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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 enq(t) values (+0.41 to
+1.6) and positive ey¢(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 Threlative 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 A,-type granites. The volcanic rocks exhibit negative enq(t) val-
ues (—5.1 to —7.1) and variable ey¢(t) values (—0.67 to +3.9). They give two-stage Nd model ages (TN,py)
and two-stage Hf model ages (T"f,py ) 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.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

2008). The timing of continental collision between the Yangtze and
Cathaysia blocks is an issue that has bearings on the accretion of

The South China Block consists of the Yangtze Block to the north- Asia as well as the assembly and configuration of the Neoprotero-
west and the Cathaysia Block to the southeast (Z.X. Li et al., 1995, 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.
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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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Greentree et al., 2006; X.H. Li et al., 2006, 2009a; Ye et al., 2007;
W.X. Li et al., 2008), whereas others considered the Sibao orogeny
being as yang ca. 0.82 Ga or even younger (e.g., X.H. Li, 1999; Zhao
and Cawood, 1999; Zhou et al., 2002a, b, 2004, 20064, b; Wang et al.,
2004, 2006, 2007, 2008, 2014; Wu et al., 2006; Zheng et al., 2007;
Zhang et al., 2013).

Apart from the Kongling Complex, there are three other major
Paleo- to Mesoproterozoic rock units previously reported from
the Yangtze Block, including some volcanic and meta-volcanic
rocks. The ca. 1.75-1.66 Ga Dahongshan Group (marked as “2”
in Fig. 1a) consists of meta-volcaniclastic rocks, meta-basalts,
meta-siliciclastic rocks and marble (e.g., Greentree and Li, 2008;
Zhao et al, 2010). The Kunyang-Dongchuan groups (marked
as “3” in Fig. 1a) comprise a sequence of greenschist facies
meta-sedimentary and meta-volcanic rocks that were proba-
bly developed between 1.8 and 1.0Ga (Greentree et al., 2006;
Greentree and Li, 2008; Zhao et al., 2010, 2012). The Tianli schists
(marked as “4” in Fig. 1a) represent a meta-clastic sedimentary
succession, probably formed at the southern continental shelf of
the Yangtze Block between ca. 1530 Ma and 1042 Ma (Z.X. Li et al.,
2007).

In recent years, late Mesoproterozoic to early Neoproterozoic
magmatism (ca. 1100 Ma to >860Ma) in the Kangdian region of
the southwestern Yangtze Block, has gradually been identified and
dated, although these igneous rocks are relatively sparse and rarer
than those of the mid-Neoproterozoic in the region (X.H. Li et al.,
2006; Greentree et al., 2006; Greentree and Li, 2008; Zhao, 2010;
Zhao and Zhou, 2011; Zhao et al., 2012). For example, the volcanic
rocks in the Tianbaoshan Formation of the Huili Group have been
dated at both 958 16 Ma (zircon U-Pb ages, Mou et al., 2003)
or 1028 +9 Ma (zircon U-Pb ages, Geng et al., 2007). Zircon U-Pb
data show the basalts within the Yanbian Group formed at ca.
920-900(?)Ma (X.H. Li et al., 2006). Samples from a tuff layer in the
Heishantou Formation of the Upper Kunyang Group gave SHRIMP
zircon U-Pb ages of 1142+ 16Ma and 995+ 15Ma (Greentree
etal., 2006), and 1032 +9Ma (Zhang et al., 2007), respectively. The
metabasalts from the Julin Group have been dated at ca. 1050 Ma
(zircon U-Pb ages, Chen et al., 2014). In addition, SHRIMP U-Pb
zircon dating yielded ca. 1.0 Ga ages for granitic gneisses at Huiqing-
gou, 36 km northeast of Panzhihua (Fig. 1b; Z.X. Li et al., 2002;
Yang et al., 2009). The Tangtang granites gave SHRIMP zircon U-Pb
ages of 1063-1040 Ma (Wang et al., 2012b). A few gabbroic intru-
sions of ~1100-1000 Ma are found in the Dongchuan area (Zhao
et al., 2012). Understanding the genesis of these ca. 1100 Ma to
>860 Ma magmatic rocks is crucial for elucidating the timing and
processes associated with the amalgamation between the Yangtze
and Cathaysia blocks during this period. However, previous stud-
ies have been largely limited to U-Pb dating of zircons and few
elemental and isotopic geochemical data were reported. Owing to
the lack of more systematic geochemical and isotopic data, the
origin and tectonic significance of the ca. 1100 Ma to >860Ma
magmatic rocks in the southwestern Yangtze Block remains
unclear.

