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Abstract

New geochronological and geochemical constraints on the 5000–9000 m thick Precambrian sedimentary and volcanic successions
exposed along the western margin of the South China Block indicate the presence of two distinct tectonostratigraphic successions.
The earliest, termed here the Laowushan Formation, comprises of volcanic rocks such as alkali basalts, breccias and tuff that are
atypical of the sedimentary rocks in the previously defined Kunyang Group. A tuff within the Laowushan Formation yielded a
SHRIMP U–Pb zircon age of 1142 ± 16 Ma. The alkali basalts have a geochemical signature similar to basalts found in modern
intracontinental rifts, with a uniform Nd isotopic character (�Nd = −0.87 to +0.84). New U–Pb geochronology constrains the
depositional age of the Kunyang Group to between ca. 1000 and 960 Ma, contemporaneous with the peak of the Sibao Orogeny. The
succession largely consists of siltstone, sandstone and limestone deposited in marine, lagoonal and fluvial environments. Detrital
zircon ages record changes in provenance from dominantly Archean (ca. 3570–2660 Ma) and Paleoproterozoic (ca. 1950–1800 Ma)
ages in the basal and middle parts of the succession to predominately Paleoproterozoic (2140–1730 Ma) and smaller Mesoproterozoic
to earliest Neoproterozoic (ca. 1500–1200 and 1093–960 Ma) components at the top of the succession. We interpret the Laowushan
Formation and the Kunyang Group to be deposited during separate basin-forming events. The earliest, at ca. 1140 Ma, is interpreted
to be an intracontinental rift basin, but the presence of exotic detrital grains may indicate a local early collision between the Yangtze
and Cathaysia Blocks prior to the Sibao Orogeny. We suggest a tectonic scenario similar to the modern Rhine Graben where
extension occurs orthogonally to the orogenic front. The traditionally defined Kunyang Group represents a foreland basin sequence
which received increasingly juvenile sediments from an uplifted Sibao orogenic belt during the late Mesoproterozoic–earliest

Neoproterozoic closure of the remaining ocean between the Yangtze and Cathaysia Blocks.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction
The Yangtze and Cathaysia Blocks are believed to
have come together to form the South China Block at
either ca. 1000 Ma (e.g. Jahn et al., 1990; Li, 1998; Li
et al., 2002b) or between 870 and 820 Ma (e.g. Hao et
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Fig. 1. Tectonic framework of the South China Block and loca

al., 1992; Zhao and Cawood, 2000). Widespread defor-
mation, uplift and regional unconformities found across
the South China Block are attributed to this collisional
orogenesis (e.g. Li, 1998). The term Sibao Orogeny was
recommended by Li (1998) to use for describing this
orogenic event in place of a variety of terms introduced
by local geologists (e.g. the Jinning movement, etc.).

Late Mesoproterozoic to earliest Neoproterozoic
rocks on the South China Block consist of sedimen-
tary and rare volcanic rocks. This is in contrast to the
mid-Neoproterozoic (ca. 820–750 Ma) rocks found in
the region, which typically consist of a large portion
of felsic and mafic volcanic rocks (e.g. Li, 1998; Li
et al., 2003). The extent and significance of the late
Mesoproterozoic to earliest Neoproterozoic sedimentary
basins are poorly understood, as is the temporal–spatial
evolution of the Sibao Orogeny. Li et al. (2002b) pro-
posed that ca. 1000 Ma quartzites, thought to be equiva-
lent to the Kunyang Group, were deposited in a fore-
land basin formed along the southern Yangtze Block
in response to the Sibao Orogeny. A population of ca.
1400 Ma detrital zircons, thought to have been sourced
from the Cathaysia, were found in these quartzites, sug-

gesting that the amalgamation of the two blocks may
have begun by ca. 1000 Ma (Li et al., 2002b). This colli-
sional event may represent the closure of oceans between
Laurentia–Cathaysia, Yangtze and Australia, thus plac-
utcropping pre-900 Ma rocks (modified after Li et al., 2002b).

ing South China in a central location within Rodinia (Li
et al., 1995, 2002b; Li and Powell, 2001).

Successions of late Mesoproterozoic to earliest Neo-
proterozoic rocks outcrop in western South China along
a north–south trending zone (Figs. 1 and 2) tradition-
ally called the “Kangdian Axis” by local geologists
(e.g. Ran, 1990; Ruan et al., 1991). In this paper, we
present SHRIMP zircon ages of volcanic rocks and detri-
tal zircon ages of clastic rocks, along with geochemical
analyses of the rare basaltic rocks, found within the suc-
cessions. These data provide precise age constraints for
the Kunyang Group and enable us to better understand
the tectonic evolution of the southern Yangtze Block dur-
ing the Sibao Orogeny.

2. Geological background

The late Mesoproterozoic–earliest Neoproterozoic
rocks exposed to the north of the Ailaoshan-Red River
Fault include the Kunyang, Huili, Dongchuan and
Xide Groups, depending on their geographic locations
(Figs. 3 and 4). There is no exposed contact between
the Kunyang Group and an older crystalline basement.

As a result, various gneissic and high grade metamor-
phic rocks (e.g. the Kangding complex and Dahong-
shan Group) in the region had been interpreted as
the Paleoproterozoic or Archean basement in the past
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ig. 2. Outcrop of the Paleoproterozoic–earliest Neoproterozoic rocks
long the western margin of the South China Block.

Yunnan, 1987; Ruan et al., 1991). However, recent pre-
ise geochronology indicates that most of these rocks
re either Neoproterozoic (ca. 824–764 Ma) in age and
re younger than the sub-greenschist facies rocks of the
unyang Group (Zhou et al., 2002a; Li et al., 2003), or

re similar in age to the Kunyang Group (Li et al., 2002b).

onetheless, the Paleoproterozoic age obtained by Hu et

l. (1991) for the upper greenschist–amphibolite facies
ocks of the Dahongshan Group has been confirmed by a
ew SHRIMP zircon age of ca. 1675 Ma (Greentree and
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others, unpublished data). Although limited in extent,
these rocks are so far the oldest found in the region
and the most likely basement rocks for the late Meso-
proterozoic sedimentary successions. Upper greenschist
facies Hekou Formation in southern Sichuan has been
correlated to the Dahongshan Group, but at present no
reliable age constraint is available to test this correla-
tion.

Structural trends in this region have a strong Ceno-
zoic overprint. The two major structures in the region
are the Ailaoshan-Red River and the Xiao Jiang faults.
In Yunnan and Sichuan Provinces, movement along the
Cenozoic Xiao Jiang fault system has caused left-lateral
block rotation and lateral extrusion towards the southeast
(e.g. Burchfiel and Wang, 2003). Within the area termed
the Yunnan Block by Burchfiel and Wang (2003), intense
Cenozoic deformation is responsible for uplift and block
rotations, disrupting the Precambrian rock units and thus
making systematic analysis of Precambrian basins more
difficult.

2.1. Geology of the Kunyang Group

Stratigraphic systems like the Kunyang, Dongchuan,
Huili and Xide Groups were based on different type sec-
tions, and reflect lateral facies changes and a lack of
outcrop continuity between regions. The stratigraphic
scheme adopted for the Kunyang Group in this study
was from the 1:200,000 Kunming geological map sheet
(Kunming, 1971), except that we suggest an addi-
tional stratigraphic unit, the Laowushan Formation, for
describing the volcanic and sedimentary rocks found in
the Yinmin County (Fig. 5). The definition of this unit
is based on the results of field mapping, geochronology
and geochemical data presented in this paper.

