to 100 wt.% on a
volatile free basis (Table 2). The metabasalts have wide ranges of
TiO2 = 1.1–3.2 wt.%) (Table 2). In the Zr/TiO2 versus Nb/Y plots
(Winchester and Floyd, 1976), the samples have low Nb/Y

Fig. 7. (a) Plots of whole-rock εNd(t) versus age for the metabasalts in the Julin
Group. (b) Plots of εHf(t) versus age for zircon grains from a metabasaltic sample
(YM-93). Also plotted are whole-rock εNd(t) and zircon εHf(t) values of the Paleo-
proterozoic mafic rocks in the southwestern Yangtze Block (data from Zhao et al.,
2010; Chen et al., 2013). The εNd(t) and εHf(t) values of the Paleoproterozoic mafic
rocks were re-calculated to 1050 Ma for comparison.
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Table 2
Major and trace elemental compositions of the metabasalts of the Julin Group.

Sample YM35 YM55 YM92 YM93 YM94 YM107 YM202 YM203 YM206 YM208 YM209

SiO2 54.24 49.02 49.20 49.79 52.74 50.92 48.74 50.17 44.26 49.58 47.51
TiO2 3.22 3.22 1.61 1.50 1.42 2.61 1.62 1.10 2.72 2.22 1.49
Al2O3 13.39 17.84 14.76 14.42 14.65 13.51 15.03 14.65 17.83 15.86 15.59
Fe2O3T 10.87 16.02 12.80 12.26 11.08 15.75 13.48 13.40 20.22 13.53 14.72
MnO  0.14 0.04 0.21 0.20 0.18 0.24 0.22 0.22 0.26 0.27 0.23
MgO  4.65 9.36 7.04 7.18 6.55 6.67 7.50 7.27 7.85 6.69 7.53
CaO  6.88 0.76 9.49 9.38 7.61 7.90 9.79 9.60 2.79 8.46 9.75
Na2O 5.55 3.10 2.26 2.64 3.30 1.25 2.03 1.62 0.83 1.81 1.65
K2O 0.25 0.23 2.48 2.46 2.34 1.01 1.41 1.87 2.85 1.29 1.42
P2O5 0.81 0.41 0.15 0.16 0.14 0.15 0.17 0.09 0.37 0.29 0.12

Total  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

L.O.I  0.57 6.00 1.24 1.62 1.47 1.10 1.90 1.92 6.22 1.91 1.64
V  375 309 223 255 240 231 193 186 163 205 191
Cr  4.87 235 249 247 218 187 135 204 55.2 144 108
Co  32.1 23.3 48.5 38.1 36.0 36.3 1.8 41.3 44.6 39.8 55.1
Ni  43.2 62.8 63.3 59.1 53.5 47.8 56.9 32.4 71.6 88.7 74.2
Rb  7.51 15.0 145 161 152 42.1 69.5 105 150 64.7 50.5
Sr  84.5 60.9 201 165 135 132 180 186 119 130 118
Y  65.9 33.9 28.9 24.0 26.6 33.8 28.8 29.1 29.4 38.8 28.9
Zr  260 102 80.9 38.2 86.4 85.3 46.6 32.5 118 116 32.9
Nb  43.5 14.9 9.05 11.3 9.21 4.25 6.21 3.68 15.3 12.6 4.27
Cs  0.33 0.95 2.25 2.41 1.66 1.69 0.79 0.88 1.94 2.95 0.86
Ba  34.1 64.8 276 237 236 112 151 164 357 120 152
La  36.0 20.1 8.68 7.22 12.0 11.5 6.38 3.43 13.7 12.5 4.65
Ce  108 38.0 21.2 17.0 26.5 27.5 15.6 8.21 30.7 29.4 11.1
Pr  14.0 5.81 3.10 2.43 3.61 4.13 2.23 1.22 4.18 4.07 1.59
Nd  58.1 23.5 14.1 11.6 15.9 19.5 10.6 6.33 19.1 18.9 7.91
Sm  12.9 5.96 3.94 3.35 4.18 5.40 3.19 2.00 4.74 5.18 2.63
Eu  4.19 1.02 1.48 1.36 1.30 1.98 1.23 1.01 1.34 1.85 1.11
Gd  12.2 5.75 4.80 4.07 4.67 6.58 4.16 3.32 5.09 6.27 3.80
Tb  1.92 1.08 0.81 0.67 0.80 1.00 0.69 0.61 0.80 0.94 0.64
Dy  12.0 6.69 4.77 4.26 4.69 6.34 4.31 4.04 4.54 5.87 4.18
Ho  2.54 1.47 1.06 0.92 1.07 1.31 0.95 0.94 1.02 1.29 0.93
Er  6.96 4.02 2.81 2.51 2.76 3.25 2.54 2.69 2.68 3.43 2.63
Tm  0.95 0.58 0.41 0.36 0.40 0.44 0.33 0.38 0.37 0.45 0.34
Yb  6.24 3.82 2.61 2.20 2.41 2.67 2.28 2.49 2.30 2.94 2.38
Lu  0.90 0.58 0.40 0.34 0.35 0.39 0.35 0.36 0.34 0.43 0.36
Hf  6.03 3.20 2.51 1.31 2.59 2.43 1.40 1.00 2.76 2.60 0.98
Ta  2.82 1.04 0.67 0.55 0.74 0.25 0.37 0.21 0.93 0.78 0.28
Th  4.44 1.26 1.93 1.03 4.87 0.96 0.56 0.39 0.97 1.93 0.43
U  1.86 12.3 0.48 0.25 0.87 0.20 0.34 0.23 0.77 0.42 0.10

