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a  b  s  t  r  a  c  t

Late  Mesoproterozoic  to early  Neoproterozoic  igneous  rocks  (ca.  1100  Ma to  >860  Ma)  are  sparse  in the
southwestern  Yangtze  Block,  hindering  our understanding  of  South  China’s  position  during  the  late  Meso-
proterozoic  to  early  Neoproterozoic  assembly  of the supercontinent  Rodinia.  We  report  here  Cameca
secondary  ion mass  spectrometry  (SIMS)  zircon  U–Pb  ages,  geochemistry,  and  Nd–Hf  isotopic  data  for
mafic  dykes  that intruded  in  the  lower  Tianbaoshan  Formation,  and  that  of  intermediate  to felsic volcanic
rocks  from  the  upper  Tianbaoshan  Formation  of the Huili  Group  in  southwestern  Yangtze  Block.  The  mafic
dykes  were  formed  at 1023  ± 6.7 Ma.  The  volcanic  rocks  were  dated  at 1025  ±  13  Ma and  1021  ±  6.4  Ma,
contemporaneous  to  the  mafic  dykes.  The  mafic  dykes  show  weakly  positive  εNd(t)  values  (+0.41  to
+1.6)  and  positive  εHf(t) values  (+7.0  to  +10.3).  They  are  characterized  by  slightly  LREE-enriched  and
HREE-depleted  patterns  and  the  trace  element  patterns  with  typical  depletion  of Nb  and  Ta and  slightly
enrichment  of  Th  relative  to  La.  The  parental  magma  for  the  mafic  rocks  exhibits  affinity  of low-Ti  tholeiitic
basaltic  magma  generated  by  melting  of  a depleted  asthenospheric  mantle  source.  The  primary  magma
of  these  mafic  rocks  likely  underwent  variable  degrees  of the  fractional  crystallization  and  crustal  con-
tamination.  The  intermediate  to felsic  volcanic  rocks  in  the Tianbaoshan  Formation  are  characterized  by
significantly  LREE-enriched  and  slightly  HREE-depleted  patterns,  showing  negative  Nb–Ta,  Eu, Sr,  P  and
Ti  anomalies  in the  primitive  mantle-normalized  multi-element  plot.  In addition,  the  volcanic  rocks  dis-
play  variably  elevated  Ga, Rb,  Zr, REE,  and  Y concentrations,  and  high  Ga/Al  ratios  (2.31–2.64),  consistent
with  the  geochemical  characteristics  of  A2-type  granites.  The  volcanic  rocks  exhibit  negative  εNd(t) val-
ues  (−5.1  to  −7.1)  and  variable  εHf(t) values  (−0.67 to +3.9).  They  give  two-stage  Nd  model  ages  (TNd

2DM)
and two-stage  Hf model  ages  (THf

2DM) of 1.83–1.99  Ga  and  1.62–1.91  Ga, respectively.  The  Nd–Hf  isotopic
signatures  indicate  that  the primitive  magma  for the  Tianbaoshan  intermediate  to  felsic volcanic  rocks

was probably  derived  from  partial  melting  of  the granulite-facies  lower crust  driven  by underplating
of  mafic  magmas,  and  underwent  extensive  fractional  crystallization  during  emplacement.  The  studied
1.02 Ga  felsic  volcanic  rocks  and  mafic  dykes  at Huili  are  interpreted  to have  formed  in  an  impactogen
setting  during  the  initial  stage  of  collision  between  the  Yangtze  and  Cathaysia  blocks  prior  to  the  Sibao
Orogeny.
. Introduction
The South China Block consists of the Yangtze Block to the north-
est and the Cathaysia Block to the southeast (Z.X. Li et al., 1995,
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50002, China. Tel.: +86 851 5891820; fax: +86 851 5891664.
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2008). The timing of continental collision between the Yangtze and
Cathaysia blocks is an issue that has bearings on the accretion of
Asia as well as the assembly and configuration of the Neoprotero-
zoic supercontinent Rodinia (Z.X. Li et al., 2002). Most researchers
now believe that the two blocks amalgamated during the Pro-
terozoic Sibao orogeny (also called the Jiangnan orogeny), but the

precise timing and evolution of the orogeny are still controversial.
Some researchers suggested that the Sibao orogeny was  part of the
worldwide Grenvillian-aged orogenic events associated with the
assembly of Rodinia (e.g., Z.X. Li et al., 1995, 2002, 2007, 2008;
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reentree et al., 2006; X.H. Li et al., 2006, 2009a; Ye et al., 2007;
.X. Li et al., 2008), whereas others considered the Sibao orogeny

eing as yang ca. 0.82 Ga or even younger (e.g., X.H. Li, 1999; Zhao
nd Cawood, 1999; Zhou et al., 2002a, b, 2004, 2006a, b; Wang et al.,
004, 2006, 2007, 2008, 2014; Wu et al., 2006; Zheng et al., 2007;
hang et al., 2013).

Apart from the Kongling Complex, there are three other major
aleo- to Mesoproterozoic rock units previously reported from
he Yangtze Block, including some volcanic and meta-volcanic
ocks. The ca. 1.75–1.66 Ga Dahongshan Group (marked as “2”
n Fig. 1a) consists of meta-volcaniclastic rocks, meta-basalts,

eta-siliciclastic rocks and marble (e.g., Greentree and Li, 2008;
hao et al., 2010). The Kunyang-Dongchuan groups (marked
s “3” in Fig. 1a) comprise a sequence of greenschist facies
eta-sedimentary and meta-volcanic rocks that were proba-

ly developed between 1.8 and 1.0 Ga (Greentree et al., 2006;
reentree and Li, 2008; Zhao et al., 2010, 2012). The Tianli schists

marked as “4” in Fig. 1a) represent a meta-clastic sedimentary
uccession, probably formed at the southern continental shelf of
he Yangtze Block between ca. 1530 Ma  and 1042 Ma  (Z.X. Li et al.,
007).

In recent years, late Mesoproterozoic to early Neoproterozoic
agmatism (ca. 1100 Ma  to >860 Ma)  in the Kangdian region of

he southwestern Yangtze Block, has gradually been identified and
ated, although these igneous rocks are relatively sparse and rarer
han those of the mid-Neoproterozoic in the region (X.H. Li et al.,
006; Greentree et al., 2006; Greentree and Li, 2008; Zhao, 2010;
hao and Zhou, 2011; Zhao et al., 2012). For example, the volcanic
ocks in the Tianbaoshan Formation of the Huili Group have been
ated at both 958 ± 16 Ma  (zircon U–Pb ages, Mou  et al., 2003)
r 1028 ± 9 Ma  (zircon U–Pb ages, Geng et al., 2007). Zircon U–Pb
ata show the basalts within the Yanbian Group formed at ca.
20–900(?) Ma  (X.H. Li et al., 2006). Samples from a tuff layer in the
eishantou Formation of the Upper Kunyang Group gave SHRIMP
ircon U–Pb ages of 1142 ± 16 Ma  and 995 ± 15 Ma  (Greentree
t al., 2006), and 1032 ± 9 Ma  (Zhang et al., 2007), respectively. The
etabasalts from the Julin Group have been dated at ca. 1050 Ma

zircon U–Pb ages, Chen et al., 2014). In addition, SHRIMP U–Pb
ircon dating yielded ca. 1.0 Ga ages for granitic gneisses at Huiqing-
ou, 36 km northeast of Panzhihua (Fig. 1b; Z.X. Li et al., 2002;
ang et al., 2009). The Tangtang granites gave SHRIMP zircon U–Pb
ges of 1063–1040 Ma  (Wang et al., 2012b). A few gabbroic intru-
ions of ∼1100–1000 Ma  are found in the Dongchuan area (Zhao
t al., 2012). Understanding the genesis of these ca. 1100 Ma  to
860 Ma  magmatic rocks is crucial for elucidating the timing and
rocesses associated with the amalgamation between the Yangtze
nd Cathaysia blocks during this period. However, previous stud-
es have been largely limited to U–Pb dating of zircons and few
lemental and isotopic geochemical data were reported. Owing to
he lack of more systematic geochemical and isotopic data, the
rigin and tectonic significance of the ca. 1100 Ma  to >860 Ma
agmatic rocks in the southwestern Yangtze Block remains

nclear.
Three mafic dykes intrude the late Mesoproterozoic Tian-

aoshan Formation of the Huili Group in the Huili area, SW China
Fig. 1b). Field investigations show that the mafic dykes are prob-
bly synchronous with the Tianbaoshan volcanic rocks (SBG, 1966,
967; SBGMR, 1996). In this study, precise SIMS U–Pb zircon ages,
nd comprehensive major and trace elemental and Nd–Hf isotopic
ata are reported for the mafic dykes and the adjacent volcanic
ocks in the Tianbaoshan Formation. The aims are to (1) determine
he crystallization ages for the mafic dykes and spatially associated

olcanic rocks, (2) demonstrate the genetic link between the mafic
ykes and the volcanic rocks, and (3) shed new lights on the late
esoproterozoic to early Neoproterozoic magmatic and tectonic

volution of the southwestern Yangtze Block.
search 273 (2016) 67–89

2. Geological background and petrography

The South China Craton consists of two  major Precambrian
blocks: the Yangtze Block and the Cathaysia Block, with Sibao
Orogen situated between them (Fig. 1a; Z.X. Li et al., 2007). The
Kongling complex in northern Yangtze Block (marked as “1” in
Fig. 1a) contains magmatic and metamorphic rocks as old as 3.3 Ga
(Zhang et al., 2006a; Gao et al., 2011). Zheng et al. (2006) suggested
a wide distribution of Archean rocks in the unexposed basement
of the Yangtze Block based on U–Pb and Hf isotopic data from zir-
con xenocrysts in Paleozoic lamproites. Recent studies have further
suggested that Archean to Paleoproterozoic basement is probably
more widespread in the Yangtze Block than previously thought
(Zhang et al., 2006a, b; Wang et al., 2010, 2012a, 2013).

The Kangdian area (Fig. 1b) is located near the southwestern
margin of the Yangtze Block (Fig. 1a). The oldest rocks exposed in
this region are late Paleo- to Mesoproterozoic meta-volcanic and
meta-sedimentary rocks, variably called the Dahongshan Group
(Greentree and Li, 2008), the Hekou Group (Wu et al., 1990; He,
2009), and the Lower Kunyang Group (also called as Dongchuan
Group, which will be used below) (Zhao et al., 2010) at different
localities, spreaded along the Luzhijiang fault and related N- or
NNE-trending faults (Figs. 1b and 2). The Dahongshan Group, the
Hekou Group and their equivalents were metamorphosed to upper
greenschist-lower amphibolite facies (F.H. Li et al., 1988). The meta-
morphism likely occurred at 1000–1300 Ma  (Z.X. Li et al., 2002),
although other argue that it occurred at 750–900 Ma (e.g., Wang
et al., 2006; Zhao and Zhou, 2007). Other pre-850 Ma  successions,
commonly metamorphosed to lower greenschist facies or lower
grades, include the Kunyang, Huili, and Yanbian groups (Chen and
Chen, 1987; F.H. Li et al., 1988). These late Paleo- to earliest Neo-
proterozoic rocks are overlain by a thick sequence (up to >9 km)  of
younger Neoproterozoic (820–540 Ma)  to Permian strata consist-
ing of clastic, carbonate and volcanic rocks (Cong, 1988; SBGMR,
1991).