The Kunyang Group is subdivided into nine for-
mations, which from the base up are: the Huangcaol-
ing, Heishantou, Dalongkou, Meidang, Yinmin, Louxue,
Eshantou, Luzhijiang and Liubatang Formations (e.g.
1:200,000 geological map sheet; Kunming, 1971). Esti-
mations of the total thickness of the Kunyang Group
range between 5000 and 9300 m (e.g. 1:200,000 geolog-
ical map sheets; Kunming, 1971; Yuxi, 1973). However,
structural replications of stratigraphic units that occur in
some tightly folded sections may not have been taken
into account in these estimates.

Previous geochronological constraints for the Kun-
yang Group (e.g. Yang et al., 1986; Wu et al., 1990;

Chen and Ran, 1992; Ma and Bai, 1998; Zhang et al.,
2003) were based on traditional U–Pb and Pb evapora-
tion methods, whole rock Sm–Nd model ages, and Rb–Sr
and K–Ar dating. An examination of these data suggests
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Fig. 3. Simplified geological map of the Mesoproterozoic to earliest Neoproterozoic rocks in western Yangtze. Positions of two study regions are
shown in Fig. 2: (a) the Kunyang Group in central Yunnan Province (Kunming, 1971) and (b) the Huili and Dongchuan Groups in southern Sichuan
and northern Yunnan Provinces (Yongren, 1965; Huili, 1967).
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ig. 4. Comparison and correlation of the different stratigraphic syst
uccessions in the western Yangtze.

hat most of the previous Pb–Pb and U–Pb zircon ages
re either detrital or inherited zircon ages. Most of the
b–Sr and K–Ar ages were published without providing
ata, therefore their qualities cannot be assessed.

The Kunyang Group consists of carbonate-dominated
the Dalongkou, Louxue and Luzhijiang Formations)
nd siliciclastic-dominated (the Huangcaoling, Mei-
ang, Yinmin, Eshantou and Liubatang Formations)
nits. Of these units, only two contain rare volcanic
ocks such as tuff and basalt (the Yinmin and Heishantou
ormations). The Kunyang Group has sedimentary fea-

ures suggesting progressively shallowing water depth.
he basal units (i.e. the Huangcaoling and Heishantou
ormations) of the Kunyang Group are composed of sed-

ments indicative of deposition in an anoxic deep water
nvironment. The stratigraphically higher units are either
arbonate dominated (i.e. the Dalongkou, Louxue and

uzhijiang Formations) or contain siliclastic sedimen-

ary rocks with structures consistent with deposition in a
hallow sea (e.g. the Yinmin Formation) or fluvial envi-
onments (e.g. the Liubatang Formation).
d for the late Mesoproterozoic–earliest Neoproterozoic sedimentary

The Huangcaoling Formation is the basal unit of the
Kunyang Group; it consists largely of black carbona-
ceous shale. The overlying Heishantou Formation con-
sists mostly of fine-grained grey siltstone, with rhythmic
bedding and thin sandstone beds. At the top of this unit is
the Fuliangpeng Member, characterised by the presence
of several tuffaceous horizons. A unit previously mapped
as the Fuliangpeng Member is found in the Yimen
County, but it contains a sequence of vesicular basalts,
volcanic breccia, tuff and siltstone (Fig. 5). It differs sig-
nificantly from those described in the type section of the
Fuliangpeng Member and has a significantly older age
(see Section 4). We thus term these rocks the Laowushan
Formation that is distinct from, and underlies, the Kun-
yang Group (see Sections 4.1 and 6.2). The Dalongkou
Formation, which overlies the Heishantou Formation,
largely consists of well-bedded carbonate rocks with

minor shale and fine-grained sandstone layers.

The Yinmin Formation consists of purple shale and
fine-grained sandstone and carbonate. The shale has
thinly laminated (<5 mm) bedding and shallow water
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Fig. 5. The stratigraphy of the Kunyang Group as used in this study is
field mapping. Radiometric age constraints shown in this figure are a
enlarged to show details of this newly defined unit.

sedimentary structures such as ripple marks. Ripple
marks found in the Dongchuan area trend ∼200◦, sug-
gesting a paleo-shore line orientated in an east–west
direction. The Yinmin shale has a purple coloured
hematite staining, which along with shallow water sed-
imentary structures, suggests a lacustrine or tidal mud
flat in an arid environment (e.g. Ran, 1983, 1989). Evap-
oritic minerals including gypsum and halite casts have

been reported in the Dongchuan area (e.g. Xiong et al.,
1995). Numerous breccia bodies found in the Yinmin
Formation have been attributed to the migration of halite
layers as diapirs (Ruan et al., 1991). The upper layers
from the 1:200,000 map (Kunming, 1971) combined with data from
ed from this study. The stratigraphy of the Laowushan Formation is

of the Yinmin Formation grade into the stromatolitic
dolomite of the Louxue Formation, which is interpreted
as a lagoonal deposit (e.g. Ran, 1989; Ruan et al., 1991).
The dolomites of the Louxue Formation host the strati-
form Fe–Cu mineral deposits in this region.

Black carbonaceous shales mark the base of the
Eshantou Formation. The presence of these black shales
may suggest a return to a more anoxic environment,

possibly linked to a period of basin subsidence. How-
ever, the overlying Luzhijiang Formation consists of pre-
dominately carbonate, suggesting an oxygen-rich marine
environment.
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ig. 6. Paleocurrent directions are measured from the cross-bedded
andstone of the Liubatang Formation.

The Liubatang Formation represents the stratigraphic
op of the Kunyang Group and has the most distinctive
ithologies. It contains largely siliciclastic rocks includ-
ng conglomerate, quartz sandstone, shale and some car-
onate. The lithological changes and the sedimentary
tructures suggest a change to fluvial deposition. Pale-
current directions suggest that sediments were derived
rom the present-day southeast (Fig. 6).

. Analytical methods

.1. SHRIMP U–Pb zircon dating

SHRIMP U–Pb dating has been used to determine the
ge of zircons from tuffs and fine-grained sedimentary
ocks (average grain size <80 �m). Zircon concentrates
ere mounted with zircon standard CZ3 (∼550 ppm U,

06Pb*/238U = 0.0914; Pidgeon et al., 1994). Both opti-
al photomicrographs and cathodoluminescence images
ere used for guiding isotopic spot selection. U–Pb iso-

opic analysis were undertaken using the SHRIMP-II ion
icroprobe at the Curtin University of Technology, using

tandard operating conditions (2 nA primary O2− beam,
0 �m analytical spot size, mass resolution ca. 5000). For
agmatic zircons a 7-scan duty cycle was used and for

etrital grains a 5-scan duty cycle was used. The common
b component was estimated from 204Pb counts, assum-

ng a typical terrestrial common Pb composition for the
ndicated age (Stacey and Kramers, 1975). Accumulated
ata for the CZ3 standard were used to correct for Pb/U

lemental fractionation. Data reduction was carried out
sing SQUID v 1.02 and ISOPLOT v 2.49 by Ludwig
2001a,b). Measured isotopic ratios and calculated ages
or individual spot analyses are given in Table 1. Concor-
Research 151 (2006) 79–100 85

dia plots of results are shown in Fig. 7. Ages are quoted
in the text with 1σ errors (Table 2).