Sample YM210 YM211 YM212 YM11-4 YM11-5 YM11-6 YM11-7 YM11-8 YM11-9 YM12-22

SiO2 50.54 48.67 49.59 45.49 50.61 46.77 51.68 46.41 46.79 49.32
TiO2 1.89 2.72 2.26 1.30 1.47 1.80 1.74 1.68 1.77 3.10
Al2O3 16.77 13.24 15.89 17.44 14.01 14.69 14.18 14.80 14.42 14.12
Fe2O3T 12.54 18.32 13.99 12.97 13.25 16.10 13.30 15.47 15.36 16.51
MnO  0.21 0.27 0.19 0.15 0.20 0.28 0.19 0.28 0.26 0.26
MgO  5.67 5.70 7.02 2.99 6.81 8.29 4.19 8.75 8.82 5.31
CaO  7.18 8.78 7.86 19.11 11.30 9.10 13.10 9.56 9.84 9.10
Na2O 2.35 0.87 1.47 0.27 1.74 2.63 1.22 2.72 2.28 0.70
K2O 2.64 1.20 1.43 0.06 0.47 0.22 0.17 0.23 0.39 1.18
P2O5 0.21 0.25 0.29 0.22 0.13 0.11 0.23 0.09 0.07 0.40

Total  100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00

L.O.I  1.82 1.58 1.19 0.99 1.16 0.98 0.80 0.87 1.01 1.25
V  203 146 193 342 251 255 256 275 263 308
Cr  122 137 115 131 261 183 163 163 226 137
Co  34.6 35.0 39.5 22.7 45.8 58.1 37.2 62.5 58.6 38.5
Ni  42.4 13.5 76.5 39.2 48.9 70.0 43.7 67.9 74.2 16.1
Rb  140 36.7 70.5 1.92 15.1 5.97 5.80 10.4 14.3 63.6
Sr  225 104 116 291 228 117 323 128 144 150
Y  29.9 59.3 31.9 29.9 32.4 36.1 34.0 37.7 35.5 45.5
Zr  53.3 91.7 80.7 63.2 70.6 87.6 80.5 82.4 59.6 120
Nb  9.25 9.20 11.7 5.49 4.64 5.12 7.95 5.83 4.70 18.0
Cs  1.02 0.62 1.86 0.06 0.35 0.15 0.13 0.12 0.26 2.12
Ba  300 182 154 19.6 154 60.5 52.1 64.4 151 123
La  10.0 11.2 12.3 6.79 7.10 6.16 11.9 8.33 8.52 20.3
Ce  23.2 25.3 28.0 15.6 15.6 15.6 26.8 17.7 20.3 39.1
Pr  3.37 3.78 4.06 2.16 2.38 2.30 3.55 2.90 2.87 5.62
Nd  15.4 18.0 18.9 10.7 11.6 11.3 15.9 13.1 13.7 25.1
Sm  4.31 5.60 5.20 3.14 3.54 3.97 4.37 4.27 4.14 6.83
Eu  1.67 1.80 1.99 1.17 1.32 1.34 1.57 1.39 1.39 2.22
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Table 2
(Continued)