The ages of the Precambrian units in the Kangdian region had
been poorly constrained (see review by Wu et al., 1990) until
the availability of precise U–Pb zircon ages in recent years. Meta-
volcanic units in the Dahongshan Group (Figs. 1b and 2) have been
dated at 1675 ± 8 Ma  (Greentree and Li, 2008) and 1681 ± 13 Ma
(Zhao and Zhou, 2011) by zircon U–Pb method. The Hekou Group
in the northwestern part of the studied region (Fig. 1b) is a
sequence of metasedimentary rocks interbedded with felsic and
mafic metavolcanic rocks, and is generally considered an equiv-
alent of the Dahongshan Group (Wu  et al., 1990; Zhao et al.,
2010). Recent SHRIMP zircon U–Pb work gave a 1695 ± 20 Ma
age for the meta-volcanic rocks in the Hekou Group (He, 2009)
(Figs. 1 and 2).

The Kunyang Group in the southern part of the studied region is
divided into the Upper and Lower Kunyang groups (Figs. 1b and 2)
(e.g., Zhao et al., 2010; Zhao and Zhou, 2011; Yin et al., 2011). Detri-
tal zircons from the Lower Kunyang Group yielded a youngest age
of ∼1.78 Ga, and a tuff sample from the same Group has a zir-
con U–Pb age of 1742 ± 13 Ma  (Zhao et al., 2010). Z.M. Sun et al.
(2009) recently reported a zircon age of 1503 ± 17 Ma  for a tuff sam-
ple from the E’touchang Formation in the Lower Kunyang Group.
Therefore, the Lower Kunyang Group likely formed between ∼1.7
and ∼1.5 Ga. Zhao et al. (2010) thus interpreted the Dongchuan
and Dahongshan groups as stratigraphically equivalent units. A tuff
layer in the Heishantou Formation of the Upper Kunyang Group has
been dated at 1032 ± 9 Ma  and 995 ± 15 by zircon U–Pb method
(Greentree et al., 2006; Zhang et al., 2007). Detrital zircons from

the Upper Kunyang Group gave U–Pb ages as young as 960 Ma
(Greentree et al., 2006; W.H. Sun et al., 2009).

The Huili Group is an >10 km-thick sequence of meta-clastic
and meta-carbonate rocks interbedded with meta-volcanic rocks
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Fig. 1. (a) Simplified tectonic map  showing the location of the study area in the southwestern Yangtze Block that were reworked by the Sibao orogeny during late Mesopro-
terozoic to earliest Neoproterozoic (Z.X. Li et al., 2007). Numbers 1–4 indicate the outcropping areas of the Kongling Complex, the Dahongshan Group, the Kunyang-Dongchuan
g zoic t
W

(
o
a
a
d
u
c
l
c
m
m

roups, and the Tianli schists, respectively; (b) geological map  of late Paleoprotero
u et al., 1990).

Fig. 1b; Wu et al., 1990). From the base upward, the group consists
f the Yinmin, Luoxue, Heishan, Qinglongshan, Limahe, Fengshan,
nd Tianbaoshan formations (Fig. 2). The Tianbaoshan Formation
t the top of the Huili Group consists of two parts. The lower part is
ominantly composed of pelitic schists and meta-sandstones. The
pper part mainly consists of dacitic to rhyolitic lavas and tuffa-
eous rocks, interbedded with several meta-sandstones and schist

ayers (Figs. 3 and 4; SBGMR, 1991, 1996). The Tianbaoshan vol-
anic rocks have been dated at 958 ± 16 Ma  by TIMS zircon U–Pb
ethod (Mou  et al., 2003) and 1028 ± 9 Ma  by SHRIMP zircon U–Pb
ethod (Geng et al., 2007), respectively.
o earliest Neoproterozoic strata in the Kangdian region, SW China (modified from

The Yanbian Group is composed of volcanic and clastic rocks
that were strongly deformed and variably metamorphosed (X.H. Li
et al., 2006; Zhou et al., 2006a). The age of the Yanbian Group is
still debated. Zhou et al. (2006a) considered that the group formed
at ca. 840 Ma,  as detrital zircons from the sandstones of the group
yield U–Pb ages as young as 840 Ma.  However, X.H. Li et al. (2006)
pointed out Zhou et al. (2006a) likely underestimated the rock

ages, which are more likely in the ca. 920–900 Ma range. The min-
imal age constraint for the group is provided by a 857 ± 13 Ma age
for the Guangdaoshan pluton that intrudes the deformed Yanbian
Group (X.H. Li et al., 2003b). Thus, the Yanbian Group is very likely
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Fig. 2. Simplified stratigraphic correlations of the Proterozoic strata (showing the protolith when metamorphosed) in the southwestern Yangtze Block, SW China (modified
after  Greentree et al., 2006 and Zhao and Zhou, 2011). The earliest Neoproterozoic Yanbian Group, which is likely younger than the rest, is not shown.

Fig. 3. A simplified geological map  of mafic dykes intrude the lower Tianbaoshan Formation and the volcanic rocks from the upper Tianbaoshan Formation of the Huili Group
in  southwestern Huili County, Sichuan Province, SW China (modified from the Huili 1:200,000 geological map  by SBG, 1967, and the Huili 1:50,000 geological map by SBGMR,
1996).
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ig. 4. A simplified geological map  highlighting the volcanic rocks in the Tianbaosh
iyi  1:200,000 geological map, SBG, 1966).

n earliest Neoproterozoic sequence in the southwestern Yangtze
lock.

Three well-preserved mafic dykes investigated in this study
re exposed at Hongchuanqiao in the southwestern part of Huili
ounty, Sichuan Province (Figs. 1b and 3). Field investigations show
hat the mafic dykes intruded the lower Tianbaoshan Formation of
he Huili Group, implying that the mafic dykes probably have the
ame age as the volcanic rocks in upper Tianbaoshan Formation
Fig. 3; SBG, 1967; SBGMR, 1996). The mafic dykes were subjected
o variable deformation but little metamorphism, which is in con-
rast to the metamorphosed Tianbaoshan Formation wall-rocks.
hey strike NE–NEE and dip to the northwest with an angle of
70–80◦. The dykes can be traced up to 2.5 km long with thick-

esses between 50 and 400 m.  These rocks are dark-gray to black,
ne- to medium-grained gabbros, and massive and diabasic inter-
ranular textured gabbros that experienced variable degrees of
lteration. These rocks consist of plagioclase (50–60% by volume),
rmation in northern Huili County, Sichuan Province, SW China (modified from the

clinopyroxene (40–45%), and accessory amounts of Fe–Ti oxides,
apatite and zircon.

The studied volcanic rocks in the Tianbanshan Formation are
exposed at Hongchuanqiao in the southwestern part and Moshay-
ing in the northern part of Huili County (Figs. 1b, 3 and 4). These
rocks are green, phyric dacite and rhyolite, containing abundant (ca.
15–30 vol.%) medium- to fine-grained phenocrysts of quartz and
plagioclase. The plagioclase phenocrysts had undergone medium
to intense alteration.

3. Sampling and analytical methods

Fourteen samples from the mafic dykes and ten volcanic rock

samples from the Tianbaoshan Formation were collected for this
study (Figs. 3 and 4). Zircons of sample HCQ1003 from one of
the mafic dykes, and samples HCQ1308 and KMZ1001 from the
volcanic rocks, were separated using conventional heavy liquid
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Table 1
Cameca SIMS zircon U–Pb isotopic analyses for the mafic dykes and the volcanic rocks from the Tianbaoshan Formation in the Huili area.

Spot U (ppm) Th (ppm) Th/U 206Pb/204Pb measured f206 (%) Isotopic ratio Age/Ma

207Pb*/206Pb* ±1� (%) 207Pb*/235U ±1� (%) 206Pb*/238U ±1� (%) 206Pb/238U ± 1� 207Pb/235U ± 1�

HCQ1003 (Dolerite that intruded in the Tianbaoshan Formation: N 26◦30′51.8′′ , E 102◦08′38.9′′)
1  273 326 1.20 0.00 0.07222 1.14 1.71165 1.88 0.1719 1.50 1022 ± 14 1013 ± 12
2  131 161 1.22 0.00 0.07190 1.37 1.75542 2.05 0.1771 1.52 1051 ± 15 1029 ± 13
3  176 177 1.01 33,923 0.06 0.07415 1.26 1.77127 2.11 0.1733 1.69 1030 ± 16 1035 ± 14
4  233 283 1.22 0.00 0.07318 1.33 1.71929 2.02 0.1704 1.52 1014 ± 14 1016 ± 13
5  205 223 1.09 0.00 0.07380 1.15 1.72040 1.89 0.1691 1.51 1007 ± 14 1016 ± 12
6  147 145 0.98 40,851 0.05 0.07471 2.16 1.79437 2.65 0.1742 1.53 1035 ± 15 1043 ± 17
7  134 147 1.10 65,446 0.03 0.07287 1.73 1.73075 2.29 0.1723 1.50 1025 ± 14 1020 ± 15
8  169 182 1.07 46,127 0.04 0.07353 1.30 1.74771 1.99 0.1724 1.50 1025 ± 14 1026 ± 13
9  173 191 1.11 0.00 0.07375 1.26 1.73780 1.96 0.1709 1.51 1017 ± 14 1023 ± 13

10  280 331 1.18 0.00 0.07368 0.99 1.72952 1.80 0.1702 1.50 1013 ± 14 1020 ± 12
11  166 186 1.12 45,151 0.04 0.07259 1.50 1.73508 2.12 0.1734 1.50 1031 ± 14 1022 ± 14
12  105 111 1.06 0.00 0.07219 1.63 1.72990 2.23 0.1738 1.52 1033 ± 15 1020 ± 14
13  122 116 0.95 14,891 0.13 0.07312 1.59 1.69190 2.22 0.1678 1.55 1000 ± 14 1005 ± 14
14  246 309 1.26 0.00 0.07426 1.21 1.76636 1.93 0.1725 1.51 1026 ± 14 1033 ± 13
15  242 294 1.22 73,276 0.03 0.07352 1.05 1.71621 1.83 0.1693 1.50 1008 ± 14 1015 ± 12
16  357 462 1.29 178,156 0.01 0.07353 1.18 1.74759 1.96 0.1724 1.57 1025 ± 15 1026 ± 13
17  306 395 1.29 30,779 0.06 0.07211 1.52 1.73912 2.13 0.1749 1.50 1039 ± 14 1023 ± 14
18  309 397 1.28 89,406 0.02 0.07334 0.92 1.73615 1.76 0.1717 1.50 1021 ± 14 1022 ± 11