3.2. Laser Ablation Microprobe ICP-MS U–Pb
analysis

Laser Ablation Microprobe ICP-MS (LAM ICP-MS)
method has been used to rapidly determine the age of
a larger number of zircons grains that are larger than
80 �m. LAM ICP-MS U–Pb analyses were performed
in the GEMOC Key Centre at Macquarie University,
Sydney, using a HP 4500 inductively coupled plasma
quadrupole mass spectrometer (ICP-MS) attached to
a custom-built laser ablation micro sampling system
(Norman et al., 1996). The analytical procedures for
the U–Pb dating are described in detail by Belousova
et al. (2001). A fast scanning data acquisition protocol
for each analysis of 3 min (1 min on background, 2 min
on signal) is used to minimize noise. Ablation was car-
ried out in He to improve sample transport efficiency,
to provide more stable signals, and to give more repro-
ducible U/Pb fractionation. Samples were analysed in
“runs” of ca. 18 analyses which included 10 unknowns,
bracketed beginning and end, by four analyses including
the GEMOC standards GJ, Mudtank and 02123 zircon
standards. The ablation pit was approximately 50 �m in
diameter.

3.3. Geochemical techniques

Samples were dried in a hot oven overnight and fused
into lithium borate glass disks for major oxides. The
major oxides were analysed using a Philips PW1400
automatic X-ray fluorescence (XRF) spectrometer at The
University of Western Australia. X-rays were generated
from a rhodium X-ray tube operated at 50 kV and 50 mA.

Trace elements were determined using a Perkin-
Elmer Sciex ELAN 6000 ICP-MS at the Guangzhou
Institute of Geochemistry, Chinese Academy of Sci-
ences. About 50 mg sample powders were dissolved in
Teflon beakers using a HF + HNO3 mixture. An inter-
nal standard solution containing the single element Rh
was used to monitor signal drift during counting. The
USGS standards BCR-1 and G-2 were chosen for cal-
ibrating element concentrations of measured samples.
Analytical precision for most elements was better than
2%. The detailed procedures for trace element analy-
sis by ICP-MS were described by Li (1997). Major and

trace element data are presented in Table 3. Nd iso-
topic compositions were determined using a Micro mass
Isoprene MC-ICPMS at the Guangzhou Institute of Geo-
chemistry. The analytical procedures are similar to those
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Table 1
SHRIMP analysis of magmatic zircons obtained from samples 03KD524 (Laowushan Formation) and 03KD531 (Heishantou Formation)

U (ppm) Th (ppm) Th/U f206 (%) 207Pb/206Pb ± %error (1σ) 206Pb/238U ± %error (1σ) Apparent age Ma
207Pb/206Pb ±1σ

Session 1032KD524
524-1 64 27 0.43 0.12 0.0774 ± 2.1341 0.2223 ± 2.4406 1350 ± 74
524-2 453 267 0.61 0.00 0.0775 ± 0.5959 0.2001 ± 2.1095 1176 ± 27
524-3 295 178 0.62 0.06 0.0891 ± 1.0755 0.2347 ± 2.0380 1381 ± 48
524-4 193 73 0.39 0.00 0.1420 ± 1.1211 0.4590 ± 2.0532 2520 ± 75
524-5 1009 19 0.02 0.01 0.0870 ± 2.3257 0.1240 ± 2.5741 1292 ± 196
524-6 537 426 0.82 0.04 0.0769 ± 0.7073 0.1957 ± 2.0975 1139 ± 25
524-7 249 59 0.24 0.00 0.0772 ± 0.7056 0.1832 ± 2.0592 1194 ± 43
524-8 453 479 1.09 0.14 0.0762 ± 0.7434 0.1911 ± 2.0328 1114 ± 25
524-9 264 252 0.99 0.07 0.0789 ± 0.8843 0.1885 ± 0.9747 1170 ± 18

Session 2
524-10 281 160 0.59 0.00 0.0801 ± 0.6384 0.1904 ± 0.8889 1200 ± 13
524-11 96 48 0.52 0.00 0.0794 ± 0.9173 0.2055 ± 1.0482 1182 ± 18
524-12 229 276 1.24 0.13 0.0784 ± 0.6955 0.1965 ± 0.9267 1157 ± 14
524-13 278 222 0.83 0.01 0.0800 ± 0.7039 0.1866 ± 0.8837 1197 ± 14
524-14 185 92 0.52 0.19 0.0766 ± 0.9711 0.1840 ± 1.5309 1112 ± 19
524-15 502 363 0.75 0.06 0.0791 ± 0.4802 0.1909 ± 0.8229 1174 ± 10
524-16 863 549 0.66 0.05 0.0794 ± 0.3925 0.1961 ± 0.8033 1182 ± 8
524-17 119 156 1.35 0.24 0.0774 ± 1.0615 0.1947 ± 1.0073 1131 ± 21
524-18 110 28 0.26 0.00 0.0885 ± 0.7558 0.2326 ± 0.9961 1392 ± 15

03KD531
531-1 808 543 1.54 0.91 0.1628 ± 2.5544 0.0716 ± 1.6655 976 ± 34
531-3 43 65 0.69 0.52 0.1772 ± 2.6444 0.0684 ± 1.8965 881 ± 39
531-4 224 346 0.67 0.03 0.3329 ± 2.4932 0.1162 ± 0.4121 1899 ± 7
531-5 42 59 0.74 0.63 0.1778 ± 2.6556 0.0682 ± 3.9276 874 ± 81
531-6 228 270 0.87 0.03 0.1678 ± 2.5193 0.0729 ± 0.8400 1013 ± 17
531-7 294 307 0.99 0.15 0.1657 ± 2.5149 0.0720 ± 1.1942 985 ± 24
531-8 1014 694 1.51 0.20 0.1509 ± 2.4905 0.0725 ± 1.0436 1001 ± 21
531-9 147 212 0.72 0.00 0.1698 ± 2.5218 0.0743 ± 1.0656 1050 ± 21
531-10 103 124 0.86 0.23 0.1715 ± 2.5726 0.0699 ± 2.1108 926 ± 43
531-11 114 141 0.84 0.11 0.4357 ± 4.0702 0.1465 ± 2.3114 2306 ± 40
531-12 177 149 1.23 0.15 0.1740 ± 2.5438 0.0708 ± 1.4452 952 ± 30
531-13 200 192 1.07 0.07 0.1681 ± 2.5259 0.0721 ± 1.4267 988 ± 29
531-14 122 109 1.16 0.00 0.1747 ± 2.5671 0.0722 ± 1.1222 991 ± 23
531-15 63 81 0.81 0.36 0.2429 ± 2.6210 0.0845 ± 2.7981 1305 ± 54
531-16 105 141 0.77 0.37 0.1683 ± 2.5577 0.0694 ± 2.2540 911 ± 46

74 ± 2.
531-17 49 61 0.83 0.13 0.17

described by Li et al. (2004). Nd fraction was separated
by HDEHP-coated Kef columns. The aqueous Nd solu-
tion was taken up in 2% HNO3 and introduced into
the MC-ICPMS using a Meinhard glass nebulae with
an uptake rate of 0.1 ml/min. Measured 143Nd/144Nd
ratios were normalized to 146Nd/144Nd = 0.7219. The
Isoprene MC-ICPMS was operated in static mode, and
yielded 143Nd/144Nd = 0.512125 ± 11 (2σ) on 14 runs
for the Shin Eton JNdi-1 standard during the courses

of this study. The reported 143Nd/144Nd ratios were
further adjusted to the Shin Eats JNdi-1 standard of
0.512115 ± 7 (2σm). Sm–Nd isotopic data are listed in
Table 4.
6699 0.0712 ± 2.2898 963 ± 47