Sample YM210 YM211 YM212 YM11-4 YM11-5 YM11-6 YM11-7 YM11-8 YM11-9 YM12-22

Gd 4.98 7.45 5.57 4.30 4.65 5.42 5.61 5.64 5.58 7.86
Tb  0.78 1.28 0.86 0.77 0.84 0.94 0.95 0.99 0.99 1.33
Dy  4.69 8.42 5.16 4.83 5.50 6.23 5.89 6.38 6.22 8.14
Ho  0.98 1.90 1.08 1.10 1.22 1.40 1.32 1.47 1.38 1.71
Er  2.59 5.37 2.88 2.97 3.26 3.73 3.42 3.80 3.72 4.79
Tm  0.36 0.77 0.39 0.42 0.46 0.53 0.49 0.57 0.52 0.69
Yb  2.22 5.07 2.42 2.78 3.08 3.63 3.28 3.78 3.58 4.29
Lu  0.32 0.77 0.34 0.41 0.45 0.54 0.46 0.55 0.50 0.63
Hf  1.54 2.69 2.18 1.78 2.15 2.36 2.29 2.32 1.81 3.18
Ta  0.53 0.55 0.66 0.35 0.36 0.51 0.53 0.42 0.43 1.03
Th  1.04 1.37 0.86 1.10 1.02 1.60 2.59 1.33 1.55 2.59
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U  0.29 0.47 0.29 0.34 0.24

e2O3T: Fe2O3 total.
atios of 0.10–0.66, falling in the sub-alkaline field (Fig. 5a).
oreover, all samples exhibit compositional trends typical of

holeiites in the FeOT/MgO versus SiO2 diagram (Fig. 5b). The rocks
ave a large range of Mg#  values from 35 to 60 (Table 2). There is a

ig. 8. Bi-elemental plots of TiO2, Rb, Sr, La, Nb and Th versus Zr to evaluate the mobili
lteration.
0.14 0.62 0.11 0.18 1.05
narrow range of Al2O3 (13–18 wt.%) that do not show obvious cor-
relation with Mg#. The CaO and P2O5 contents vary mostly from 1
to 15 wt.% and 0.1 to 0.5 wt.%, respectively, and both being roughly
negatively correlated with Mg#.

ty of these elements of the metabasalts during metamorphism and hydrothermal
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Table 3
Whole-rock Sm–Nd isotopic compositions of the metabasalts of the Julin Group.

Sample Rock Age (Ma) Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd (143Nd/144Nd)i εNd(t) TDM (Ma)

YM-55 Basalt 1050 5.96 23.5 0.153413 0.512265 0.511213 −1.4 2228
YM-202 Basalt 1050 3.19 10.6 0.181440 0.512614 0.511370 1.7 2520
YM-203 Basalt 1050 2.00 6.33 0.191090 0.512869 0.511559 5.4 1889
YM11-05 Basalt 1050 3.54 11.6 0.184664 0.512712 0.511446 3.2 2289
YM-3  Basalt 1050 3.76 13.4 0.169906 0.512652 0.511487 4.0 1729

0.145
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YM-9  Basalt 1050 7.23 30.1 

M-3 and YM-9 are from Deng (2000).

The metabasalts have low Cr (55.2–261 ppm) and Ni
13.5–76.5 ppm) contents, which are negatively correlated with
r (32.5–120 ppm). In addition, these samples have variable total
EE contents (mostly 30–140 ppm) that is positively correlated
ith Zr. They have variable Th contents of 0.4–4.4 ppm, positively

orrelated with U (0.4–4.9 ppm), except for the sample YM-55
ith the highest U (12.3 ppm) but lower Th (1.3 ppm) (Table 2).

The metabasalts are slightly enriched in LREE in the chondrite-
ormalized REE patterns (La/YbN = 1.0–4.2), which are roughly
arallel to the Enriched Mid-Ocean Ridge Basalts (E-MORB) (Fig. 6).
ost metabasalts do not show obvious Eu anomalies (Fig. 6). In

he primitive-mantle normalized spider diagram, they have slightly
egative Zr–Hf (Hf/SmPM = 0.5–0.9) and slightly positive to negative
b–Ta anomalies (Ta/LaPM = 0.4–1.4) (Fig. 6). The sample YM-35 has

elatively high LREE and HSFE with a slightly negative Ti anomaly
Fig. 6).
.3. Whole-rock Sm–Nd and zircon Lu–Hf isotopes

The metabasalts have measured 143Nd/144Nd ratios ranging
rom 0.512265 to 0.512712. These values correspond to initial

able 4
ircon Lu–Hf isotopic compositions of the metabasalts of the Hekou Group.