HCQ1308 (Meta-volcanic rock from Tianbaoshan Formation: N 26◦31′07.1′′ , E 102◦08′23.3′′)
1  131 56 0.430 25,340 0.07 0.07232 1.44 1.73311 2.08 0.1738 1.50 995 ± 29 1033 ± 14
2  191 83 0.436 173,853 0.01 0.07339 1.05 1.71034 1.83 0.1690 1.50 1025 ± 21 1007 ± 14
3  178 102 0.571 0.00 0.07382 1.64 1.72602 2.22 0.1696 1.50 1037 ± 33 1010 ± 14
4  168 106 0.630 102,442 0.02 0.07176 1.06 1.67094 1.85 0.1689 1.51 979 ± 22 1006 ± 14
5  182 117 0.643 43,862 0.04 0.07343 1.24 1.69832 1.96 0.1677 1.52 1026 ± 25 1000 ± 14
6  217 122 0.562 78,791 0.02 0.07269 0.93 1.75020 1.79 0.1746 1.52 1005 ± 19 1038 ± 15
7  126 66 0.524 – 0.07537 1.22 1.78483 1.93 0.1718 1.50 1078 ± 24 1022 ± 14
8  205 132 0.644 51,763 0.04 0.07320 0.99 1.71635 1.79 0.1701 1.50 1019 ± 20 1012 ± 14
9  159 87 0.544 104,244 0.02 0.07367 1.06 1.72983 1.84 0.1703 1.50 1032 ± 21 1014 ± 14

10  198 71 0.357 127,852 0.01 0.07388 1.09 1.71083 1.86 0.1679 1.51 1038 ± 22 1001 ± 14
11  196 127 0.646 72,019 0.03 0.07396 0.97 1.71660 1.79 0.1683 1.51 1040 ± 19 1003 ± 14
12  110 48 0.433 27,785 0.07 0.07309 1.46 1.70331 2.09 0.1690 1.50 1017 ± 29 1007 ± 14
13  297 202 0.683 20,339 0.09 0.07371 0.84 1.69427 1.73 0.1667 1.51 1034 ± 17 994 ± 14
14  119 57 0.482 0.00 0.07386 1.22 1.66150 2.28 0.1631 1.93 1038 ± 24 974 ± 17
15  238 180 0.758 225,088 0.01 0.09314 0.65 3.33605 1.64 0.2598 1.50 1491 ± 12 1489 ± 20
16  302 339 1.124 0.00 0.07943 0.86 2.16362 1.74 0.1975 1.52 1183 ± 17 1162 ± 16
17  265 130 0.492 52,480 0.04 0.09131 0.89 3.10441 1.77 0.2466 1.53 1453 ± 17 1421 ± 20
18  414 502 1.212 40,123 0.05 0.09899 0.46 3.74373 1.57 0.2743 1.50 1605 ± 9 1563 ± 21
19  454 219 0.483 376,236 0.00 0.08240 0.53 2.46881 1.60 0.2173 1.51 1255 ± 10 1268 ± 17

KMZ1001 (Meta-volcanic rock from Tianbaoshan Formation: N 26◦56′51.3′′ , E 102◦16′14.6′′)
1  116 68 0.59 19,475 0.10 0.07554 1.81 1.70555 2.42 0.1637 1.61 978 ± 15 1011 ± 16
2  141 91 0.64 0.00 0.07216 1.40 1.74713 2.05 0.1756 1.50 1043 ± 14 1026 ± 13
3  206 144 0.70 0.00 0.07326 1.10 1.73393 1.90 0.1717 1.55 1021 ± 15 1021 ± 12
4  76 75 1.00 0.00 0.10560 1.22 4.45749 1.96 0.3061 1.54 1722 ± 23 1723 ± 16
5  120 54 0.45 36,681 0.05 0.07296 1.49 1.73709 2.11 0.1727 1.50 1027 ± 14 1022 ± 14
6  139 58 0.42 77,353 0.02 0.07330 1.32 1.59539 2.00 0.1578 1.51 945 ± 13 968 ± 13
7  75 33 0.44 11,195 0.17 0.07160 2.08 1.65354 2.59 0.1675 1.54 998 ± 14 991 ± 17
8  63 29 0.46 0.00 0.07169 2.03 1.66713 2.53 0.1686 1.50 1005 ± 14 996 ± 16
9  165 114 0.69 87,540 0.02 0.07339 1.26 1.74130 1.96 0.1721 1.50 1024 ± 14 1024 ± 13

10  344 175 0.51 86,851 0.02 0.07475 1.09 1.74113 1.86 0.1689 1.50 1006 ± 14 1024 ± 12
11  117 72 0.61 34,428 0.05 0.07214 1.53 1.69588 2.15 0.1705 1.50 1015 ± 14 1007 ± 14
12  211 152 0.72 0.00 0.07344 1.50 1.72515 2.13 0.1704 1.52 1014 ± 14 1018 ± 14
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and magnetic techniques, then by handpicking under binocular
microscopes. They were mounted in an epoxy resin disk, and pol-
ished and coated with gold film. Zircons were documented with
transmitted and reflected light micrographs as well as cathodo-
luminescence (CL) images to reveal their external and internal
structures. Measurements of U, Th and Pb were conducted using
the Cameca IMS-1280 SIMS at the Institute of Geology and Geo-
physics, Chinese Academy of Sciences (IGGCAS) in Beijing. U-Th-Pb
ratios and their absolute abundances were determined relative to
the standard zircon 91500 (Wiedenbeck et al., 1995), analyses of
which were interspersed with those of unknown grains, using oper-
ating and data processing procedures similar to those described
by X.H. Li et al. (2009b). A long-term uncertainty of 1.5% (1 RSD)
for 206Pb/238U measurements of the standard zircons was prop-
agated to the unknowns (X.H. Li et al., 2010), despite that the
measured 206Pb/238U error in a specific session is generally around
1% (1 RSD) or less. Measured compositions were corrected for com-
mon  Pb using non-radiogenic 204Pb. Corrections are sufficiently
small to be insensitive to the choice of common Pb composition,
and an average of present-day crustal composition (Stacey and
Kramers, 1975) is used for the common Pb assuming that the com-
mon Pb is largely surface contamination introduced during sample
preparation. Uncertainties on individual analyses in data tables are
reported at 1� level; mean ages for pooled U/Pb (and Pb/Pb) anal-
yses are quoted with 95% confidence level. Data reduction was
carried out using the Isoplot/Ex v. 2.49 program (Ludwig, 2001).
The SIMS U–Pb zircon ages are presented in Table 1.

In situ zircon Hf isotopic analysis was carried out on a Nu Plasma
multicollector ICP-MS equipped with a UP-213 laser-ablation sys-
tem at IGGCAS. During the course of this study, a laser repetition
rate of 10 Hz at 5.27–6.15 J/cm2 was  used and beam diameters were
60 �m.  The isobaric interference of 176Lu on 176Hf was corrected
by measuring the intensity of the interference-free 175Lu isotope
and using a recommended 176Lu/175Lu ratio of 0.02669 (De Bievre
and Taylor, 1993) to calculate 176Lu/177Hf. The 176Yb/172Yb value
of 0.5886 (Chu et al., 2002) and mean ˇYb value obtained during
a Hf analysis on the same spot were applied for the interference
correction of 176Yb on 176Hf (Iizuka and Hirata, 2005). Measured
176Hf/177Hf ratios were normalized to 179Hf/177Hf = 0.7325. The
detailed analytical procedures were similar to those described by
Tang et al. (2008). Our routine run of the zircon standard 91500 gave
a weighted mean 176Hf/177Hf ratio of 0.282306 ± 31 (2�, n = 27),
which is in good agreement with the reported 176Hf/177Hf ratio of
0.282306 ± 10 (2�) for 91500 from a solution analysis by Woodhead
et al. (2004). Initial 176Hf/177Hf ratios were calculated with ref-
erence to the chondritic reservoir (CHUR) at the time of zircon
growth from the magma. A value for the decay constant of 176Lu of
1.867 × 10−11 year−1 (Söderlund et al., 2004) was used in all calcu-
lations. For the calculations of εHf values, we  used chondritic ratios
of 176Hf/177Hf = 0.282772 and 176Lu/177Hf = 0.0332 (Blichert-Toft
and Albarede, 1997). Single-stage model ages (THf

DM1) were cal-
culated using the measured 176Lu/177Hf ratios, referred to a model
depleted mantle with a present-day 176Hf/177Hf ratio of 0.28325,
similar to that of average Mid-Ocean Ridge Basalt (Nowell et al.,
1998) and 176Lu/177Hf = 0.0384 (Griffin et al., 2002). This is sim-
ilar, though not identical, to the depleted mantle curve defined
by juvenile rocks through time (Vervoort and Blichert-Toft, 1999).
Two-stage model ages (THf

2DM) were calculated for the source rock
of the magma by assuming a mean 176Lu/177Hf value of 0.015 for
the average continental crust (Griffin et al., 2002).

Major element compositions of whole rocks were deter-
mined using a X-ray fluorescence spectrometers (XRF) at the

State Key Laboratory of Isotope Geochronology and Geochemistry,
Guangzhou Institute of Geochemistry of CAS. The analytical pre-
cision was better than 5%. Trace elements in whole rocks were
analyzed using a Perkin-Elmer Sciex ELAN DRC-e ICP-MS at the
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ig. 5. Representative CL images of zircons from sample HCQ1003 (a) from the mafi

tate Key Laboratory of Ore Deposit Geochemistry (SKLODG), Insti-
ute of Geochemistry of CAS (IGCAS). The powdered samples
50 mg)  were dissolved with HF + HNO3 mixture in high-pressure
eflon bombs at ∼190 ◦C for 48 h (Qi et al., 2000). Rh was  used as an
nternal standard to monitor signal drift during measurement. The

nternational standards GBPG-1, OU-6, and the Chinese National
tandards GSR-1 and GSR-3, were used for analytical quality con-
rol. The analytical precision was generally better than 10% for trace
lements.
s, and sample HCQ1308 (b) and KMZ1001 (c) from the Tianbaoshan volcanic rocks.

Most samples for Nd isotopic analysis were spiked and dis-
solved in Teflon bombs with an acidic mixture of HF, HNO3 and
HClO4, and separated by conventional cation-exchange techniques.
The isotopic measurements were performed on a Triton thermal
ionization mass spectrometry at SKLODG, IGCAS. The measured

143Nd/144Nd ratios were normalized to 146Nd/144Nd = 0.7219. The
143Nd/144Nd ratios of the USGS standard rock BCR-2 determined
during this study were 0.512622 ± 0.000004 (2�). In addition,
three samples (KMZ1002, KMZ1101 and KMZ1103) for Nd isotopic
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nalysis were performed on a MC-ICP-MS at the Key Laboratory
f Orogenic Belts and Crustal Evolution, School of Earth and Space
ciences, Peking University. The mass fractionation corrections for
d isotopic ratios are based on 146Nd/144Nd = 0.7219. The deter-
ined 143Nd/144Nd ratios of the JNDI-1 Nd standards solution

nd the USGS standard rock BCR-2 were 0.512119 ± 14 (2�) and
.512629 ± 16 (2�), respectively.

. Results

.1. U–Pb zircon geochronology

.1.1. Sample HCQ1003 (N 26◦30′51.8′′, E 102◦08′38.9′′)
Zircons from sample HCQ1003 are mostly euhedral, up to

0–100 �m in width, and have length to width ratios of between
:1 and 2:1. Most zircons are clear, simple prismatic crystals with-
ut obvious zoning on CL images (Fig. 5a). Eighteen Cameca SIMS
nalyses were conducted on 18 zircons (Table 1). Uranium and tho-
ium concentrations vary from 105 to 357 ppm and 111 to 462 ppm,
espectively, with Th/U ratios of 0.95–1.29. All the analyses are
oncordant in U–Pb and Pb–Pb isotopes within analytical errors
Fig. 6a), and the weighted mean of 206Pb/238U yields an age of
023 ± 6.7 Ma  (2�). This age is interpreted as the best estimate of
he crystallization age for sample HCQ1003.