4. Geochronological results

4.1. Zircon U–Pb data from tuff units

Zircon separates from two tuffcous samples were
analysed in order to constrain the depositional age of
the successions. Sample 03KD531 was collected from
the Heishantou Formation near the town of Ershan
(102.172◦E, 24.248◦N). Sample 03KD524 was from

a tufficeous unit within the rocks that we termed the
Laowushan Formation (102.076◦E, 24.595◦N). Zircons
from these rocks are slightly pink in colour and their
CL images show regular oscillatory growth zoning. The
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Table 2
Summary of apparent 207Pb/206Pb ages of concordant (95–105%) detrital zircon data

Kunyang Group Huili Group

Laowushan Formation
(24◦35.545′N,
102◦04.184′E)a

Liubatang Formation
(24◦41.072′N,
102◦18.301′E)a

Yinmin Formation
(26◦15.623′N,
102◦57.260′E)a

Meidang Formation
(26◦15.626′N,
102◦57.260′E)a

Hekou Formation
(26◦15.623′N,
102◦57.260′E)a

Age (Ma) SHRIMPb LAM-ICPMSb SHRIMPb SHRIMPb LAM-ICPMSb SHRIMPb

1000 968 ± 15 (2, 0.15)
1009 ± 8 (6, 1.01)

1193 ± 15 1251 ± 10

1300 1354 ± 25 (2, 1.3) 1400 ± 13
1602 ± 18 (5, 1.2) 1625 ± 36
1732 ± 11 (2, 0.04) 1885 ± 9 1825 ± 13 (2, 1.8) 1800 ± 5
1800 ± 23 (4, 2.3) 1846 ± 9 (2, 0.71)
1864 ± 7 (7, 0.54) 1917 ± 6
1895 ± 7 (9, 1.07) 1943 ± 6
2008 ± 8

2200 2233 ± 9 (2, 0.91) 2385 ± 13 (2, 0.14) 2239 ± 9 (2, 0.71)
2284 ± 13 (7, 0.074) 2328 ± 7
2346 ± 8 (5, 0.81) 2380 ± 16
2398 ± 13 (4, 0.54)
2707 ± 4 (2, 0.31) 2736 ± 5 (12, 0.45) 2668 ± 8 2798 ± 5

3000 3034 ± 8 3051 ± 9

3364 ± 8
3575 ± 9 (2, 0.27)

Apparent ages of single concordant analyses with 1σ error, weighted mean ages of two or more analyses are followed by (in parentheses) the number of analyses and MSWD of calculated mean.
a Location.
b Method.
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Table 3
Major and trace element analyses of volcanic rocks sampled from the Kunyang Group and the Laowushan Formation

Alkali basalt Tuff Basalt, (Louxue Mine)

03KD516
(24◦35.939′,
102◦04.815′)a

03KD518
(24◦35.685′,
102◦04.814′)a

03KD520
(24◦35.399′,
102◦03.957′)a

03KD521
(24◦35.472′,
102◦04.026′)a

03KD523
(24◦35.545′,
102◦04.184′)a

03KD527
(24◦35.009′,
102◦04.783′)a

03KD528
(24◦35.062′,
102◦04.792′)a

03KD531
(24◦35.939′,
102◦04.815′)a

33KD476

SiO2 58.22 54.83 48.08 54.40 56.22 55.70 51.40 47.51 44.55
TiO2 2.15 2.06 2.78 2.78 1.97 2.23 2.89 2.22 1.98
Al2O3 20.12 14.24 15.70 15.91 11.03 14.26 18.61 16.42 11.87
FeOt 9.65 9.85 9.16 12.40 12.18 14.63 16.76 14.10 24.95
MnO 0.02 0.06 0.18 0.06 0.09 0.07 0.03 0.14 0.10
MgO 3.47 4.42 3.53 4.42 3.32 7.00 4.09 2.42 4.39
CaO 0.48 9.38 14.58 5.10 10.55 2.33 0.15 9.23 5.85
Na2O 1.52 2.30 0.64 0.45 0.87 0.03 0.04 4.12 5.37
K2O 4.01 2.36 4.85 4.28 3.14 3.62 5.88 3.36 0.72
P2O5 0.35 0.50 0.50 0.18 0.62 0.13 0.13 0.48 0.22
Mg# 26.46 30.95 27.84 26.29 21.43 32.37 19.63 14.63 14.98
LOI 6.16 9.10 12.62 7.37 9.32 5.50 8.41 8.29 4.66
Sc 15.09 14.49 20.28 18.77 11.55 14.67 13.80 14.77 25.41
V 247.60 148.80 210.60 84.67 125.50 104.20 99.90 104.80 339.20
Cr 105.80 111.80 104.90 90.59 44.47 85.59 60.82 179.40 56.21
Co 30.99 27.96 20.54 26.49 21.39 40.78 38.57 25.69 55.84
Ni 75.50 67.90 67.89 65.06 50.27 86.16 94.08 91.84 57.10
Rb 77.69 45.28 113.10 83.87 54.99 91.38 105.00 66.53 18.43
Ba 199.10 380.00 316.40 199.50 591.10 421.90 344.80 767.50 24.27
Th 3.92 3.53 2.02 1.88 1.56 2.07 3.82 3.20 2.55
U 2.19 0.61 0.87 0.15 0.29 0.58 0.46 0.51 0.56
Nb 46.27 36.61 31.12 28.03 19.75 24.74 51.08 39.84 14.99
Ta 3.29 2.60 2.27 2.10 1.31 1.86 3.18 2.59 0.90
La 50.60 38.07 17.92 26.77 20.19 31.30 34.11 40.97 8.65
Ce 107.20 77.13 45.33 57.01 44.60 65.27 68.47 78.56 21.34
Pr 14.01 9.73 5.67 7.36 6.10 8.47 8.60 10.27 3.10
Sr 36.58 23.10 4.20 3.64 69.68 49.62 4.53 354.20 26.58
Nd 57.69 37.19 22.69 29.49 27.96 34.97 32.86 40.03 14.34
Zr 311.00 288.10 238.80 213.90 122.80 211.00 298.60 213.20 123.40
Hf 7.83 6.57 6.00 4.45 3.01 5.14 6.75 4.96 2.95
Sm 9.59 5.54 3.40 4.83 5.16 6.53 5.14 6.69 3.21
Eu 2.95 1.26 0.92 1.53 1.73 2.11 1.38 2.12 0.88
Gd 6.96 3.60 1.88 3.20 4.57 5.72 3.26 5.28 3.65
Tb 1.07 0.55 0.32 0.51 0.67 0.85 0.50 0.84 0.70
Dy 5.14 3.03 1.96 2.73 3.41 4.35 2.79 4.19 4.61
Y 19.38 14.74 9.42 10.86 14.50 20.59 12.87 18.19 27.25
Ho 0.85 0.58 0.41 0.50 0.62 0.74 0.55 0.73 1.00
Er 2.00 1.58 1.19 1.28 1.63 1.83 1.48 1.85 2.76
Tm 0.24 0.20 0.17 0.17 0.23 0.22 0.20 0.25 0.42
Yb 1.36 1.23 1.01 1.03 1.44 1.37 1.19 1.49 2.56
Lu 0.19 0.18 0.15 0.15 0.22 0.20 0.18 0.23 0.31

All analyses are recalculated to 100% on volatile free basis.
a (Latitude, Longitude).
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Fig. 7. Terra–Wasserburg diagrams for (a) sample 03KD

rains have low to moderate concentrations of U (mostly
40–500 ppm) and Th (mostly 49–292 ppm). All analy-
es were plotted using Terra–Wasserburg plots to better
epresent the measured, rather than the calculated values
Fig. 7).