Three mafic dykes intrude the late Mesoproterozoic Tian-
baoshan Formation of the Huili Group in the Huili area, SW China
(Fig. 1b). Field investigations show that the mafic dykes are prob-
ably synchronous with the Tianbaoshan volcanic rocks (SBG, 1966,
1967; SBGMR, 1996). In this study, precise SIMS U-Pb zircon ages,
and comprehensive major and trace elemental and Nd-Hf isotopic
data are reported for the mafic dykes and the adjacent volcanic
rocks in the Tianbaoshan Formation. The aims are to (1) determine
the crystallization ages for the mafic dykes and spatially associated
volcanic rocks, (2) demonstrate the genetic link between the mafic
dykes and the volcanic rocks, and (3) shed new lights on the late
Mesoproterozoic to early Neoproterozoic magmatic and tectonic
evolution of the southwestern Yangtze Block.

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., 20064, 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. Lietal., 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 1681413 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+ 20Ma
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.,Zhaoetal.,2010; Zhao and Zhou, 2011; Yin et al., 2011). Detri-
tal zircons from the Lower Kunyang Group yielded a youngest age
of ~1.78Ga, 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 ~1.5Ga. 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 +9Ma 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
groups, and the Tianli schists, respectively; (b) geological map of late Paleoproterozoic to earliest Neoproterozoic strata in the Kangdian region, SW China (modified from

Wu et al., 1990).

(Fig. 1b; Wu et al., 1990). From the base upward, the group consists
of the Yinmin, Luoxue, Heishan, Qinglongshan, Limahe, Fengshan,
and Tianbaoshan formations (Fig. 2). The Tianbaoshan Formation
at the top of the Huili Group consists of two parts. The lower part is
dominantly composed of pelitic schists and meta-sandstones. The
upper part mainly consists of dacitic to rhyolitic lavas and tuffa-
ceous rocks, interbedded with several meta-sandstones and schist
layers (Figs. 3 and 4; SBGMR, 1991, 1996). The Tianbaoshan vol-
canic rocks have been dated at 958 + 16 Ma by TIMS zircon U-Pb
method (Mou et al., 2003) and 1028 + 9 Ma by SHRIMP zircon U-Pb
method (Geng et al., 2007), respectively.

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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an earliest Neoproterozoic sequence in the southwestern Yangtze
Block.

Three well-preserved mafic dykes investigated in this study
are exposed at Hongchuangiao in the southwestern part of Huili
County, Sichuan Province (Figs. 1b and 3). Field investigations show
that the mafic dykes intruded the lower Tianbaoshan Formation of
the Huili Group, implying that the mafic dykes probably have the
same age as the volcanic rocks in upper Tianbaoshan Formation
(Fig. 3; SBG, 1967; SBGMR, 1996). The mafic dykes were subjected
to variable deformation but little metamorphism, which is in con-
trast to the metamorphosed Tianbaoshan Formation wall-rocks.
They strike NE-NEE and dip to the northwest with an angle of
~70-80°. The dykes can be traced up to 2.5km long with thick-
nesses between 50 and 400 m. These rocks are dark-gray to black,
fine- to medium-grained gabbros, and massive and diabasic inter-
granular textured gabbros that experienced variable degrees of
alteration. These rocks consist of plagioclase (50-60% by volume),

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

The studied volcanic rocks in the Tianbanshan Formation are
exposed at Hongchuangiao 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.
15-30vol.%) 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



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

206pp/204Ph measured

fa06 (%)

Isotopic ratio

Age/Ma

207py’26Ph" 1o (%) 207PHPSU 1o (%) 26Pb2BU +lo(%)  2Pb/2BU+lo  27PbBU+lo
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 133 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 212 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 242 0.1637 1.61 978 +£ 15 101116
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 132 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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Table 1 (Continued)

Age/Ma

Isotopic ratio

206pp/204Ph measured fa06 (%)

U (ppm) Th (ppm) Th/U

Spot

207pp235y + 100

206pp/238y + 100

+10 (%)

206ppy’ 238
0.1697
0.1751
0.1721
0.1719
0.1760
0.1691
0.1623
0.1710
0.1763
0.1722
0.1702
0.1726

+1o (%)

207py* 2354
1.67840
1.77701
1.73978
1.77412
1.74657
1.71689
1.63438
1.72696
1.75824
1.75061
1.72719
1.73215

+10 (%)

1.5

207 pp” /206 Pb"

0.07175

1000+ 14

1010 + 14

1.54
1.56
1.50
1.52
1.80
1.52
1.50
1.52
1.73
1.52
1.51
1.56

2.16
1.89

2.