.1.2. Sample HCQ1308 (N 26◦31′07.1′′, E 102◦08′23.3′′)
Zircons of samples HCQ1308 are clear and up to 50–150 �m

n length with length to width ratios between 1:1 and 2:1. Most
ircons are simple prismatic crystals with obvious zoning under
L (Fig. 5b). Nineteen analyses were obtained from 19 grains of
his sample during a single analytical session. U concentrations
ange from 110 to 454 ppm, Th from 48 to 502 ppm, and Th/U
atios from 0.36 to 1.21. The measured 206Pb/238U ages vary from
79 to 1663 Ma  (Fig. 6b and Table 1). Among them, five oval crys-
als (spots 15, 16, 17, 18 and 19), display significantly old U–Pb
ges, with 206Pb/238U ages of 1491 ± 12 Ma  (1�), 1183 ± 17 Ma
1�), 1453 ± 17 Ma  (1�), 1605 ± 9 Ma  (1�), and 1255 ± 10 Ma  (1�),
espectively. They are thus interpreted as xenocrysts. The dominant
ge population consists of fourteen analyses that have concordant
nd discordant U–Pb isotopic compositions. The discordant U–Pb
sotopic data are likely due to partial loss of radiogenic Pb. Apart
rom the five xenocrysts, all other spots define a discordant curve
ith upper intercepts at 1025 ± 13 Ma  (2�; Fig. 6b). This age is inter-
reted as the best estimate of the crystallization age for sample
CQ1308.

.1.3. Sample KMZ1001 (N 26◦56′51.3′′, E 102◦16′14.6′′)
Zircons from samples KMZ1001 are clear and up to 50–100 �m

n width with length to width ratios between 1:1 and 3:1. Most
ircons are simple prismatic crystals with concentric zonings on
L images (Fig. 5c). Twenty-four analyses were conducted on
4 zircons (Table 1). Measured U concentrations vary from 63
o 351 ppm, and Th from 29 to 264 ppm, with Th/U ratios of
.31–1.00. Except for spot 4 having obviously older 206Pb/238U ages
f 1722 Ma,  the remaining 23 analyses yield near concordant ages.
wenty of the twenty-three measured 206Pb/238U ages are in good
greement within analytical errors, obtaining a weighted mean of
021 ± 6.4 Ma  (2�; Fig. 6c). Zircon ages of 1722 Ma  are interpreted
o be xenocrysts identical to the ca. 1.7 Ga Hekou and Dahongshan
roups (Greentree and Li, 2008; He, 2009; Zhao et al., 2010). Thus,
he age of 1021 ± 6.4 Ma  is interpreted as the best estimate of the

rystallization age for sample KMZ1001.

The zircon U–Pb dating results shown above suggest that the
tudied mafic dykes and the Tianbaoshan volcanic rocks formed
lmost synchronously within analytical uncertainties.
Fig. 6. SIMS U–Pb Concordia diagrams of sample HCQ1003 (a) from the mafic dykes,
and HCQ1308 (b) and KMZ1001 (c) from the Tianbaoshan volcanic rocks.

4.2. Geochemical and Nd–Hf isotopic characteristics

4.2.1. Alteration effects on chemical compositions

All the samples analyzed in this study were the freshest accord-

ing to their outcrop appearances, but they were altered to various
degrees judging from thin-section examinations. Twenty-four sam-
ples from the mafic dykes and volcanic rocks of the Tianbaoshan
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Table 2
Major element (in wt.%) and trace element (in ppm) data for the mafic dykes and felsic volcanic rocks from the Tianbaoshan Formation in the Huili area.

Rock type Mafic dykes Mafic dykes Mafic dykes Mafic dykes Mafic dykes Mafic dykes Mafic dykes Mafic dykes
Sample no. HCQ1001 HCQ1002 HCQ1003 HCQ1004 HCQ1005 HCQ1006 HCQ1007 HCQ1010

SiO2 49.91 48.54 49.64 49.84 49.20 48.85 49.86 50.83
TiO2 1.70 1.88 1.86 1.87 2.07 2.05 2.03 2.15
Al2O3 13.89 14.10 13.59 13.47 13.22 13.39 13.18 13.07
Fe2O3 13.58 14.04 14.12 14.23 14.42 14.68 15.11 15.00
MnO  0.19 0.20 0.22 0.21 0.24 0.23 0.26 0.24
MgO  5.96 6.02 6.06 6.23 5.57 5.46 5.67 5.58
CaO  8.96 8.38 9.01 8.71 8.62 8.97 8.62 5.59
Na2O 3.56 3.83 3.20 3.40 3.74 3.42 2.97 3.74
K2O 0.19 0.27 0.38 0.23 0.31 0.37 0.45 0.40
P2O5 0.19 0.18 0.18 0.19 0.21 0.21 0.21 0.21
LOI  1.57 1.78 1.43 1.30 1.56 1.50 1.32 2.30
Total  99.70 99.22 99.69 99.69 99.16 99.13 99.68 99.11
Mg# 46.5 45.9 45.9 46.4 43.4 42.4 42.6 42.4

Sc  42.0 42.1 42.0 43.7 42.1 42.1 41.8 40.2
V  322 328 331 336 345 350 353 341
Cr  95.5 104 100 107 87.7 90.0 86.7 75.7
Co  42.7 39.9 40.6 45.9 42.6 46.3 43.1 63.2
Ni  35.9 39.4 35.7 40.0 31.4 32.6 32.6 26.0
Cu  93.5 50.1 65.1 55.5 79.1 80.3 67.5 75.7
Zn  87.7 100 91.9 102 136 113 111 126
Ga  19.4 19.0 18.3 18.4 17.9 19.7 20.0 17.9
Rb  2.95 7.90 11.5 4.81 9.36 12.7 11.6 7.29
Sr  274 230 297 310 216 262 268 121
Y  34.8 33.9 32.8 34.7 36.5 36.6 37.6 36.4
Zr  119 104 102 113 117 121 124 137
Nb  5.95 5.91 5.78 6.06 6.45 6.44 6.63 7.11
Cs  0.36 1.33 1.30 0.67 1.64 2.09 0.62 0.21
Ba  25.6 45.4 72.3 41.5 50.1 66.7 79.0 68.4
La  9.76 8.49 8.32 8.77 9.18 10.1 9.99 10.5
Ce  23.5 21.3 20.0 20.9 23.1 24.1 24.4 25.0
Pr  3.38 3.11 2.99 3.24 3.38 3.52 3.50 3.58
Nd  15.5 14.6 13.7 14.8 16.0 16.2 16.5 16.7
Sm  4.64 4.36 4.27 4.47 4.77 4.76 4.88 4.93
Eu  1.51 1.46 1.46 1.51 1.46 1.61 1.66 1.89
Gd  5.76 5.57 5.26 5.45 5.75 5.81 6.12 6.03
Tb  0.97 0.98 0.94 1.00 1.05 1.03 1.08 1.04
Dy  6.18 6.08 5.90 6.21 6.42 6.62 6.59 6.36
Ho  1.35 1.39 1.34 1.32 1.44 1.42 1.48 1.40
Er  3.74 3.67 3.65 3.75 3.97 4.05 4.08 4.00
Tm  0.53 0.52 0.52 0.54 0.57 0.57 0.58 0.58
Yb  3.47 3.31 3.23 3.38 3.55 3.63 3.65 3.66
Lu  0.50 0.49 0.50 0.50 0.53 0.54 0.53 0.58
Hf  3.74 3.37 3.28 3.50 3.78 3.87 3.82 4.21
Ta  0.42 0.41 0.39 0.39 0.43 0.41 0.42 0.46
Pb  8.31 5.50 6.08 26.9 13.0 11.7 12.4 27.4
Th  2.18 1.83 1.68 1.94 1.87 2.02 2.00 2.28
U  0.42 0.36 0.33 0.38 0.40 0.40 0.40 0.44

Rock  type Mafic dykes Mafic dykes Mafic dykes Mafic dykes Mafic dykes Mafic dykes Mafic dykes Mafic dykes
Sample no. HCQ1101 HCQ1103 HCQ1104 HCQ1105 HCQ1106 HCQ1107 HCQ1301 HCQ1303

SiO2 47.75 49.71 49.58 50.71 48.47 49.44 48.29 46.61
TiO2 2.24 2.36 2.07 1.90 1.96 2.10 2.17 1.45
Al2O3 12.56 13.03 13.61 12.67 13.83 13.69 13.04 13.53
Fe2O3 13.81 15.69 14.85 13.36 14.35 14.84 15.04 12.37
MnO  0.24 0.23 0.25 0.22 0.21 0.25 0.22 0.14
MgO  5.63 5.90 5.84 6.03 6.10 5.42 5.24 6.30
CaO  7.62 5.78 6.98 9.19 9.00 7.42 7.04 6.58
Na2O 3.51 3.68 4.17 3.69 3.57 3.87 3.91 3.59
K2O 0.09 0.24 0.33 0.30 0.30 0.28 0.40 0.57
P2O5 0.23 0.23 0.20 0.18 0.19 0.21 0.22 0.14
LOI  5.96 2.65 1.68 1.41 1.67 1.64 3.55 7.83
Total  99.64 99.49 99.55 99.67 99.66 99.16 99.12 99.11
Mg# 44.6 42.7 43.8 47.2 45.7 42.0 40.8 50.2

Sc  41.7 42.2 43.9 42.8 42.8 43.5 37.7 37.4
V  348 367 351 321 335 350 348 278
Cr  79.5 90.6 97.9 118 95.4 85.5 48.3 90.1
Co  40.7 47.4 35.3 44.9 34.8 44.3 42.5 41.7
Ni  27.5 36.4 35.8 40.0 35.2 33.8 27.0 42.8
Cu  43.4 53.5 14.9 51.9 51.7 54.4 74.0 59.5
Zn  133 143 115 85.6 112 98.8 139 120
Ga  19.4 17.9 19.5 15.7 18.9 20.3 20.8 18.2
Rb  1.77 4.13 5.22 6.13 7.44 6.19 14.5 69.7
Sr  161 92.2 195 176 328 249 253 229
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Table  2 (Continued )

Rock type Mafic dykes Mafic dykes Mafic dykes Mafic dykes Mafic dykes Mafic dykes Mafic dykes Mafic dykes
Sample no. HCQ1101 HCQ1103 HCQ1104 HCQ1105 HCQ1106 HCQ1107 HCQ1301 HCQ1303