Analyses of sample 03KD524 were carried out in
wo sessions (session 1, spots 1–9 and session 2, spots
0–18) on a single mount. Four analyses (spots 3, 4, 5
nd 18) were excluded from age calculations as they were
etermined to be xenocrystic on the basis of morphol-
gy and significantly older apparent ages. These grains
nclude one of Archean (207Pb/206Pb age; 2520 Ma)
nd two of mid Mesoproterozoic ages (207Pb/206Pb
ges; 1392–1350 Ma). Two discrete age populations are
hown in Fig. 7a. The eldest one, shown in light grey
s represented by six analyses (spots 9, 10, 11, 13, 15
nd 16), giving a weighted average 207Pb/206Pb age of
180 ± 9 Ma (MSWD = 0.62). The youngest population

onsists of seven analyses (spots 2, 6, 7, 8, 12, 14 and 17)
ith a weighted mean 206Pb/207Pb age of 1142 ± 16 Ma

MSWD = 1.5 Ma), which we interpret as the deposi-
ional age of the tuff unit.

able 4
m–Nd isotopic data for the volcanic rocks sampled from the Kunyang Grou

ample Sm Nd 147Sm/144Nd 143Nd/144Nd ±2σ

3KD516 9.59 57.69 0.1005 0.511873 0.00
3KD518 5.54 37.19 0.1490 0.511766 0.00
3KD520 3.40 22.69 0.0906 0.511872 0.00
3KD521 4.83 29.49 0.0990 0.511946 0.00
3KD523 5.16 27.96 0.1115 0.512019 0.00
3KD527 6.53 34.97 0.1130 0.512013 0.00
3KD528 5.14 32.86 0.0946 0.511917 0.00
3KD531 6.69 40.03 0.1011 0.511972 0.00
3KD476 3.21 14.34 0.1355 0.512261 0.00
(b) sample 03KD531. Error crosses indicate 1σ errors.

All data for sample 03KD531 was collected in a sin-
gle session and is listed in Table 1 and plotted on Fig. 7b.
Three grains (spots 4, 11 and 15) were excluded as
their morphology and ages indicate they are xenocrystic
grains with 2306, 1899 and 1305 Ma concordant ages.
Two grains differ from the main population (spots 3
and 5) with apparent 207Pb/206Pb ages of 881 ± 81 and
874 ± 39 Ma, very low uranium (65 and 59 ppm) and
inversely discordant. Including these two grains in an age
calculation, gives a weighted mean 207Pb/206Pb age of
990 ± 25 Ma (n = 13, MSWD = 2.2). The corresponding
206Pb/238U apparent ages are dispersed beyond analyt-
ical precision of this weighted mean, yielding an age
range of ∼1052–906 Ma.

On a Terra–Wasserburg diagram (Fig. 7b), it is evi-
dent that five of the analyses with the oldest apparent
ages are also inversely discordant. All analyses show a
negative correlation between apparent 206Pb*/238U and

U concentration, with the youngest apparent 206Pb*/238U
ages being in good agreement with the mean 207Pb/206Pb
age. This may suggest either the presence of unsup-
ported radiogenic Pb (Mattinson et al., 1996), labile

p and the Laowushan Formation

m CHUR TDM �Nd(0) �Nd(0.9) �Nd(1.1)

0008 1.21 1.55 −14.92 −2.75 −0.89
0006 1.25 1.55 −17.00 −4.75 −1.44
0012 1.10 1.44 −14.95 −1.50 0.55
0010 1.08 1.45 −13.50 −1.12 0.77
0009 1.11 1.51 −12.07 −1.28 0.36
0009 1.14 1.54 −12.20 −1.59 0.02
0010 1.08 1.43 −14.06 −1.13 0.84
0009 1.06 1.44 −12.99 −0.87 0.61
0011 0.94 1.50 −7.36 0.40 1.27
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radiogenic lead within the amorphous zones of zircon
grains (Wiedenbeck, 1995) or the enhanced sputtering
of Pb relative to U as a result of radiation-induced dam-
age to the grains microstructure (McLaren et al., 1994).
The inversely discordant grains have the lowest U con-
tents (64–149 ppm) and low birefringence; these fea-
tures may suggest presence of an unsupported or labile
radiogenic Pb component rather than radiation damage.
A weighted average (MSWD = 0.4) 207Pb/206Pb age of
1001 ± 22 Ma is calculated from the four most con-
cordant grains (1, 6, 7 and 13). This age varies only
slightly to the weighted average (n = 11, MSWD = 1.66)
207Pb/206Pb age of 996 ± 15 Ma calculated from all, but
the two most discordant analyses (i.e. spots 3 and 5) and
is taken as the best age estimation of the tuff unit.

Our new isotopic ages indicate that the volcanic
rocks of the Laowushan Formation (sample 03KD524)
are about 140 Ma older than the Heishantou Forma-
tion (sample 03KD531 from the Fuliangpeng Mem-
ber of this formation). They therefore could not be
the lateral equivalents of the Fuliangpeng Member in
the Heishantou Formation. We thus suggest that this
volcanic unit near the Laowushan village represents
an older tectonostratigraphic unit separate to the rocks
of the Kunyang Group, here termed the Laowushan
Formation.

4.2. Detrital zircon analyses

U–Pb ages were determined for 190 detrital zir-
con grains from five samples collected from the late
Mesoproterozoic–earliest Neoproterozoic successions
outcropping along the western South China Block. Sam-
ples include one from the newly defined Laowushan
Formation, three from the previously defined Kunyang
Group and two from the equivalent rock units in the Huili
Group (Fig. 4). These data have been used to determine
the detrital provenance and maximum ages of sedimen-
tation. All data are presented on a Terra–Wasserburg
diagram (Fig. 8) and the concordant analyses are plot-
ted as cumulative probability curves (Fig. 9). The ages
of subpopulations identified from plots are quoted as age
ranges and ages from individual analyses are quoted with
1σ errors.

As only a relatively small number of zircons
were analysed from the samples of the Yinmin shale
(02KD008) and Tongan shale (03KD535), a less pre-
cise determination of the age populations can be made.

Zircons from two quartzite samples (the Liubatang For-
mation: 02KD178; the Hekou Formation: 03KD458)
were analysed using LAM-ICPMS at the GEMOC Lab-
oratory at Macquarie University. The small (<60 �m)
Research 151 (2006) 79–100

zircon grains from samples 02KD008, 03KD458 and
03KD527 were analysed using the SHRIMP II at Curtin
University. An apparent 206Pb/207Pb age is presented
for each analysis with 1σ error (see supplementary
data).