Spot Age (Ma) 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 1� 

1 1050 0.009203 0.000425 0.282138 0.000030 

2  1050 0.027887 0.001089 0.282148 0.000024 

3  1050 0.031535 0.001234 0.282095 0.000030 

4  1050 0.020556 0.000834 0.282123 0.000016 

5  1050 0.032887 0.001285 0.282256 0.000026 

6  1050 0.033693 0.001318 0.282155 0.000025 

7  1050 0.047132 0.001801 0.282107 0.000027 

8  1050 0.029718 0.001172 0.282356 0.000027 

9  1050 0.035414 0.001364 0.282123 0.000021 

10  1050 0.027838 0.001086 0.282165 0.000033 

11  1050 0.031397 0.001218 0.282157 0.000030 

12  1050 0.029697 0.001193 0.282291 0.000024 

13  1050 0.023184 0.000914 0.282155 0.000028 

14  1050 0.036606 0.001455 0.282330 0.000023 

15  1050 0.046767 0.001791 0.282323 0.000036 

16  1050 0.023267 0.001002 0.282443 0.000032 

17  1050 0.036842 0.001435 0.282299 0.000034 

18  1050 0.043576 0.001609 0.282418 0.000047 

19  1050 0.026360 0.001070 0.282421 0.000024 

20  1050 0.044015 0.001577 0.282403 0.000038 

21  1050 0.132045 0.004653 0.282372 0.000083 

22  1050 0.038596 0.001495 0.282202 0.000024 

23  1050 0.023389 0.000933 0.282264 0.000032 

24  1050 0.030602 0.001190 0.282192 0.000045 

25  1050 0.020861 0.000874 0.282272 0.000042 

26  1050 0.027520 0.001085 0.282144 0.000029 

27  1050 0.036981 0.001569 0.282299 0.000035 

28  1050 0.060106 0.002330 0.282432 0.000019 

29  1050 0.032098 0.001297 0.282347 0.000031 

30  1050 0.029022 0.001165 0.282452 0.000030 

31  1050 0.027294 0.001059 0.282177 0.000023 

32  1050 0.035187 0.001363 0.282209 0.000027 

33  1050 0.026521 0.001041 0.282168 0.000030 

34  1050 0.027868 0.001085 0.282195 0.000025 

fi: initial Hf isotopic compositions.
252 0.512415 0.511419 2.7 1633

143Nd/144Nd ratios of 0.511213 to 0.511446 and εNd(t) values of
−1.4 to +4.0 (Fig. 7a; Table 3).

Lu–Hf analyses were conducted on zircon grains from the sam-
ple YM-93, previously analyzed for U–Pb isotopes. The initial
εHf(t) values of zircons and their depleted mantle model ages
(TDM1 and TDM2) were calculated using their crystallization ages
(1050 Ma). These zircon grains have variable εHf(t) values from
−1.7 to +11.0, slightly lower than that of the depleted mantle at
1050 Ma  (Fig. 7b). They have single-stage Hf model ages ranging
from 1135 to 1647 Ma  (Table 4).

6. Discussion

6.1. Effects of metamorphism and alteration on elemental
mobilities

The metabasalts from the Julin Group have undergone variable

degrees of metamorphism and hydrothermal alterations, as indi-
cated by the presence of amphibole and minor chlorite, quartz and
epidote, as well as high L.O.I values (Table 2). Zirconium, one of
the most immobile element during low-grade metamorphism and