Y 39.6 38.0 35.0 32.6 34.6 37.0 39.3 26.2
Zr  134 145 103 104 113 121 140 80.3
Nb  7.22 7.65 6.35 5.78 6.05 6.42 7.40 4.27
Cs  0.39 0.49 0.33 0.18 0.93 0.31 1.78 11.5
Ba  14.6 37.8 49.6 42.2 55.2 54.9 84.9 131
La  10.8 9.82 8.34 7.73 9.32 9.95 13.3 8.64
Ce  26.6 24.3 20.9 19.9 22.5 22.7 33.8 19.4
Pr  3.73 3.52 3.03 2.91 3.21 3.51 3.83 2.53
Nd  17.2 15.9 14.4 13.8 15.2 16.6 19.4 12.7
Sm  5.00 4.81 4.34 4.36 4.50 4.88 5.48 3.50
Eu  1.71 1.28 1.47 1.29 1.51 1.61 1.70 1.19
Gd  6.98 5.95 5.69 5.48 5.72 6.34 5.84 3.86
Tb  1.11 1.04 0.98 0.92 1.00 1.06 1.08 0.68
Dy  6.97 6.63 6.18 5.76 6.12 6.72 7.22 4.51
Ho  1.49 1.39 1.31 1.21 1.31 1.41 1.57 0.96
Er  4.19 4.30 3.73 3.52 3.70 3.92 4.36 2.75
Tm  0.61 0.63 0.52 0.50 0.53 0.59 0.65 0.42
Yb  3.69 3.99 3.38 3.14 3.46 3.64 4.04 2.50
Lu  0.56 0.58 0.51 0.48 0.53 0.54 0.61 0.39
Hf  3.91 4.53 3.29 3.28 3.54 3.97 3.58 2.00
Ta  0.46 0.48 0.40 0.36 0.39 0.42 0.53 0.30
Pb  19.0 8.72 4.81 5.21 58.7 13.2 5.98 5.46
Th  2.01 2.40 1.62 1.63 1.88 2.07 2.49 1.50
U  0.44 0.44 0.31 0.33 0.36 0.40 0.57 0.27

Rock  type Mafic dykes Volcanic rocks Volcanic rocks Volcanic rocks Volcanic rocks Volcanic rocks Volcanic rocks Volcanic rocks
Sample no. HCQ1304 HCQ1305 HCQ1306 HCQ1307 HCQ1308 HCQ1309 KMZ1001 KMZ1002

SiO2 49.06 60.69 65.32 65.57 66.51 66.55 66.66 61.79
TiO2 1.57 0.85 0.93 0.91 0.90 0.92 1.13 1.11
Al2O3 13.82 12.12 13.63 13.55 13.54 13.48 14.81 19.02
Fe2O3 11.79 6.65 6.44 6.68 4.76 5.53 6.46 5.75
MnO  0.14 0.07 0.08 0.06 0.09 0.06 0.05 0.05
MgO  5.96 0.81 1.02 0.94 0.51 0.87 1.70 1.70
CaO  6.76 0.78 0.79 0.77 0.29 0.28 0.78 0.75
Na2O 3.62 2.93 2.70 3.05 3.60 3.15 2.12 0.73
K2O 0.59 2.50 3.03 2.95 3.42 3.10 3.09 5.30
P2O5 0.14 0.15 0.16 0.17 0.17 0.17 0.18 0.13
LOI  5.64 11.30 5.06 4.85 4.97 5.11 2.71 3.47
Total  99.09 98.85 99.16 99.50 98.76 99.22 99.69 99.80
Mg# 50.0 19.4 23.9 21.8 17.5 23.8 34.2 37.0

Sc  38.3 16.3 17.3 17.2 17.0 16.8 18.8 17.7
V  277 59.9 62.9 61.8 64.0 62.5 80.8 82.7
Cr  89.2 30.6 31.3 29.9 29.0 30.4 65.1 59.5
Co  46.2 10.7 14.1 11.1 7.8 10.8 10.0 11.1
Ni  39.1 12.7 15.6 13.6 11.3 13.6 18.5 13.5
Cu  95.6 12.9 7.52 7.91 20.8 5.41 5.30 6.69
Zn  101 136 110 191 89.7 92.3 66.1 58.2
Ga  17.3 19.6 19.7 20.3 20.1 20.0 20.9 25.0
Rb  71.0 115 128 120 145 131 144 253
Sr  247 44.5 48.3 35.7 84.2 90.5 45.6 22.3
Y  29.4 40.0 39.3 38.0 42.3 35.6 42.4 63.3
Zr  110 230 236 235 241 240 247 340
Nb  5.34 14.0 14.4 13.9 14.4 14.2 16.1 19.3
Cs  11.6 2.63 2.80 2.49 4.14 3.46 4.51 10.76
Ba  103 326 288 354 1030 629 563 641
La  9.89 39.9 36.4 40.6 43.4 39.1 40.1 57.3
Ce  22.3 69.9 67.5 71.3 74.6 71.5 80.0 115
Pr  2.88 8.84 8.18 9.02 9.28 8.62 10.1 13.5
Nd  14.2 36.3 33.9 37.3 39.3 36.1 38.3 49.1
Sm  3.88 7.68 7.07 7.92 8.22 7.45 8.00 9.66
Eu  1.40 1.18 1.18 1.28 1.45 1.32 1.44 1.96
Gd  4.46 7.27 6.53 7.35 7.77 7.18 7.71 10.1
Tb  0.78 1.22 1.13 1.19 1.28 1.14 1.34 1.77
Dy  5.17 7.27 6.99 6.98 7.82 7.13 7.67 10.59
Ho  1.10 1.59 1.55 1.50 1.65 1.42 1.67 2.33
Er  3.08 4.46 4.42 4.17 4.60 3.95 4.61 6.44
Tm  0.46 0.66 0.68 0.61 0.67 0.62 0.67 0.88
Yb  2.81 4.13 4.30 3.85 4.12 3.78 4.20 5.39
Lu  0.43 0.66 0.65 0.61 0.65 0.63 0.65 0.79
Hf  2.85 6.27 6.24 6.59 6.74 6.61 7.84 10.10
Ta  0.40 1.24 1.27 1.24 1.30 1.26 1.19 1.17
Pb  7.18 22.1 14.3 42.1 81.0 32.6 3.48 3.29
Th  2.00 16.4 17.3 16.7 17.2 16.4 17.1 18.4
U  0.38 2.54 3.18 2.59 2.97 3.08 3.30 1.59
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Table 2 (Continued )

Rock type Volcanic rocks Volcanic rocks Volcanic rocks Volcanic rocks Volcanic rocks Volcanic rocks Volcanic rocks
Sample no. KMZ1101 KMZ1102 KMZ1103 KMZ1104 KMZ1105 KMZ1106 KMZ1108

SiO2 66.06 65.41 65.83 64.65 65.77 67.06 60.95
TiO2 1.12 1.12 1.09 1.09 1.13 1.16 1.13
Al2O3 14.95 14.75 14.72 14.75 15.26 14.62 19.29
Fe2O3 7.25 6.63 6.80 6.70 6.61 5.98 6.21
MnO  0.04 0.05 0.06 0.07 0.05 0.05 0.04
MgO  1.80 1.60 1.61 1.58 1.66 1.57 1.92
CaO  0.36 1.18 0.67 1.81 0.87 0.76 0.57
Na2O 2.56 2.73 2.20 2.35 2.38 2.97 0.62
K2O 2.65 3.37 3.95 3.60 3.00 2.52 5.37
P2O5 0.18 0.17 0.18 0.18 0.18 0.18 0.13
LOI  2.65 2.43 2.25 2.80 2.74 2.59 3.57
Total  99.63 99.45 99.36 99.57 99.64 99.47 99.80
Mg# 33.0 32.4 31.9 31.9 33.2 34.2 37.9

Sc  18.2 19.1 17.5 18.0 18.4 18.4 17.1
V  81.7 82.4 77.4 77.8 78.3 78.3 75.8
Cr  65.4 63.2 58.3 64.8 59.9 58.0 55.0
Co  11.0 11.8 11.5 14.0 11.5 9.29 10.1
Ni  17.2 18.5 16.6 24.8 20.0 17.9 15.8
Cu  13.9 11.5 12.6 17.1 4.87 4.89 5.48
Zn  101 79.8 93.0 79.9 60.8 66.6 64.9
Ga  20.7 20.5 20.4 19.9 22.0 19.1 24.5
Rb  120 137 161 147 140 114 250
Sr  46.9 90.3 69.9 95.0 46.6 58.5 18.1
Y  45.3 51.7 50.1 43.6 43.9 34.3 59.0
Zr  247 250 243 246 259 248 312
Nb  15.7 15.7 15.6 15.3 15.9 16.1 18.6
Cs  3.50 3.47 4.35 3.89 4.04 3.63 10.61
Ba  562 605 678 657 539 458 629
La  38.2 43.3 41.9 40.6 43.5 23.5 54.0
Ce  77.0 87.4 84.6 83.7 89.8 52.8 106
Pr  9.66 10.8 10.7 9.98 10.7 6.19 12.8
Nd  36.3 41.5 41.4 37.8 40.0 23.7 47.3
Sm  8.03 9.07 9.47 8.16 8.65 5.22 9.09
Eu  1.50 1.54 1.59 1.45 1.32 1.24 1.82
Gd  8.33 10.3 9.71 8.83 9.14 5.77 9.60
Tb  1.40 1.61 1.69 1.36 1.39 1.01 1.68
Dy  8.16 9.26 9.54 7.77 7.86 5.96 10.3
Ho  1.64 1.89 1.85 1.62 1.67 1.25 2.19
Er  4.82 5.47 5.45 4.54 4.73 3.73 6.14
Tm  0.68 0.78 0.78 0.66 0.67 0.54 0.89
Yb  4.35 4.77 4.81 4.24 4.25 3.54 5.58
Lu  0.66 0.71 0.72 0.66 0.65 0.53 0.84
Hf  7.76 7.83 7.73 7.83 8.19 7.85 9.40
Ta  1.16 1.18 1.14 1.11 1.17 1.18 1.14
Pb  22.7 34.1 29.5 15.4 3.29 3.88 3.22
Th  16.9 17.1 17.3 16.7 17.6 16.9 18.4
U  3.05 3.18 2.93 3.27 3.45 3.14 1.40
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g# = 100 × molar MgO/(Mg + FeO), assuming FeOT = 0.9 × Fe2O3. Total iron as FeOT

ormation have been selected for major and trace element analy-
es (Table 2). The loss of ignition (LOI) values for the mafic dykes and
olcanic rocks range from 1.30 to 7.83% and 2.25 to 11.30%, respec-
ively. Thus, the effects of alteration on chemical compositions of
hese rocks need to be evaluated. Zirconium in volcanic rocks and

afic intrusive rocks is generally considered to be most immobile
uring low- to medium-grade alteration (e.g., Wood et al., 1979;
ibson et al., 1982). Therefore, bivariate plots of Zr against selected

race elements have been used for evaluating the mobility of such
lements during alteration (e.g., Polat et al., 2002). A number of ele-
ents with different geochemical behaviors, including TiO2, Nb, Th,

e, V, Sr, Rb, Ba and Pb for the mafic dykes and volcanic rocks, are
lotted against Zr to evaluate their mobility during alteration. With
he exception of Pb, the other elements overall correlate tightly
ith Zr, indicating that these elements were essentially immobile
uring alteration (not shown). Therefore, the immobile elements

re used for geochemical classification and petrogenetic discuss-
ons in this study. The sums of major element oxides for all samples
n this study are recalculated to 100% volatile free.
 loss on ignition.