1

0.10
0.

19,343

0.72
0.60
0.38
0.43
0.54
0.31

92
130

128
216

13
14
15
16
17
18
19
20
21

1037 +12

1040 + 15

07

1.

0.07361

00

1023 +13

1023 + 14

04

26
2.57
2.31
1.75
1.88
2.44
2.12
1.90
1.94

1.38
2.89

1.

0.07333

0.04
1.00

0.

53 42,231
48

140
111

1036 +21

1023 + 14

3.

0.07485
0.07196

1867

1026 +17

1045 + 17

84

00

51

95
122
351
264

1015+15

1007 + 14

1.74

0.07366

0.00
0.06

0.

38
264
161

984+11

970 + 14
1017 + 14

90

0.
1.1

0.07302
0.07327

33,851

0.75
0.61

1019+12

1

00
09

1030+ 16

1047 + 17

73

0.07232 1.

0.

0.57
0.50
0.68
0.61

59

104
130
236
202

20,700
19,668
14,054
26,363

1027 +£14

1024 + 14

1.48

1.

0.07371

0.10
0.13

0.

64
161

22
23
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1019+12

1013 + 14

16
15

0.07359

1021+13

1026 + 15

1.

0.07279

07

124

24

Errors are 10; fo06 is the percentage of common 2°°Pb in total 2°6Pb; Common Pb corrected using the measured 2%4Pb.

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/238 measurements of the standard zircons was prop-
agated to the unknowns (X.H. Li et al., 2010), despite that the
measured 296Pb/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 1o 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 5.27-6.15J/cm? was used and beam diameters were
60 pm. The isobaric interference of 176Lu on 176Hf was corrected
by measuring the intensity of the interference-free 7>Lu isotope
and using a recommended 176Lu/17>Lu 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 By, value obtained during
a Hf analysis on the same spot were applied for the interference
correction of 176Yb on 176Hf (lizuka and Hirata, 2005). Measured
1764f/177Hf ratios were normalized to 79Hf/177Hf=0.7325. The
detailed analytical procedures were similar to those described by
Tangetal.(2008). Our routine run of the zircon standard 91500 gave
a weighted mean 76Hf/!77Hf ratio of 0.282306 +31 (20, n=27),
which is in good agreement with the reported 76Hf/177Hf ratio of
0.282306 +10(20) 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 x 10~ year~! (Séderlund et al., 2004) was used in all calcu-
lations. For the calculations of ey values, we used chondritic ratios
of 176Hf/177Hf=0.282772 and '76Lu/177Hf=0.0332 (Blichert-Toft
and Albarede, 1997). Single-stage model ages (THfpy;) were cal-
culated using the measured 176Lu/177Hf ratios, referred to a model
depleted mantle with a present-day 76Hf/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, 5y, ) were calculated for the source rock
of the magma by assuming a mean 76Lu/!77Hf 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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(a) HCQ1003

Fig. 5. Representative CL images of zircons from sample HCQ1003 (a) from the mafic dykes, and sample HCQ1308 (b) and KMZ1001 (c) from the Tianbaoshan volcanic rocks.

State Key Laboratory of Ore Deposit Geochemistry (SKLODG), Insti-
tute of Geochemistry of CAS (IGCAS). The powdered samples
(50 mg) were dissolved with HF + HNO3 mixture in high-pressure
Teflon bombs at ~190°C for 48 h (Qi et al., 2000). Rh was used as an
internal standard to monitor signal drift during measurement. The
international standards GBPG-1, OU-6, and the Chinese National
standards GSR-1 and GSR-3, were used for analytical quality con-
trol. The analytical precision was generally better than 10% for trace
elements.