Hfi εHf(0) εHf(t) TDM1 (Ma) TDM2 (Ma) fLu/Hf

0.282129 −22.4 0.4 1546 2208 −0.99
0.282126 −22.1 0.3 1559 2218 −0.97
0.282071 −23.9 −1.7 1639 2395 −0.96
0.282106 −23.0 −0.4 1583 2281 −0.97
0.282231 −18.3 4.0 1416 1887 −0.96
0.282129 −21.8 0.4 1558 2208 −0.96
0.282072 −23.5 −1.7 1647 2390 −0.95
0.282333 −14.7 7.6 1272 1562 −0.96
0.282097 −22.9 −0.8 1605 2312 −0.96
0.282143 −21.5 0.9 1536 2164 −0.97
0.282133 −21.7 0.5 1551 2196 −0.96
0.282268 −17.0 5.3 1363 1769 −0.96
0.282137 −21.8 0.6 1542 2185 −0.97
0.282301 −15.6 6.5 1317 1661 −0.96
0.282288 −15.9 6.0 1340 1705 −0.95
0.282424 −11.6 10.8 1143 1271 −0.97
0.282270 −16.7 5.4 1361 1760 −0.96
0.282387 −12.5 9.5 1197 1389 −0.95
0.282400 −12.4 9.9 1177 1348 −0.97
0.282372 −13.1 9.0 1219 1437 −0.95
0.282281 −14.1 5.7 1376 1727 −0.86
0.282172 −20.2 1.9 1500 2072 −0.95
0.282246 −18.0 4.5 1391 1838 −0.97
0.282169 −20.5 1.8 1501 2083 −0.96
0.282255 −17.7 4.8 1378 1810 −0.97
0.282123 −22.2 0.1 1564 2229 −0.97
0.282268 −16.7 5.3 1366 1769 −0.95
0.282386 −12.0 9.4 1202 1392 −0.93
0.282322 −15.0 7.2 1288 1596 −0.96
0.282430 −11.3 11.0 1135 1252 −0.96
0.282157 −21.0 1.3 1517 2122 −0.97
0.282182 −19.9 2.2 1485 2042 −0.96
0.282148 −21.3 1.0 1529 2150 −0.97
0.282174 −20.4 1.9 1493 2066 −0.97
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ydrothermal alteration, can be used as an alteration-independent
ndex of geochemical variations (e.g., Polat et al., 2002). The gen-
rally immobile elements in the metabasalt samples of the Julin
roup include the high field strength elements (HFSE, e.g., Nb, Ta,
i, Hf), rare earth elements (REE), Y, Th and U. These elements are
ll well correlated with Zr (Fig. 8), indicating that they were essen-
ially immobile. In contrast, the commonly mobile elements, such
s Rb, Na, K, Ca, Sr and Ba, do not have co-variation with Zr (Fig. 8),
uggestive of variable degree of mobility. Consequently, only the
mmobile elements are used for rock classification (e.g., Fig. 5) and
urther petrogenesis discussion.

.2. Crystal fractionation and crustal contamination

It is generally considered that primary magmas of basaltic melts
ave Ni > 400 ppm and Cr > 1000 ppm (Wilson, 1989), Mg#  > 73
Sharma, 1997). The low and variable Cr and Ni concentrations and

g#  values of the metabasalts in the Julin Group suggest that the
ocks were formed from highly evolved magmas which may  have
ndergone significant fractionation of olivine and pyroxene. Most
amples do not show obvious Eu anomalies, indicating that frac-
ionation of plagioclase has been less important, consistent with

inor phenocrysts of plagioclase in some slightly deformed basalts
YBGMR, 1991; Deng, 2000).
Fractional crystallization could have been accompanied by
rustal contamination (AFC process) during ascending of the pri-
ary magma. Because continental crust is poor in Nb–Ta but rich

n Th, Zr, Hf and light REEs, it is expected that crustal contamination

ig. 9. Plots of εNd(t) values versus 1/Nd, Ta/LaPM versus La/SmPM, Th/Ta versus Nb/La an
ractional crystallization and crustal assimilation (AFC) process. Variations of these elem
ignificant crustal components including the Paleoproterozoic mafic rocks in the southwe
earch 242 (2014) 138– 153

of basaltic magmas would result in dramatic increase of Zr/Nb,
La/Nb, Th/La, La/Sm, Th/Yb and Hf/Sm ratios (e.g., Hawkesworth
et al., 1995; Ewart et al., 1998; Wang et al., 2008). Consequently,
crustal contamination can produce negative correlations between
Nb/La and La/Sm or Th/Ta. The variable Nb/La and Th/Ta ratios
and εNd(t) and zircon εHf(t) values suggest that the basalts in this
study may  have undergone variable degree of crustal contamina-
tion (Figs. 7 and 9). Both La/Sm and Th/Ta are roughly negatively
correlated with Nb/La, consistent with an AFC process (Fig. 9b, c). In
terms of εNd(t) and εHf(t) values, there are mixing trends between
the depleted mantle-derived melts and Paleoproterozoic mafic
rocks (calculated back to ∼1.0 Ga) in the southwestern Yangtze
Block (Figs. 7 and 9a), suggesting that the primary magmas of the
basalts have assimilated Paleoproterozoic rocks in the southwest-
ern Yangtze Block. The metabasalts have limited (Th/Yb)PM values,
close to the Paleoproterozoic mafic rocks but much lower than
those of upper crust (Fig. 9d), confirming that the primary magmas
may  have been contaminated by some mafic rocks (Fig. 9d).