4.2.2. Mafic dykes
The mafic dykes are fairly homogeneous in major and trace

element compositions, with SiO2 contents from 49.5 to 52.5%
(volatile-free), MgO  from 5.5 to 6.9%, TiO2 from 1.6 to 2.4%, Fe2O3
from 12.6 to 16.2%, Al2O3 from 12.9 to 14.8%, CaO from 5.8 to
9.4%, (Na2O + K2O) from 3.5 to 4.6%, Cr from 48.3 to 118 ppm, Ni
from 26 to 43 ppm, Zr from 80 to 145 ppm, and V from 277 to
367 ppm (Table 2 and Fig. 7). These samples also show moderately-
evolved in compositions with Mg# number between 41 and 50.
In the Harker diagrams (Fig. 7), the MgO, CaO, Al2O3, Cr and Ni
contents of the mafic samples slightly decrease, whereas the Fe2O3
and (Na2O + K2O) contents slightly increase with increasing SiO2
contents.

The mafic samples have low Ti/Y ratios (299–384), similar to
the low-Ti basaltic rocks (Peate et al., 1992; Xu et al., 2001). On the
(Na O + K O) vs. SiO diagram (Fig. 8a; Irvine and Baragar, 1971; Le
2 2 2
Bas and Streckeisen, 1991), the mafic rocks plot mainly in the subal-
kaline basaltic rocks. They have low Nb/Y ratios (0.16–0.20). On the
Zr/TiO2 versus Nb/Y diagram of Winchester and Floyd (1976), these
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Fig. 7. Selected variation diagrams of major oxides, Cr and Ni conte

afic dykes are also plotted in the subalkaline field (Fig. 8b). More-
ver, on the K2O versus SiO2 diagram (Fig. 8c; Rickwood, 1989) and
iO2 versus FeOT/MgO ratios diagram (Fig. 8d; Miyashiro, 1974),
he mafic dykes display the tholeiitic trend. Therefore, these rocks
xhibit affinities with the low-Ti tholeiitic basalts.

The mafic rocks have low total REE contents
REE = 64.1–103 ppm) with slightly LREE-enriched and HREE-
epleted patterns (LaN = 25–43, (La/Yb)N = 1.7–2.4, (La/Sm)N =
.1–1.6, (Gd/Yb)N = 1.2–1.5; Subscript N denotes the chondrite-
ormalized), and insignificant Eu anomalies (Eu/Eu* = 0.73–1.1)
Fig. 9a). In the primitive mantle-normalized multi-element plot
Sun and McDonough, 1989), the mafic dykes are characterized by
airly flat sub-parallel spiky pattern, with slight enrichment in LREE
nd large ion lithophile elements (LILEs), and weak depletion in

REE and high field strength elements (HFSEs) (Fig. 9b). In addition,
hese rocks are typically depleted in Nb and Ta relative to the neigh-
oring element La ((Nb/La)PM = 0.48–0.75, (Ta/La)PM = 0.59–0.82;
rsus silica for the mafic dykes and the Tianbaoshan volcanic rocks.

Subscript PM denotes the primitive mantle-normalized) and
slightly enriched in Th ((Th/La)PM = 1.4–2.0; Fig. 9b).

Neodymium isotopic data for the representative samples from
the mafic dykes are listed in Table 3. The mafic samples have
slightly variable 147Sm/144Nd ratios between 0.1750 and 0.1867,
and 143Nd/144Nd ratios between 0.512547 and 0.512595, corre-
sponding to initial εNd(t) values from +0.41 to +1.6 (Fig. 10a and
Table 3). In addition, zircons from sample HCQ1003 dated by SIMS
U–Pb method were analyzed for their Lu–Hf isotopes and the results
are listed in Table 4. The εHf(t) values for the mafic dykes were
calculated at t = 1020 Ma corresponding to the crystallization age.
Eighteen spot analyses were conducted for 18 grains from sample
HCQ1003, yielding a limited range of εHf(t) values between +7.0 and
+10.3 (Table 4; Fig. 11a). The mafic rocks display slightly positive

εNd(t) values and relatively high positive εHf(t) values, indicating
that the magmas parental to the mafic dykes intruding the Tian-
baoshan Formation were derived from a depleted mantle source.
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Table 3
Sm-Nd isotopic compositions for the mafic dykes and volcanic rocks from the Tianbaoshan Formation in the Huili area.

Sample Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd (2�) (143Nd/144Nd)I εNd(t) TNd
DM (Ga) TNd

2DM (Ga)

HCQ1003 4.23 13.70 0.1867 0.512595 (2) 0.511346 0.48 2.23 1.36
HCQ1009 4.90 16.49 0.1800 0.512547 (4) 0.511342 0.41 2.05 1.38
HCQ1101 5.25 18.13 0.1753 0.512551 (4) 0.511378 1.1 1.83 1.34
HCQ1104 4.62 15.97 0.1750 0.512573 (2) 0.511402 1.6 1.75 1.31
HCQ1107 5.16 17.66 0.1768 0.512575 (2) 0.511391 1.4 1.81 1.33
HCQ1308 8.22 39.30 0.1274 0.511816 (4) 0.510963 −7.0 2.08 1.98
KMZ1001 8.35 43.16 0.1170 0.511825 (4) 0.511042 −5.5 1.87 1.87
KMZ1105 9.30 44.15 0.1275 0.511810 (4) 0.510957 −7.1 2.09 1.99
KMZ1002 9.66 49.12 0.1189 0.511827 (10) 0.511031 −5.7 1.90 1.89
KMZ1101 8.03 36.34 0.1335 0.511924 (10) 0.511030 −5.7 2.04 1.88
KMZ1103 9.47 41.37 0.1384 0.511986 (10) 0.511060 −5.1 2.05 1.83

C 1263
T baosh
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hondrite uniform reservoir (CHUR) values (147Sm/144Nd = 0.1967, 143Nd/144Nd = 0.5
he  (143Nd/144Nd)I and εNd(t) of the dolerite rocks and volcanic rocks from the Tian

.2.3. Volcanic rocks of the Tianbaoshan Formation
The volcanic rocks in the upper Tianbaoshan Formation

f the Huili Group exhibit dacitic to rhyolitic compositions
SiO2 = 63.3–70.9%; volatile-free). They show relatively high and
ariable Fe2O3 and Al2O3 contents, with Fe2O3 between 5.1
nd 7.6%, and Al2O3 between 13.8 and 20.0%, but are poor in
ost other major elements, with TiO2 = 1.0–1.2%, MgO = 0.54–2.0%,

aO = 0.30–1.9%, (Na2O + K2O) = 5.4–7.5%, and P2O5 = 0.13–0.19%
Table 2 and Fig. 7). With increasing SiO2 contents, MgO, TiO2,
e2O3, Al2O3, and CaO contents slightly decreases, whereas

Na2O + K2O) and P2O5 contents slightly increases (Fig. 7 and
able 2).

The Tianbaoshan volcanic rocks plot in the subalkaline dacite
o rhyolite field on the (Na2O + K2O) vs. SiO2 diagram (Fig. 8a;
8) are used for the calculation. �Sm = 6.54 × 10−12 year−1 (Lugmair and Harti, 1978).
an Formation were calculated using the age of 1020 Ma.

Irvine and Baragar, 1971; Le Bas and Streckeisen, 1991) and Zr/TiO2
versus Nb/Y diagram (Fig. 8b; Winchester and Floyd, 1976), imply-
ing that the magmas parental to the volcanic rocks have affinities
with dacitic magma. The volcanic rock samples also have relatively
high K2O concentrations. On the K2O versus SiO2 diagram (Fig. 8c;
Rickwood, 1989), the volcanic rocks mainly exhibit the affinities of
calc-alkaline volcanic rocks. In addition, their A/NK values range
from 1.4 to 2.8, and A/CNK values from 1.3 to 2.5, falling inside the
peraluminous field on the A/CNK vs. A/NK plot (Fig. 12a).

The volcanic rocks show obviously LREE-enriched

(LaN = 76–185, (La/Yb)N = 4.5–7.2; (La/Sm)N = 2.8–3.7) and slightly
HREE-depleted ((Gd/Yb)N = 1.2–1.7) patterns, with obviously neg-
ative Eu anomalies (Eu/Eu* = 0.45–0.69) (Fig. 9c). All the volcanic
samples exhibit distinctly negative anomalies of Nb, Ta, Sr, P, and
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1989).

i in the primitive mantle-normalized multi-element plot (Sun and
cDonough, 1989) (Fig. 9d). Meanwhile, the Tianbaoshan volcanic

ocks have variably high Ga (19.1–25.0 ppm), Rb (114–253 ppm),
r (230–340 ppm), REE (135–285 ppm), and Y (34.3–63.3 ppm)
oncentrations, and low Sr contents (18.1–95.0 ppm) (Table 2),
xhibiting the characteristics of A-type granites (e.g., Collins et al.,
982; Whalen et al., 1987). The 10,000 × Ga/Al ratios of these
olcanic rocks range from 2.31 to 2.68. In the diagram of Zr versus
a/Al (Fig. 12b), the volcanic rocks are all classified as A-type
ranites (Whalen et al., 1987). On the basis of the geochemical
ubdivision of A-type granites by Eby (1992), the Tianbaoshan
olcanic rocks show characteristics of A2-type granites, which are
onsistent with the previously published data (Fig. 12c; Geng et al.,
007).

These volcanic rocks display constant 147Sm/144Nd ratios ran-
ing from 0.1170 to 0.1384, and the measured 143Nd/144Nd ratios

re between 0.511810 and 0.511986, corresponding to initial εNd(t)
alues of −5.1 to −7.1 and two-stage Nd model ages (TNd

2DM)
etween 1.83 and 1.99 Ga (Table 3 and Fig. 10a). The εHf(t) val-
es and two-stage model ages (THf

2DM) were calculated at the
e trace element multi-element plot for the mafic dykes (a and b) and the Tianbaoshan
e mantle-normalizing values, N-MORB and E-MORB are from Sun and McDonough

crystallization age of each zircon for the volcanic rock samples.
Eighteen spot analyses of Hf isotopes were conducted for 18 grains
from sample KMZ1001. They display a variable range of εHf(t) val-
ues between −0.67 and +3.9, corresponding to two-stage Hf model
ages (THf

2DM) of 1.62–1.91 Ga (Table 4; Fig. 11a and b).

5. Discussion

5.1. Petrogenesis of the mafic dykes

It is generally considered that mantle-derived primary magma
have Ni > 400 ppm, Cr > 1000 ppm (Wilson, 1989), and Mg# = 73–81
(Sharma, 1997 and references therein). The mafic dykes are char-
acterized by low and variable Cr and Ni concentrations and slightly
variable MgO  and Fe2O3 contents, implying that they may  have

undergone variable degrees of fractionation of olivine and clinopy-
roxene (Fig. 7). Most samples do not show obvious Eu anomalies,
indicating that plagioclase is not a major fractionated phase for the
mafic dykes (Fig. 9a and b).
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Table 4
Hf isotopic data for zircons of the mafic dykes and volcanic rocks from the Tianbaoshan Formation in the Huili area.