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 46Nd/144Nd =0.7219. The
143Nd/144Nd ratios of the USGS standard rock BCR-2 determined
during this study were 0.512622 +0.000004 (20). In addition,
three samples (KMZ1002, KMZ1101 and KMZ1103) for Nd isotopic
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analysis were performed on a MC-ICP-MS at the Key Laboratory
of Orogenic Belts and Crustal Evolution, School of Earth and Space
Sciences, Peking University. The mass fractionation corrections for
Nd isotopic ratios are based on 46Nd/144Nd=0.7219. The deter-
mined '#3Nd/1#4Nd ratios of the JNDI-1 Nd standards solution
and the USGS standard rock BCR-2 were 0.512119+ 14 (20) and
0.512629 + 16 (20), respectively.

4. Results
4.1. U-Pb zircon geochronology

4.1.1. Sample HCQ1003 (N 26°30'51.8”, E 102°08'38.9")

Zircons from sample HCQ1003 are mostly euhedral, up to
50-100 wm in width, and have length to width ratios of between
1:1 and 2:1. Most zircons are clear, simple prismatic crystals with-
out obvious zoning on CL images (Fig. 5a). Eighteen Cameca SIMS
analyses were conducted on 18 zircons (Table 1). Uranium and tho-
rium concentrations vary from 105 to 357 ppmand 111 to 462 ppm,
respectively, with Th/U ratios of 0.95-1.29. All the analyses are
concordant in U-Pb and Pb-Pb isotopes within analytical errors
(Fig. 6a), and the weighted mean of 206Pb/238U yields an age of
1023 £6.7 Ma (20). This age is interpreted as the best estimate of
the crystallization age for sample HCQ1003.

4.1.2. Sample HCQ1308 (N 26°31'07.1”, E 102°08'23.3")

Zircons of samples HCQ1308 are clear and up to 50-150 wm
in length with length to width ratios between 1:1 and 2:1. Most
zircons are simple prismatic crystals with obvious zoning under
CL (Fig. 5b). Nineteen analyses were obtained from 19 grains of
this sample during a single analytical session. U concentrations
range from 110 to 454 ppm, Th from 48 to 502 ppm, and Th/U
ratios from 0.36 to 1.21. The measured 206Pb/238U ages vary from
979 to 1663 Ma (Fig. 6b and Table 1). Among them, five oval crys-
tals (spots 15, 16, 17, 18 and 19), display significantly old U-Pb
ages, with 206Pb/238U ages of 1491+12Ma (10), 1183+17Ma
(10), 1453 £ 17Ma (10), 1605 £ 9Ma (10), and 1255+ 10 Ma (10),
respectively. They are thus interpreted as xenocrysts. The dominant
age population consists of fourteen analyses that have concordant
and discordant U-Pb isotopic compositions. The discordant U-Pb
isotopic data are likely due to partial loss of radiogenic Pb. Apart
from the five xenocrysts, all other spots define a discordant curve
with upperinterceptsat 1025 4+ 13 Ma(20; Fig. 6b). This age is inter-
preted as the best estimate of the crystallization age for sample
HCQ1308.

4.1.3. Sample KMZ1001 (N 26°56'51.3", E 102°16'14.6")

Zircons from samples KMZ1001 are clear and up to 50-100 wm
in width with length to width ratios between 1:1 and 3:1. Most
zircons are simple prismatic crystals with concentric zonings on
CL images (Fig. 5c). Twenty-four analyses were conducted on
24 zircons (Table 1). Measured U concentrations vary from 63
to 351 ppm, and Th from 29 to 264 ppm, with Th/U ratios of
0.31-1.00. Except for spot 4 having obviously older 2°6Pb/238U ages
of 1722 Ma, the remaining 23 analyses yield near concordant ages.
Twenty of the twenty-three measured 206Pb/238U ages are in good
agreement within analytical errors, obtaining a weighted mean of
1021 £6.4Ma (20; Fig. 6¢). Zircon ages of 1722 Ma are interpreted
to be xenocrysts identical to the ca. 1.7 Ga Hekou and Dahongshan
groups (Greentree and Li, 2008; He, 2009; Zhao et al., 2010). Thus,
the age of 1021 4+ 6.4 Ma is interpreted as the best estimate of the
crystallization age for sample KMZ1001.

The zircon U-Pb dating results shown above suggest that the
studied mafic dykes and the Tianbaoshan volcanic rocks formed
almost synchronously within analytical uncertainties.
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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 