6.3. Nature of the mantle sources

Although the basaltic magmas have undergone variable degree
of crustal contamination, some metabasalt samples have positive
εNd(t) (up to +3.8) and zircon εHf(t) (up to +11) values that are close

to the isotopic composition of depleted mantle, indicating that the
primary magmas were originated from a depleted mantle source
(Fig. 7a, b). The source as depleted mantle is further indicated by
the low La/Ta ratios of the metabasalt samples, typically observed

d Nb/ThPM versus Th/YbPM for the metabasalts in the Julin Group to understand the
ental ratios suggest that the primary magmas of the metabasalts have assimilated
stern Yangtze Block.



n Res

i
(
t
t
n
s
t
fl
d
l
s

6

(
v
s
l
(
e
e
K
e
t
e
c

F
n
a
(

The metabasalt samples in the Julin Group are characterized
by enrichments of incompatible elements like TiO2 (1.1–3.2 wt.%)
and HFSE (up to 40 ppm Nb) without pronounced negative
W.T. Chen et al. / Precambria

n asthenospheric rather than lithospheric mantle-derived melts
Fig. 10a). The ratios of incompatible elements with similar par-
ition coefficients (e.g., La/Ta, Th/La, Nb/La, Nb/Y) can be used
o identify the mantle sources, provided that crustal contami-
ation is insignificant during magma  evolutions. In this study,
amples with low La/Sm, Nb/La and Th/La are considered to primi-
ive with least crustal contamination. These samples have relative
at chondrite-normalized REE patterns (Fig. 6), consistent with a
epleted asthenospheric mantle source. Lastly, these samples have

ow La/Yb but high Nb/La ratios and plot in the fields of astheno-
pheric mantle sources, close to the plots of MORB (Fig. 10b).

.4. Tectonic setting of the basaltic magmatism

The metabasalts of the Julin Group have relatively high TiO2
1.1–3.2 wt.%) and Ti/V ratios (>20) (Figs. 6 and 11), different from
olcanic-arc or calc-alkaline basalts that are generally derived from
ubcontinental lithospheric mantle. These metabasalts are also
ocally associated with felsic volcanic layers in the Julin Group
Fig. 3c), forming a bimodal volcanic suite typical products of an
xtensional setting (YBGMR, 1991; Deng, 2000). The extensional
nvironment could result from back-arc extension (Shinjo and
ato, 2000; Brown et al., 2002; Brewer et al., 2004), post-orogenic

xtension (Fan et al., 2001; Greentree et al., 2006), or continen-
al rifting (Moraes et al., 2003; Ukstins et al., 2002; Mazzarini
t al., 2004). Basalts from back-arc settings usually have geo-
hemical characteristics between N-MORB and arc or calc-alkaline

ig. 10. Plots of elements and elemental ratios for the metabasalts to constrain the
ature of the mantle source. (a) εNd(t) versus La/Ta. The fields of the asthenospheric
nd lithospheric melts are from Lawton and McMillan (1999); (b) La/Yb versus Nb/La
after Watson, 1993).
earch 242 (2014) 138– 153 149

basalts, and commonly display negative Nb–Ta anomalies
(Saunders and Tarney, 1984). However, the basalts in Julin are
tholeiitic in compositions, with most samples lacking negative
Nb–Ta anomalies (e.g., Fig. 6a and b). The metabasalts also dif-
fer from post-orogenic basalts which are commonly originated
from previously-metasomatized lithospheric mantle and thus com-
monly exhibit negative Nb–Ta anomalies.
Fig. 11. Geochemical discrimination diagrams for the metabasalts in the Julin Group
and  Laowushan Formation (data from Greentree et al., 2006). (a) Ti versus V diagram
(after Shervais, 1982); (b) Zr versus Ti diagram (after Pearce, 1982); (c) the Zr/4-
Y-Nb*2 diagram is after Meschede (1986), and the fields are: AI-within-plate alkali
basalts, AII-within-plate alkali basalts and tholeiites, B-E-type MORB, C-within-plate
tholeiites and volcanic-arc basalts and D-N-type MORB and volcanic-arc basalts;
the  Th-Hf/3-Ta diagram is after Wood (1980), and the fields are: A-N-type MORB,
B-E-type MORB and within-plate tholeiites, C-alkaline within-plate basalts and D-
volcanic-arc basalts.
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Fig. 12. A sketch cartoon showing the tectonic evolution of the western Yangtze
Block from ca. 1050 Ma to 730 Ma.  (a) The ∼1050 Ma  Julin basalts have formed in a
rifting basin likely in a passive continental margin; the passive margin has evolved
to be a positive margin with oceanic subduction initiating at 950 Ma;  (b) long-lived
o
e