Spot no. 176Yb/177Hf 176Lu/177Hf 1� 176Hf/177Hf 1� Age (Ma) εHf(t) THf
DM (Ma) THf

2DM (Ma)

HCQ1003
1 0.156754 0.003008 0.000063 0.282468 0.000018 1022 9.86 1171 1246
2  0.129115 0.002497 0.000081 0.282431 0.000016 1051 8.90 1208 1307
3  0.117805 0.002337 0.000022 0.282397 0.000016 – 7.80 1252 1376
4  0.134974 0.002617 0.000083 0.282472 0.000017 1014 10.27 1152 1220
5  0.235822 0.004288 0.000310 0.282476 0.000028 1007 9.27 1202 1284
6  0.070524 0.001353 0.000140 0.282396 0.000017 1035 8.44 1221 1336
7  0.097159 0.001811 0.000110 0.282400 0.000015 1025 8.27 1230 1347
8  0.144215 0.002591 0.000110 0.282468 0.000013 1013 10.15 1157 1228
9  0.153453 0.002839 0.000012 0.282469 0.000020 1031 10.01 1164 1237
10  0.149234 0.002751 0.000070 0.282434 0.000015 1033 8.83 1212 1311
11  0.071223 0.001330 0.000080 0.282401 0.000016 1000 8.63 1213 1324
12  0.119063 0.002117 0.000024 0.282404 0.000013 1026 8.20 1235 1351
13  0.212096 0.003915 0.000078 0.282405 0.000018 1025 7.01 1297 1426
14  0.201859 0.003404 0.000068 0.282471 0.000016 1039 9.70 1179 1257
15  0.279824 0.005213 0.000550 0.282476 0.000023 – 8.64 1235 1323
16  0.199201 0.003572 0.000120 0.282399 0.000017 1021 7.03 1293 1425
17  0.225129 0.004112 0.000130 0.282429 0.000016 – 7.72 1267 1381
18  0.104468 0.001781 0.000086 0.282435 0.000016 – 9.53 1179 1267

KMZ1001
1  0.083520 0.001577 0.000056 0.282220 0.000018 – 1.98 1478 1740
2  0.101113 0.002021 0.000040 0.282283 0.000016 1043 3.91 1405 1619
3  0.120781 0.002257 0.000042 0.282238 0.000017 1021 2.16 1479 1729
4  0.087006 0.001680 0.000120 0.282166 0.000019 1027 0.00 1558 1865
5  0.082078 0.001605 0.000022 0.282162 0.000015 – −0.09 1561 1870
6  0.062302 0.001226 0.000014 0.282144 0.000013 1005 −0.47 1570 1894
7  0.066765 0.001292 0.000030 0.282162 0.000015 1024 0.12 1548 1857
8  0.114177 0.002206 0.000044 0.282273 0.000011 1006 3.43 1427 1649
9  0.116854 0.002198 0.000110 0.282235 0.000016 1015 2.09 1481 1733
10  0.170692 0.003314 0.000076 0.282286 0.000017 1014 3.14 1452 1667
11  0.067876 0.001324 0.000059 0.282162 0.000013 1010 0.10 1549 1858
12  0.082176 0.001585 0.000013 0.282218 0.000015 1040 1.91 1481 1745
13  0.074717 0.001420 0.000064 0.282161 0.000014 1023 0.00 1555 1865
14  0.073012 0.001424 0.000083 0.282164 0.000014 1007 0.10 1550 1858
15  0.097583 0.001840 0.000057 0.282158 0.000014 1026 −0.39 1576 1889
16  0.165815 0.002967 0.000042 0.282215 0.000014 – 0.86 1542 1811
17  0.082892 0.001473 0.000049 0.282143 0.000014 – −0.67 1582 1907
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The mafic dykes have relatively flat chondrite-normalized REE
atterns (Fig. 9a), which are roughly parallel to the Enriched Mid-
cean Ridge Basalts (E-MORB) (Fig. 9a and b). In comparison with
-MORB, the mafic dykes are more depleted in Nb, Ta and Ba and
elatively enriched in Th (Fig. 9b). In view of these geochemical
nd isotopic correlations, crustal contamination may  have been
he main factor causing the low εNd(t) values and Nb/La ratios and
igh Th values, indicative of the involvement of sialic upper crust
omponents (Rudnick and Fountain, 1995; Barth et al., 2000). The
Th/La)PM and Th relationship (Fig. 10b) indicates that a crustal
omponent must have been involved in the magma  parental to the
afic dykes (Ingle et al., 2002).
Although the basaltic magmas parental to the mafic dykes have

ndergone variable degree of crustal contamination, the mafic sam-
les are characterized by weakly positive εNd(t) values (+0.41 to
1.6) and depleted εHf(t) values (+7.0 to +10.3) (Figs. 10a and 11a).
he Nd–Hf isotopic features of these mafic dykes were derived from

 depleted asthenospheric mantle source.
Based on the aforementioned results, the magmas parental to

he mafic dykes display a low-Ti tholeiitic basalt affinity and slightly
REE-enriched and HREE-depleted patterns. In general, low La/Yb
atios reflect a melting regime dominated by relatively large melt
ractions and/or spinel as the predominant residual phase, whereas
igh La/Yb ratios are indicative of smaller melt fractions and/or gar-

et control (Deniel, 1998; Xu et al., 2001). The studied mafic dyke
amples have low La/Yb ratios ((La/Yb)N = 1.7–2.4) and TiO2/Yb
atios (TiO2/Yb = 0.21–0.34), indicating that their residual phase
as garnet-poor. Because garnet has a higher partition coefficient
0.000017 – 0.83 1544 1813

ing the crystallization age of each zircon.

for Yb (D = 6.6) than La (D = 0.0016) (Johnson, 1998), minor residual
garnet in the mantle source will significantly fractionate REE, lead-
ing to obvious depletion in HREE. In addition, TiO2/Yb ratios in mafic
rocks can be affected by the presence of garnet in the melt residue,
leading to elevated TiO2/Yb ratios derived from deeper mantle in
the garnet stability field (Pearce and Peate, 1995; Pearce, 2008).
Therefore, the mafic dykes exhibiting low La/Yb and TiO2/Yb ratios
with fairly flat LREE and HREE pattern were possibly generated
by high degrees of partial melting of a spinel-stable field mantle
source.

The mafic samples have relatively high TiO2 (1.6–2.4%) and Zr
(80–145 ppm) contents. On the Zr–Ti discrimination diagram of
Pearce (1982), the mafic rocks fall into the “MORB” and ‘within-
plate basalts’ fields (Fig. 13a), and are distinctive from island-arc
basalts. They also have relatively high Ti/V ratios (32–41), plot-
ting within the “MORB” and “continental flood basalts” fields of
the Ti–V discrimination diagram (Shervais, 1982) (Fig. 13b). In the
Y–La–Nb diagram of Cabanis and Lecolle (1989), the mafic dykes
plot to the fields of continental back-arc tholeiitic basalts and con-
tinental basalt (Fig. 13c). Therefore, the mafic dykes are different
from volcanic-arc or calc-alkaline basalts and can best interpreted
as being derived from a depleted asthenospheric mantle source in
a continental extension setting.
5.2. Origin of the Tianbaoshan volcanic rocks

The origin and petrogenesis of the A-type felsic rocks are quite
controversial. Mechanisms involving melting of crustal and mantle
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Fig. 10. Plots of (a) εNd(t) versus Nb/La for the mafic dykes and volcanic rocks,
and (b) (Th/La)PM versus Th for the mafic dykes. Subscript PM denotes the prim-
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Fig. 11. (a) Zircon Hf isotopic compositions of sample HCQ1003 from the mafic
dykes and KMZ1001 from the Tianbaoshan volcanic rocks. (b) Histogram of THf

2DM

canic samples imply various degrees of fractional crystallization
tive mantle-normalized. Primitive mantle-normalizing values are from Sun and
cDonough (1989).

ources, or fractional crystallization of basaltic magmas plus assim-
lation of crustal rocks, are often suggested (e.g., Collins et al., 1982;
arris et al., 1986; Whalen et al., 1987; Eby, 1992; Turner et al.,
992; Barbarin, 1996, 1999; Bohrson and Reid, 1997; Tura et al.,
998; Sylvester, 1989; Peccerillo et al., 2003; W.X. Li et al., 2005;
.H. Li et al., 2007). Therefore, the key issues concerning the origin
f A-type felsic rocks are the ole of mantle-derived material and its
nteraction with the lower to middle continental crust.

We  argue that it is unlikely that the magmas parental to the
ianbaoshan intermediate to felsic volcanic rocks were produced
y extreme differentiation of contemporaneous basic parental
agma  with crustal contamination, or partial melting of juve-

ile sub-alkaline metabasaltic rocks, for several reasons. First,
he Tianbaoshan volcanic rocks exhibit Nd and Hf isotopic com-
ositions (εNd(t) = −5.1 to −7.1, εHf(t) = −0.67 to +3.9) obviously
ifferent from that of the coeval mafic dykes (εNd(t) = +0.41 to

 1.6, εHf(t) = +7.0 to +10.3; Tables 3 and 4; Figs. 10a and 11a). Sec-
nd, there is only a small proportion of coeval mafic rocks in the
rea. To produce the intermediate to felsic volcanic rocks in the
ianbaoshan Formation through fractionation of mafic magmas, a
ignificant volume of mafic rocks is required.

Partial melting of crustal materials is another important way to
enerate A-type felsic rocks. Eby (1992) identified two  sub-groups
f A-type granites and suggested that they may  have different
rigins. The A1-type granites represent differentiates of magmas
erived from OIB-like sources but emplaced in continental rifts
r during intraplate magmatism, whereas the A2 group repre-

ents magmas derived from continental crust or underplated crust
hat have been through a cycle of continent-continent collision or
sland-arc magmatism (Eby, 1992). As stated above, the volcanic
values of zircons from sample KMZ1001 of the Tianbaoshan volcanic rocks. The εHf(t)
of  each zircon and THf

2DM values were calculated using the crystallization age of each
zircon, respectively.

rocks are affinitive to A2-type granites based on the geochemical
subdivision of A-type granites by Eby (1992) (Fig. 12b and c). Thus,
the Tianbaoshan volcanic rocks were likely generated by partial
melting of an ancient mafic lower crust. The whole-rock two-stage
Nd model ages (TNd

2DM) of the volcanic rocks range from 1.83 and
1.99 Ga (Table 3). In addition, the zircon two-stage Hf model ages
(THf

2DM) of the volcanic rocks are from 1.62 to 1.91 Ga (Table 4).
These data imply a middle to late Paleoproterozoic mafic lower
crustal source for the Tianbaoshan volcanic rocks. The regional
presence of ca. 1.7–1.5 Ga mafic and felsic magmatism in the south-
western Yangtze Block had been well documented in recent years
(Greentree and Li, 2008; Zhao et al., 2010; Zhao and Zhou, 2011;
He, 2009; Guan et al., 2011; Fan et al., 2013), suggesting that late
Paleoproterozoic to early Mesoproterozoic is an important period
of crustal growth in SW China. Therefore, it is plausible to propose
that the Tianbaoshan volcanic rocks originated mainly from par-
tial melting of the granulite-facies lower crust, possibly driven by
underplating of mafic magmas.