4.2.1. Laowushan Formation
Fifty-three detrital zircons separated from a fine-

grained sandstone unit in the Laowushan Formation were
analysed (Figs. 8a and 9a). The zircons show only a small
Archean population including a single 2861 Ma grain,
two 2707 Ma and a single 2607 Ma grains. The ages of
these grains are similar to those of granites found in the
Archean basement rocks of the Yangtze Block (e.g. the
Kongling Complex; Qiu et al., 2000). Two separate pop-
ulations of early Paleoproterozoic zircons are present:
a small ca. 2398–2321 Ma population and a larger ca.
2291–2216 Ma population. Most early Paleoproterozoic
grains are magmatic in origin, but two grains have
low Th/U rations suggesting a metamorphic origin (e.g.
Rubatto and Gebauer, 2000) at 2229 Ma (Th/U = 0.10)
and 2002 Ma (Th/U = 0.06). No 2400–2200 Ma source
rocks have yet been identified in the Yangtze region. The
absence of 1700–1600 Ma grains suggest little input was
derived from local Paleoproterozoic basement rocks like
the Dahongshan Group.

A small population of Mesoproterozoic zircons
including two grains with 1394 and 1434 Ma ages
are similar in age to granites found on Hainan Island
and detrital grains found in Kunyang Group equiva-
lent quartzites analysed by Li et al. (2002b). As there
is no known source region on the Yangtze Block for
such grains, their presence is consistent with a possi-
ble Cathaysian source at this time (Li et al., 2002b).
The youngest single zircon has an apparent age of
1193 ± 15 Ma, which is within error of the xenocrys-
tic grains identified in the tuff sample (03KD524) from
the same formation.

4.2.2. Meidang Formation
Sample 03KD535 was collected from rocks mapped

as the Tongan Formation (1:200,000 map sheet; Huili,
1967), which have been correlated with fine-grained
shale unit found in the Meidang Formation of the Kun-
yang Group. Ten small (∼50 �m) well-rounded zir-
cons were separated from this rock of which only five
gave concordant ages (Figs. 8b and 9b). The age dis-
tribution of these zircons is Archean to early Pale-

oproterozoic. Three magmatic zircons with ages of
3576–3364 Ma are the oldest crustal material yet found
in South China. Two slightly younger zircons gave late
Archean ages: one being a 2961 Ma metamorphic grain
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U/Th = 0.03) and the other being a 2303 Ma magmatic
rain.

.2.3. Yinmin (Limahe) Formation
Sample 02KD008 was from a fine-grained shale

ember of the Yinmin Formation (or as the Limahe For-

ation, 1:200,000 Huili geological map sheet, 1967).
his sample contained only 19 small (<50 �m) zircons
nd three larger grains (∼80 �m): 13 gave concordant
ges, including a late Archean (2657–2627 Ma) pop-
for the late Mesoproterozoic and earliest Neoproterozoic sedimentary

ulation, two Paleoproterozoic (1885–1625 Ma) grains
and an early Mesoproterozoic (ca. 1402 Ma) grain
(Figs. 8c and 9c). These data suggest a dominantly
Archean provenance, and the presence of single ca.
1400 Ma grain suggests a possible Cathaysian input.
Two of the larger grains (Fig. 8c, grains 3 and 9) gave

discordant apparent ages younger than the age of this
formation. This may suggest isotopic disturbance as indi-
cated by the inversed discordance of the grains, or the
presence of excess Pb.
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Fig. 9. (a–f) Histogram plots of the apparent 206Pb/207Pb ages
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4.2.4. Hekou Formation
The meta-sedimentary rocks of the Hekou Formation

are exposed in southern Sichuan Province. The rocks are
variably metamorphosed to upper greenschist facies and
have previously been correlated to the Paleoproterozoic
rocks of the Dahongshan Group (e.g. Chen and Ran,
1992).

The analyses of 59 (SHRIMP; Figs. 8d and 9d) and
35 (LAM-ICMS; Figs. 8e and 9e) zircons from the
quartzite at the Lala Copper Mine (sample 03KD458)
show a large discordant population with only 18 concor-
dant grains, making detailed interpretation difficult. The
two grains (ca. 3051–2797 Ma) are significantly older
than the other grains present in this sample. Two Paleo-
proterozoic age populations are also present. The oldest
population (n = 4) of ca. 2360–2070 Ma has a similar age
range to the largest population found in the Laowushan
Formation. The presence of a larger Paleoproterozoic
population (n = 8) of ca. 1942–1800 Ma demonstrates a
change in provenance from that of the Laowushan For-
mation. Two younger grains of 1759–1669 Ma are close
in age to the Paleoproterozoic rocks found locally in the
Dahongshan Group. A single 1400 Ma grain suggests
these rocks are younger than the Dahongshan Group and
may represent a metamorphosed equivalent of the Kun-
yang Group rather than the Paleoproterozoic Dahong-
shan Group as suggested previously.

4.2.5. Liubatang Formation
The Liubatang Formation is found at the stratigraphic

top of the Kunyang Group. The type section of this for-
mation contains mature quartz-rich sediments with some
carbonate and shale. The unimodal cross-bedded quartz
sandstones, conglomerate and gravels suggest a fluvial
environment (Fig. 6). Sample 02KD178 was taken from
the quartz sandstone at the base of the formation.

The analysed grains show no Archean provenance,
contrasting to the lower stratigraphic units of the
Kunyang Group (Figs. 8f and 9f). The oldest grains
in this sample are Paleoproterozoic in age and the
largest (n = 9) single population has an age range of
1909–1880 Ma. Granites of this age range are found
intruding the Kongling area of the Yangtze Block (Qiu
et al., 2000). Three slightly younger Paleoproterozoic
populations of 1874–1857 Ma (n = 7), 1843–1789 Ma
(n = 4) and 1734–1730 Ma (n = 3) are also present. A
late Paleoproterozoic–early Mesoproterozoic popula-
tion (1663–1507 Ma, n = 5) is similar to the age of the

Dahongshan Group metavolcanic rocks, suggesting pos-
sible erosion of these rocks at this time. A late Meso-
proterozoic population (n = 4, 1275–1251 Ma) is slightly
older than the volcanic rocks found in the Laowushan
of concordant (90–110%) detrital zircon analyses from the late
Mesoproterozoic–earliest Neoproterozoic sedimentary rocks (Plotted
using AgeDisplay v.2; Sircombe, 2003).

Formation, suggesting reworking of this early basin
fill at the time. A late Mesoproterozoic population
(n = 6, 1023–993 Ma) provides a weighted mean age of
1009 ± 8 Ma (MSWD = 1.01) which is within error of
the age obtained for the tuff sample of the Heishan-
tou Formation (03KD531). The youngest population of

early Neoproterozoic aged grains (n = 2, 964–970 Ma)
provides a weighted mean age of 968 ± 15 Ma which
may be interpreted as the maximum age of deposition
for the Liubatang Formation.
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. Geochemistry

The results of chemical analyses of volcanic rocks
re presented in Table 3. Eight basaltic samples were
ollected from the Laowushan Formation. A tuffacious
ample was collected from the upper Fuliangpeng Mem-
er of the Heishantou Formation, and another basaltic
ample from the Yinmin Formation.