N
g
2
H

the ca. 1028 Ma Tianbaoshan alkaline felsic volcanic rocks (Geng

F
t
m
o
G

ceanic subduction beneath the western margin of the Yangtze Block have produced
xtensive arc magmatism (950–730 Ma;  Zhao and Zhou, 2007; Zhao et al., 2011).

b–Ta–Zr–Hf anomalies, features similar to within-plate basalts

enerated in a continental rift (e.g. Rogers et al., 2000; Ritter et al.,
001). Some trace element discrimination schemes, such as Ti–Zr,
f–Th–Ta and Zr–Nb–Y diagrams, are also useful in understanding

ig. 13. A sketch geological map  showing the Precambrian tectonic evolution of the South
o  be about 830–815 Ma.  In the western Yangtze Block, the ∼1140 to ∼1000 Ma  igneous a

argin. Subsequently, the passive margin has evolved to be a positive margin with oceanic
f  the Yangtze Block with other blocks in the Rodinia supercontinent. Age data for the Me
reentree et al. (2006), Geng et al. (2007), Sun et al. (2009) and Wang et al. (2012c).
earch 242 (2014) 138– 153

of tectonic environments of mafic rocks (Pearce and Cann, 1973;
Pearce and Norry, 1979; Wood, 1980; Meschede, 1986). In the Zr–Ti
diagram, the metabasalt samples plot in ‘MORB’ and ‘within-plate
basalts’ fields (Fig. 11b). In the Th–Ta–Hf and Zr–Y–Nb triangle dia-
grams, the samples with minor crustal contamination mostly plot
in the ‘E-type MORB and within-plate tholeiites’ field, a feature
similar to the ca. 1142 Ma  Laowushan alkaline basalts (Fig. 11c).
Furthermore, coeval felsic volcanic rocks in the upper part of the
Huili Group have geochemical affinity of A-type granites, consistent
with an intra-plate rifting setting (Geng et al., 2007). Collectively,
it is concluded that the basaltic rocks have formed in a continental
rift.

Formation of the basaltic layers in the Pudeng Formation was
followed by depositions of massive sandstone of the Lugumo For-
mation and subsequently massive marble (or dolomite) of the
Fenghuangshan Formation of the Julin Group. Similar sedimentary
sequences is also present in the Limahe and Fengshanying forma-
tions of the coeval Huili Group. These sedimentary sequences have
been suggested to be related to a shallow marine environment in a
rifting basin (Fig. 12a) (YBGMR, 1991; Deng, 2000).

6.5. Grenvillian intra-plate magmatism in the southwestern
Yangtze Block

Our investigations demonstrate that the ca. 1050 Ma  basalts in
the Julin Group represent intra-plate magmatism generated in a
continental rift. Other studies have also identified Mesoprotero-
zoic magmatism in the southwestern Yangtze Block, including the
ca. 1142 Ma  Laowushan alkaline basalts (Greentree et al., 2006),
et al., 2007) and the ca. 1063 Ma  Tangtang A-type granite (Wang
et al., 2012a,b). It is concluded that these magmatic rocks have
formed in intra-plate rifting rather than orogenic setting in the

 China Craton. Note that the timing of the Sibao/Jiangnan orogen is now constrained
nd sedimentary rocks have formed in a rifting basin likely in a passive continental

 subduction initiating at 950 Ma,  which likely indicate the onset of the amalgamation
soproterozoic strata and igneous rocks in the southwestern Yangtze Block are from
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outhwestern Yangtze Block during the period of ∼1150 to
1000 Ma  (Fig. 13), arguing against the existence of a Grenvillian
rogenic belt that has been traditionally thought to extend from
he southeast (e.g., Fig. 1; Li et al., 1999, 2002a; Greentree et al.,
006). In fact, recent dating results have demonstrated that the
o-called Sibao Orogen in the southeastern Yangtze Block formed
n Neoproterozoic rather than Mesoproterozoic (Greenville) (Zhao
t al., 2011; Wang et al., 2012a,b, 2013; Zhang et al., 2012). Widely
istributed metasedimentary rocks which was previously thought
o be Mesoproterozoic have been recently demonstrated to be
eoproterozoic (830–815 Ma)  and formed in back-arc to retroarc

oreland basin related to the orogen (Gao et al., 2008; Wang et al.,
010, 2012a,b, 2013; Zhao et al., 2011). New radiometric data also
uggest that the ophiolitic complex in southern Anhui Province
as emplaced at ca. 824 Ma,  representing the timing of the arc-

ontinental collision (Zhang et al., 2012). All these data confirm
hat the so-called Sibao Orogen is Neoproterozoic (830–815 Ma)  in
ge and unlikely to be part of Greenville orogenic belt in the world.