As shown above, the magmas parental to the Tianbaoshan
intermediate to felsic volcanic rocks display affinities with dacitic
magma  (Fig. 8a and b). The compositional variations of the vol-
(Fig. 7). The volcanic rocks are characterized by very low MgO
and Fe2O3 contents (Table 2 and Fig. 7), which is interpreted
as due to the fractionation of MgO- and Fe2O3-rich minerals
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i.e., hornblende, clinopyroxene, and biotite). These volcanic rocks
xhibit highly LREE-enriched and slightly HREE-depleted patterns
Fig. 9c). Hornblende may  be considered an important phase frac-
ionated from magmas, because it is able to produce a fairly flat

REE pattern without significant HREE fractionation in interme-
iate and felsic magmas (Martin et al., 1994; Han et al., 1997).

n addition, a distinct Eu and Sr negative anomaly and a sharp
ecrease of Al2O3 with increasing SiO2 indicate that plagioclase
Fig. 13. Discrimination diagrams of (a) Ti vs. Zr (Pearce, 1982), (b) V vs. Ti (Shervais,
1982), and (c) La/10–Y/15–Nb/8 (Cabanis and Lecolle, 1989) for the mafic dykes.

was a predominantly fractional phase (Figs. 7 and 9d; Wu  et al.,
2002). On the other hand, negative Ti anomaly is commonly related
to ilmenite or titanite fractionation (Fig. 9d). These variations of
chemical compositions for the volcanic rocks are consistent with

crystal fractionation of ferromagnesian minerals, plagioclase and
Fe-Ti oxides.

A-type felsic rocks are generally formed in extensional environ-
ments (Whalen et al., 1987; Sylvester, 1989; Rogers and Greenberg,



W.-G. Zhu et al. / Precambrian Re

1

10

100

1000

WPG

VAG + syn-COLGN
b

 (
p

p
m

)

1 10 100 10000.1

10000

ORG

Y (ppm)

W
PG &

 A
-O

RG

Fig. 14. Nb versus Y diagram of Pearce et al. (1984) showing that the Tianbaoshan
volcanic rocks are plotted exclusively into the field of within-plate granites (WPG).
A
w

1
2
c
s
v
i
s
b
c
b
s
s

m
i

F
(
f

bbreviations: VAG, volcanic arc granites; syn-COLG, syn-collisional granites; WPG,
ithin-plate granites; ORG, ocean ridge granites.

990; Eby, 1992; Nedelec et al., 1995; Barbarin, 1999; Frost et al.,
001), which might be related to different tectonic settings such as
ontinental rift, lithospheric extension, and late- to post-orogenic
ettings. On the Nb versus Y diagram (Pearce et al., 1984), all the
olcanic samples are plotted exclusively into the within-plate gran-
te field (Fig. 14). Moreover, the volcanic rocks are temporally and
patially associated with the mafic dykes that intruded the Tian-
aoshan Formation, and they probably derived from a lower mafic
rust during the formation of an intra-continental extensional
asin. Therefore, it is conceivable that the Tianbaoshan A2-type fel-
ic rocks were more likely generated in a continental extensional

etting.

We propose here that the underplating of the mantle-derived
afic magma  might have provided the heat source for partial melt-

ng of the lower-crustal rocks. This interpretation is supported by

Yangtze
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Intra-contintental
rift basin

Sediment transport
direction

Basin fault

Intra-continental
 rift basin

Foreland  basin

(a) Ca. 1150 1020 Ma–

Intra-continental rift basin
formed during the intial collision
of the  Yangtze and Cathaysia blocks.

ig. 15. A schematic cartoon showing the development of the ca. 1150–900 Ma continent
a)  An inferred rift basin formed during the initial collision (an impactoge; ca. 1150–1020
rom  ca. 1020 Ma until ca. 900 Ma  on the southwestern Yangtze Block as a result of the co
search 273 (2016) 67–89 85

the presence of the coeval mafic dykes that intrude the Tianbaoshan
Formation. Continued influx of mafic magma helped to maintain a
very high temperature at the bottom of the lower crust and allowed
melting of the middle to late Paleoproterozoic granulite-facies
lower crust to generate the magmas parental to the Tianbaoshan
volcanic rocks. The magmas parental to the Tianbaoshan volcanic
rocks were thereafter subjected to extensive crystal fraction-
ation as demonstrated above at shallow crustal levels before
eruption.

5.3. Tectonic implications

The South China Block is generally believed to form through
the amalgamation of the Yangtze and Cathaysia Blocks during the
Sibao orogeny (Z.X. Li et al., 2002). However, the timing and evo-
lution of the Sibao orogeny are highly controversial, characterized
by two  major competing viewpoints. One is that the Sibao orogeny
occurred during ca. 1.1–0.9 Ga (e.g., Z.X. Li et al., 1995, 2002, 2007,
2008; Greentree et al., 2006; X.H. Li et al., 2006, 2009a; Ye et al.,
2007; W.X. Li et al., 2008), and the 830–750 Ma  magmatic rocks
were anorogenic products of mantle plume activities and conti-
nental rifting associated with the breakup of Rodinia (e.g., Z.X. Li
et al., 1999, 2003; Ling et al., 2003; X.H. Li et al., 2002, 2003a; W.X.
Li et al., 2005; Zhu et al., 2004, 2006, 2007, 2008, 2010; Lin et al.,
2007; Zhou et al., 2007). The alternative viewpoint is that the oroge-
nesis between the Yangtze and Cathaysia Blocks did not complete
until ca. 0.82 Ga or even younger, and the vast amount of Neopro-
terozoic (830–750 Ma)  magmatism were related to the subduction
and/or continental collision (e.g., Zhou et al., 2002a, b, 2004, 2006a,
b; Wang et al., 2004, 2006, 2007, 2008, 2014; Wu et al., 2006; Zheng
et al., 2007). Petrogenesis of the 830–750 Ma  magmatism is beyond
the scope of this paper. In the following discussion we focus on the
tectonic environment for the formation of the studied ca. 1020 Ma
magmatism.

Our precise U–Pb zircon dating results demonstrate that the

studied mafic and felsic rocks at the top of the Huili Group in south-
western Yangtze Block were emplaced at ca. 1020 Ma. These mafic
dykes are also locally associated with the volcanic layers in the Tian-
baoshan Formation of the Huili Group (Fig. 3), similar to a bimodal

Yangtze

Cath
aysia

Interpreted regional
stress direction

Sature

Subduction
zone

(b) Ca. 920 900Ma–

The e xtensional b asin
persisted in t he s outhwestern m argin
of t he  Yangtze B loc .

al collision between the Yangtze and the Cathaysia blocks in western Sibao orogen.
 Ma)  of the Yangtze and Cathaysia blocks. (b) Continuation of the extensional basin
llision between the Yangtze and Cathaysia blocks during the Sibao Orogeny.
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agmatism of extensional settings. The extensional environment
ould result from back-arc extension (Shinjo and Kato, 2000; Brown
t al., 2002; Brewer et al., 2004), post-orogenic extension (Fan
t al., 2001; Greentree et al., 2006), or continental rifting (Moraes
t al., 2003; Ukstins et al., 2002; Mazzarini et al., 2004). Mafic
ocks from back-arc settings usually have geochemical character-
stics between N-MORB and arc or calc-alkaline basalts (Saunders
nd Tarney, 1984). However, the mafic rocks here are tholeiitic
n compositions (Fig. 8c and d). The mafic rocks were derived
rom a depleted asthenospheric mantle source, which are distinct
rom post-orogenic basalts which are commonly originated from
reviously-metasomatized lithospheric mantle. Furthermore, the
olcanic rocks have geochemical affinity of A-type granites, which
re consistent with an intra-plate rifting setting. In addition, other
tudies have also identified Mesoproterozoic magmatism in the
outhwestern Yangtze Block, including the ca. 1142 Ma  Laowushan
lkaline basalts in the Heishantou Formation of the Upper Kunyang
roup (Greentree et al., 2006) and the ca. 1050 Ma  metabasalts

rom the Julin Group (Chen et al., 2014). It is concluded that the
afic dykes and volcanic rocks could have been formed in an intra-

ontinental rift at ca. 1020 Ma  (Figs. 13 and 14).
According to Z.X. Li et al. (2002) and Greentree et al. (2006),

rovenance connections were already established between the
angtze and Cathaysia blocks along western Sibao orogen by ca.
150 Ma  based on the following observations. (1) The upper Huili
nd upper Kunyang groups (ca. 1150–1000 Ma)  likely represent
oreland basin deposits on the Yangtze side of the orogen that
eceived detritus from the Cathaysia Block (Fig. 2; Z.X. Li et al.,
002; Greentree et al., 2006; Zhang et al., 2007; H.K. Li et al.,
013). The detrital zircon age spectra of sedimentary rocks from
he Kunyang Group are comparable with those of the Precambrian
athaysia, but significantly deviate from those in Yangtze (current
o-ordinates, Greentree et al., 2006). (2) ca. 1.3–1.0 Ga metamor-
hism has been recorded on both the Yangtze and Cathaysia sides
f the Sibao orogen (Z.X. Li et al., 2002, 2007, 2008; Yang et al.,
009), which are consistent with a continental collision in western
ibao orogen during ca. 1150–1000 Ma  (Z.X. Li et al., 2002, 2007).
herefore, it is suggested that the assembly between Yangtze and
athaysia in the western domain culminated before 1.0 Ga. The ca.
020 Ma  mafic dykes and volcanic rocks were likely formed in an

ntra-continental rift during continuous convergence between the
angtze and Cathaysia blocks after they first collided to each other.

It was early recognized that continental collision may  lead
o rifting in the fore- or hinterland at high angles to the strike
f the associated orogenic belt, and such rift basins were called

impactoge’ by Ş engör et al. (1978). Impactogen result from strain
enerated within the fore- or hinterland of the orogen by the colli-
ion process (see Ş engör et al., 1978). The ca. 1020 Ma  mafic dykes
nd volcanic rocks were thus most likely formed in an impactogen
elated to the early Cathaysia-Yangtze collision where the orienta-
ion of the rift basin was roughly perpendicular to that of the Sibao
rogen (Fig. 15a).

In our model, a ca. 1150–1020 Ma  impactogen was  formed
uring the initial collision of the Yangtze and Cathaysia blocks
Fig. 15a). This basin likely persisted until the deposition of the
a. 920–900 Ma  Yanbian Group (X.H. Li et al., 2006; Fig. 15b).
nderplating of basaltic magma  in the crust likely caused par-

ially melting of the granulite-facies lower crust, leading to the
eneration of the lower crust-derived felsic volcanic rocks in the
ianbaoshan Formation.
. Conclusions

Our work can be summarized by the following major results and
ectonic interpretations:
search 273 (2016) 67–89

(1) Cameca SIMS zircon U–Pb dating results indicate that the mafic
dykes intruded the Tianbaoshan Formation at 1023 ± 6.7 Ma,
whereas nearly synchronous intermediate to felsic volcanic
rocks erupted as a part of the Tianbaoshan Formation at
1025 ± 13 Ma  and 1021 ± 6.4 Ma.

(2) The mafic dykes exhibit slightly positive εNd(t) (+0.41 to +1.6)
and positive εHf(t) values (+7.0 to +10.3), implying that the
parental magma  of the mafic dykes is a low-Ti tholeiitic basaltic
magma  derived from melting of a depleted asthenospheric
mantle source. The mafic dykes were thereafter generated
by variable degrees of fractional crystallization in conjunction
with crustal contamination of the parental magma.

(3) The Tianbaoshan intermediate to felsic volcanic rocks show the
features of calc-alkaline A2-type granites. Their parental mag-
mas  most likely originated from partial melting of a middle to
late Paleoproterozoic granulite-facies lower crust. The magmas
would have experienced extensive magmatic differentiation to
account for their geochemical characteristics.

(4) The coeval ca. 1020 Ma  mafic dykes and volcanic rocks were
most likely formed in an impactogen during the initial stage of
collision between the Yangtze and Cathaysia blocks.
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