The Laowushan basalts are altered, with most ferro-
agnesian minerals being altered to chlorite or clay min-

rals although they still retain the grain boundaries. The
eldspars are small (0.25–1 mm) lath-like grains, which
re totally albitised. The basalts are vesicular (3–15 mm
iameter) with the cavities being infilled with either
arbonate or chlorite. The volcaniclastic rocks include
uffs and volcanic sandstones with fine lithic grains
f volcanic rocks. The volcanic breccias contain frag-
ents of basalt and volcaniclastic rocks (20–150 mm).
he matrix of these rocks contains finer grained frag-
ents (<10 mm) of these volcanic rocks and a carbonate

ement.
The Yinmin Formation basalt is also altered, contain-

ng a fine-grained matrix of feldspar and biotite. The
ore ferromagnesian minerals are pseudomorphed by

pidote and chlorite. The basalts have amygdales that
re infilled with biotite, chlorite and pyrite. The Fuliang-
eng tuff is a fine-grained grey rock containing mineral
rains of feldspar, mica and chloritised ferromagnesian
inerals.

.1. Major and trace element chemistry

All analyses have been recalculated to 100% on a
olatile free basis due to the high volatile content of these
ocks (LOI = 4.62–12.62) indicative pervasive alteration.
lements which are mobile during alteration include
iO2, Na, K and the low field strength elements (e.g.
umphris and Thompson, 1978), whereas the high field

trength elements and the rare earth elements (REE) are
elatively immobile in all but the most severe hydrother-
al alteration (Pearce, 1975; Wood et al., 1979). For this

eason only high field strength elements Ti, Zr, Y, Nb,
a, Hf, Th and REE have been used in the discussion of

he magmatic affinities and petrogenesis of these mafic
olcanic rocks.

For the classification of these altered volcanic rocks,
he Zr/TiO2 versus Nb/Y plot of Winchester and Floyd
1977) has been used (Fig. 10). The Laowushan rocks

lot on the alkali basalt–basanite fields of this diagram
nd the Fuliangpeng rocks plot in the alkali basalt field.
ample 03KD476 from the Yinmin Formation plots in

he sub-alkaline basalt field.
Fig. 10. Zr/TiO2 vs. Nb/Y rock classification diagrams (Winchester
and Floyd, 1977): (�) Laowushan Formation; (�) Yinmin Formation;
(♦) Fuliangpeng Member of Heishantou Formation.

The enrichment of high field strength elements
(HFSE) in basaltic magmas can be a good indicator
of tectonic environment (e.g. Pearce and Cann, 1971,
1973; Pearce, 1975). TiO2 is generally >2 wt.% in the
Laowushan rocks and sample 03KD531, typical of alka-
lic intraplate magmatism. Sample 03KD476 has slightly
lower TiO2 (1.87 wt.%). Most Laowushan basalts have
high Zr values (211–442 ppm); one exception being
03KD522 which has slightly lower Zr (122 ppm). The
Fuliangpeng tuff (03KD531) also has a high Zr value of
213 ppm, but the Yinmin Formation basalt (03KD476)
has lower Zr (123 ppm).

The Ti/V ratios of all samples vary between 52 and
266, indicative of either continental alkaline basalt or
ocean island basalt affinities (Shervias, 1982). When
plotted on the tectonic discrimination diagrams defined
by Wood (1980) and Pearce (1983), the volcanic rocks
from the Laowushan and Fuliangpeng Formations plot in
the within plate alkali basalt fields (Figs. 11 and 12). The
Yinmin basalt sample plots outside these fields on both
diagrams (Figs. 11 and 12) due to the lower Ta (0.9 ppm).

5.2. Rare earth elements

All samples from the Fuliangpeng basalts have
uniform chondrite normalized REE patterns with
slight LREE enrichment (La/Yb)N = 7.4–25.3 and LaN =
75–213 (Fig. 13). Most samples show a very slight
positive Eu anomaly (Eu/Eu* = 0.95–1.18), however,
samples 03KD530 (Eu/Eu* = 0.63) and 03KD522

(Eu/Eu* = 0.93) have very slight negative Eu anoma-
lies. Sample 03KD476 has less LREE enrichment
(La/Yb)N = 2.29 (LaN = 36.5) and a larger negative
Eu anomaly (Eu/Eu* = 0.78). The depleted HREE rel-
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Fig. 11. Ta/Yb vs. Th/Yb tectonic discrimination diagram for basalts
(Pearce, 1983): (�) Laowushan Formation; (�) Yinmin Formation;
(♦) Fuliangpeng Member of Heishantou Formation.

ative to LREE is apparent in the high ratios of
(Gd/Yb)N = 1.17–4.24, which suggest a fractionated
garnet-rich source (Frey et al., 1978).

When plotted on a primitive-mantle normalized trace
element diagram (Fig. 14; Sun and McDonough, 1989)
all samples have a fractionated pattern characterised by
variable enrichment of the more incompatible trace ele-
ments with respect to primitive-mantle. Samples from
the Laowushan Formation display mild to strong Nb–Ta
enrichment (i.e. Nb/La varying between 0.79 and 3.46),
similar to many alkali basalts from continental rifts or

ocean islands without appreciable crustal contamination
(e.g. Barrat et al., 1998; Rogers et al., 2000). Two sam-
ples (03KD521 and 03KD523) with the lowest Nb/La
ratios are less enriched in Zr (122 and 213 ppm) and Th

Fig. 12. Th–Hf/3–Ta tectonic discrimination plot for basalts (Wood,
1980). The fields are: (A) N-type MORB; (B) E-type MORB; (C)
alkaline within plate basalts; (D) volcanic arc basalts and island arc
tholeiites: (�) Laowushan Formation; (�) Yinmin Formation; (♦)
Fuliangpeng Member of Heishantou Formation.
Fig. 13. Chondrite normalized REE diagram for basalts from the
Laowushan Formation and Kunyang Group (Sun and McDonough,
1989).

(1.88 and 1.56 ppm) suggesting some contamination by
a more sialic crust (e.g. Thompson et al., 1984; Li et
al., 2002a; Moraes et al., 2003). Sample 03KD531 is
depleted in Nb–Ta (Nb/La = 0.97) and has a high Nb/Th
ratio (12.45). Sample 03KD476 has significantly lower
Nb/Th, suggesting more crustal contamination or differ-
ent petrogenic processes (e.g. Thompson et al., 1984).
When plotted on a Th/Yb versus Ta/Yb diagram the
Laowushan and Fuliangpeng samples plot in the within
plate basalt field as defined by Pearce (1983). Sample

03KD476 plots away from the other samples with lower
Ta/Yb ratio (0.35) and Th/Yb ratio (0.99), causing it to
plot in the active continental margin field. The Yb/Ta
versus Y/Nb ratios correlate positively, with samples

Fig. 14. Primitive-mantle normalized spider diagram for basalts from
the Laowushan Formation and Kunyang Group (Sun and McDonough,
1989).
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3KD523, 03KD527 and 03KD476 having the highest
atios.

.3. Nd isotopes

Nine selected samples were analysed for Nd isotopes,
ncluding seven from the Laowushan Formation, a tuff
ample from the Fuliangpeng Member of the Heishan-
ou Formation and a basalt sample from the Yinmin
ormation (Table 4). The initial isotopic composition
f samples for the Laowushan, Heishantou and Yinmin

ormations are listed in the form of �Nd(T) for the ages
f 1.1 and 0.9 Ga for comparison.

All samples have uniformly chondritic �Nd(T) val-
es varying between −0.87 and +0.84. The TDM model
RIMP and LAM-ICPMS) for zircon analyses from the Pre-900 Ma
g et al., 2006) and (b) Cathaysia Block (Li, 1997; Li et al., 2002a,b).

ages suggest a slightly older magmatic source than deter-
mined from the SHRIMP zircon geochronology. The
CHUR model ages support the SHRIMP ages, and indi-
cate that the Laowushan rocks are slightly older than the
Kunyang Group rocks.