In the southwestern Yangtze Block, widespread mid-
eoproterozoic mafic and felsic igneous assemblages (ca.
60–740 Ma)  have been interpreted as the products of a mantle
lume (Li et al., 1995, 1999) or of oceanic subduction (Zhou et al.,
002a,b). The ‘mantle plume’ model was largely based on the
ssumption that the arc signature of these Neoproterozoic igneous
ocks was inherited from mantle sources previously modified
y oceanic subduction related to the Grenvillian orogeny (e.g.,
i et al., 1999; Wang et al., 2008). However, results from this
tudy argue against a Grenvillian orogen in the southwestern
angtze Block. In addition, numerous studies on detrital zircon of
edimentary rocks and geochemistry of igneous rocks indicate that
he Neoproterozoic igneous rocks recorded a prolonged magmatic
istory from ca. 950 to 740 Ma  related to a continental magmatic
rc in the western Yangtze Block (e.g., the Panxi-Hannan arc
elt; Zhou et al., 2002b, 2006; Sun et al., 2008, 2009; Zhao et al.,
011). This long-lived magmatic system is best represented by the
50–900 Ma  Xixiang basalts (Ling et al., 2003), the 820–746 Ma
annan mafic-ultramafic intrusions (Zhou et al., 2002a; Zhao
nd Zhou, 2009), and the 846–776 Ma  Bikou volcanic rocks (Yan
t al., 2004) in the northwestern Yangtze Block, and the 740 Ma
anzhihua gabbroic and 760 Ma  Datian adakitic intrusions (Zhao
nd Zhou, 2007) in the western Yangtze Block.

The late Mesoproterozoic within-plate magmatism and sub-
equent early Neoproterozoic arc magmatic activities in the
outhwestern Yangtze Block thus suggest that the late Mesopro-
erozoic Julin Group and the other equivalents in this region have
ormed at an intra-continental rifting basin in a passive margin. The
assive margin has evolved to be a positive margin with oceanic
ubduction initiating at 950 Ma  (Fig. 12) (Zhou et al., 2002a; Zhao
nd Zhou, 2007; Zhao et al., 2011). This tectonic switch likely indi-
ate the onset of the amalgamation of the Yangtze Block with other
locks in the Rodinia supercontinent (Zhou et al., 2002b; Zhao and
hou, 2009). This interpretation argues against the view that the
angtze Block is in the interior of the Rodinia supercontinent based
n the assumed Grenvillian orogeny in South China (Li et al., 1995,
002a; Piper, 2000; Jiang et al., 2003; Meert and Torsvik, 2003; Yu
t al., 2008; Qiu et al., 2011). In contrast, this study supports the
odel that the Neoproterozoic Panxi-Hannan arc belt may  be part

f a magmatic belt along the western margin of East Gondwana and
ustralia, and thus the Yangtze Block was possibly located along the
argin of the Rodinia supercontinent (Zhao and Zhou, 2007; and

eference therein).
. Conclusions

. The ∼1050 Ma  metabasalts in the Julin Group in the southwest-
ern margin of the Yangtze Block have tholeiitic compositions,
earch 242 (2014) 138– 153 151

and were derived from a depleted asthenospheric mantle source
followed by significant fractional crystallization and crustal con-
taminations during magma  ascending.

2. The metabasalts in the Julin Group have geochemical affinity
of within-plate basalts. They have formed in a continental rift,
similar to the contemporary igneous rocks in the same region,
recording a ∼1050 Ma  rifting event in the southwestern the
Yangtze Block.

3. Both the metabasalts and associated sedimentary rocks in the
Julin Group indicate a shallow marine environment likely on a
passive continental margin. This study does not support the exis-
tence of a Grenvillian orogenic belt in the southwestern Yangtze
Block, and thus there is no evidence that the Yangtze Block was
located in the interior of the Rodinia supercontinent.
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