6. Discussion

Previous work in the region has largely favoured a
long-lived rift model for explaining the alkaline volcan-
ism, shallow marine sediments and stratiform copper

mineral deposits (Yunnan, 1987; Wu et al., 1990; Zhang
et al., 2003). New analytical data, including geochronol-
ogy, detrital provenance, geochemistry and stratigraphy
as presented in this paper, suggest that the traditionally
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defined Kunyang Group consists of at least two tectonos-
tratigraphic packages. Our new interpretation of tectonic
significance of these rocks is presented below.

6.1. Petrogenesis of the Laowushan and Yinmin
basalts

The geochemical characteristics of the Laowushan
basalts are similar to modern alkali basalts found
in continental rifts (e.g. Sengor et al., 1978; Dewey
and Windley, 1988; Barrat et al., 1993, 1998; Pik
et al., 1999; Rogers et al., 2000; Ritter et al.,
2001), including the enrichment of incompatible ele-
ments and high field strength elements such as
TiO2 (mostly >2 wt.%), Zr (122.80–442.10 ppm), Ta
(1.31–3.29) and Th (1.56–3.92 ppm), the enrichment

of LREE (LaN = 75–213) and the HREE fractionation
(Gd/Yb)N > 1. The fractionation of the HREE in these
basalts suggests a magma generated from a garnet rich
source. Crustal materials might have been involved in

Fig. 16. A schematic cross-section showing the collision between the Yang
Neoproterozoic. (a) An ocean basin separates the Yangtze and Cathaysia B
presence of an active margin. (b) The initial collision occurring at the southe
angle to this collision. (c) The Yangtze and Cathaysia collided to form the So
thinned continental crust of the Yangtze Block.
Research 151 (2006) 79–100

the origin of the basaltic rocks in view of the varia-
tion in �Nd values from −0.89 to 0.84. These near zero,
chondritic �Nd values can be interpreted as the result of
mixing between mantle-derived magmas with variably
positive �Nd values and continental crust components
with variably negative �Nd values. Geochemical fea-
tures, such as high Nb/La (>1) and Nb/Th (>10) ratios,
preclude a significant involvement of crustal components
in the basalts. Thus, the Laowushan basalts were likely
derived from a relatively less depleted mantle reservoir
(either subcontinental lithosphere or a plume source),
and the basaltic magmas were assimilated with minor
crustal components.

The Yinmin basalt (03KD476) is from a stratigraph-
ically higher level than both the Heishantou Formation
tuffs and the Laowushan basalts. It is chemically distinct

from these rocks. The higher Zr/Ti ratio (52.96) sug-
gests magma generated in an intraplate setting, but the
lower Nb/Y ratio (0.55) indicates lower alkalinity than
the Laowushan rocks. A flatter REE and less enriched

tze and Cathaysia Blocks during the late Mesoproterozoic–earliest
locks. Metamorphism recorded on the Cathaysia Block suggests the
rn tip of the Yangtze Block. Intracontinental rifting occurs at a high
uth China Block. A large sedimentary basin forms on the previously
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ig. 17. Tectonic setting of late Mesoproterozoic–earliest Neoprotero
rthogonal to an early collision between the Cathaysia and Yangtze B
f the collision of the Yangtze and Cathaysia Blocks during the Sibao

REE pattern reflect the tholeiitic composition of the
asalt. The HREE appear less fractionated than the other
amples and have a (Gd/Yb)N = 1.8, suggesting the pres-
nce of garnet in the source. The tholeiitic composition of
he basalts suggests they may have been erupted through
thinned continental crust in an area of high heat flow.

.2. Tectonic implications

Our new SHRIMP data indicate late Mesoprotero-
oic to earliest Neoproterozoic ages for the sedimentary
nd volcanic rocks on the western margin of the Yangtze
lock. These data show that the traditionally defined
unyang Group can no longer be regarded as a sin-
le coherent sedimentary sequence, but rather as two
istinct deposition sequences. The ages of the younger
equence overlaps with the late Mesoproterozoic to ear-
iest Neoproterozoic Sibao Orogeny, reflecting the col-
ision between the Yangtze and Cathaysia Blocks.

The Laowushan Formation defined in this study has
preliminary depositional age of 1142 ± 16 Ma and

ontains alkali basalts with a geochemical and isotopic
haracter similar to modern alkaline volcanic rocks from
ntracontinental rift settings such as the western branch
f the East African Rift System or the central European

olcanic province of the Rhine Graben. The Laowushan
ormation is older than the ca. 1100 Ma intraplate mag-
atism found in Laurentia, Congo and Kalahari cratons

hat may have been spatially linked to a single large
ins in the western South China Block. (a) An inferred Laowushan rift
b) The formation of a foreland basin on the Yangtze Block as a result
y.

igneous province during the Mesoproterozoic (Keller et
al., 1989; Adams and Keller, 1994, 1996; Munyanyiwa,
1999; Dalziel et al., 2000; Ward et al., 2000; Hanson et
al., 2004).

The Laowushan Formation contains ca. 1400 Ma
detrital zircon grains. The only other rock from the
Yangtze Block known to contain zircons of that age is
the quartzite near Lala which Li et al. (2002b) inter-
preted as foreland basin deposits sourced from the
Cathaysia Block (Fig. 15a and b). If such an inter-
pretation also applies to the Laowushan Formation, it
would suggest that the Yangtze and Cathaysia Blocks
may have been partially joined as early as ca. 1140 Ma
(Figs. 16a and b and 17a). However, this speculation
requires that no 1400 Ma magmatic rocks exist on the
Yangtze Block and they must represent sediment from
an exotic derived terrain such as Cathaysia. To further
understand the significance of the Laowushan Forma-
tion, the age span and geochemical characteristics of
these rocks deserve further and more detailed investi-
gation.

The clastic sediments of the Kunyang Group are con-
sistent with being sourced from an uplifted orogenic
belt to the present-day southeast and deposited in a
foreland basin on the southern margin of the Yangtze

Block, over an already thinned continental crust. The
age spectrum of detrital grains suggests that early in
the basins history sediments were dominantly derived
from the late Archean and early Paleoproterozoic base-
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ment rocks of the Yangtze Block (Figs. 9 and 15a), with
a minor Mesoproterozoic ca. 1400 Ma component that
has no known source on the Yangtze Block. Later in the
basin history, sedimentation became more fluviatile with
increasing inputs from Paleoproterozoic to Mesoprotero-
zoic (ca. 2000–1500 Ma) and late Mesoproterozoic to
earliest Neoproterozoic (ca. 1275–960 Ma) terrains. The
change in provenance may mark the uplifting of younger
terrains along the Sibao orogenic belt. The foreland basin
was active until at least 960 Ma. The absence of ca.
1400 Ma grains from the Liubatang Formation suggests
that after ca. 960 Ma the Sibao orogenic belt had created a
drainage divide which prevented Cathaysia-derived sed-
iment from reaching the Yangtze side of the orogen.

Our work illustrates that if South China was indeed
located in a central position in Rodinia (Li et al., 1995),
the Kunyang Group may represent one of the rare basin
records of Rodinia assembly during late Mesoprotero-
zoic and earliest Neoproterozoic.
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