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Abstract

The Gaojiacun mafic-ultramafic intrusive complex in the Yanbian area, Sichuan Province,
Southwest China, is a layered intrusive body that underwent intensive magmatic differentiation
during two cumulative cycles. SHRIMP (sensitive high-resolution ion microprobe) zircon U-Pb data
show that the Gaojiacun complex was formed at 825 ± 12 Ma. These mafic-ultramafic rocks are
relatively enriched in light rare-earth elements (LREE) and large-ion lithophile elements (LILE),
but are relatively depleted in high-field-strength elements (HFSE). They are characterized by low
initial 87Sr/86Sr (0.7045 to 0.7050) and positive εNd(t) values (+1.3 to +4.5). The geochemical data
indicate that the parental magma of the mafic/ultramafic rocks was derived from a depleted mantle
source, and underwent fractional crystallization and crustal contamination. We suggest that the
Gaojiacun complex was formed in a continental rift related to mantle superplume activity beneath
the Neoproterozoic supercontinent Rodinia. 

Introduction

THE EARLY NEOPROTEROZOIC collision between the
Yangtze and Cathaysia cratons has been linked to
the Neoproterozoic Rodinia reconstruction (Li Z. H.
et al., 1995, 1996). U-Pb zircon ages of 0.97 Ga
(Zhou G. Q. and Zhao, 1991; Li X. H. et al., 1994;
Gan et al., 1996) and Sm-Nd mineral isochron ages
of ~1.0 Ga (Zhou X. M. et al., 1989; Chen et al.,
1991) for ophiolites from both northeast Jiangxi–
southern Anhui and northern Guangxi provinces
provide a lower limit on the timing of collision
between the Yangtze and Cathaysia cratons. The
ophiolites, which are almost coeval with Grenvillian

orogenic belts, were considered to signify the final
formation of Rodinia in South China. However, the
time and mechanism producing the breakup of the
supercontinent are still debated. Neoproterozoic
magmatic rocks dated at ca. 830–750 Ma have been
interpreted as being associated with the breakup
of Rodinia. Some researchers have suggested that
these Neoproterozoic magmatic rocks were pro-
duced by mantle plumes or a super-plume (Li Z. X.
et al., 1995, 1996, 1999, 2003; Li X. H. et al.,
2002a, 2002b, 2003; Li W. X. et al., 2005; Ling et
al., 2003; Wang and Li, 2003). As an alternative
view, because all these Neoproterozoic igneous
rocks occurred exclusively around the Yangtze cra-
ton, with some rocks showing arc-like geochemical1Corresponding author; email: zhuweiguang@vip.gyig.ac.cn
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GAOJIACUN INTRUSIVE COMPLEX 651

signatures, as well as the occurrence of a ~1.0 Ga
ophiolite suite in the SE Yangtze craton, other work-
ers have speculated that active continental margins
existed around the Yangtze craton during the Early
Neoproterozoic, and that collision between the
Yangtze and Cathaysia cratons did not take place
until ca. 800 Ma (Shen W. Z. et al., 2002, 2003; Yan
et al., 2002; Zhou M. F. et al., 2002a, 2002b; Zhou
J. C. et al., 2004). Thus, studies on the timing and
tectonic setting of Neoproterozoic magmatic rocks
around the Yangtze craton could play an important
role in understanding the processes of Neoprotero-
zoic tectonic evolution, and clarify the question of
assembly and breakup of supercontinental Rodinia
in South China.

Neoproterozoic magmatic rocks are widespread
along the western margin of the Yangtze craton.
Recent studies indicate that Neoproterozoic magma-
tism in the western margin of the Yangtze craton cor-
responds to that in the southern and southeastern
margin (Shen W. Z. et al., 2002, 2003; Ling et al.,
2003). However, previous studies focused on
Neoproterozoic felsic magmatic rocks, with little
attention being paid to mafic magmatic rocks (Li X.
H. et al., 2002b).

The Gaojiacun intrusive complex, which is
located in the Yanbian area, Sichuan Province,
Southwest China, is a typical, large mafic/ultramafic
intrusive complex exposed along the western margin
of the Yangtze craton. Two main hypotheses have
been proposed for its origin. One holds that the
Gaojiacun complex is part of an ophiolite (Geologi-
cal Team, 1975; Li J. L. et al., 1983; Luo, 1983;
Zhu Z. X., 1983; Shen S. Y. et al., 1986; Sun and
Vuagnat, 1992; Sun, 1994). The other suggests that
the Gaojiacun complex is an intrusive complex gen-
erated in response to Late Mesoproterozoic or
Neoproterozoic arc magmatism (Cong, 1988; Shen S.
Y. et al., 1986; Shen W. Z. et al., 2003). In this
paper, we present SHRIMP zircon U-Pb age,
geochemical, and Nd-Sr isotopic data to constrain
the age of formation and petrogenesis of the Gaojia-
cun complex. Thereby we hope to achieve a better
understanding of the Neoproterozoic tectonic evolu-
tion of the western margin of the Yangtze craton.

Geological History

The Kangding-Panzhihua area is located on the
western margin of the Yangtze craton, to the east of
the Songpan-Ganzi fold belt (Fig. 1). The basement
of the Yangtze craton locally comprises the

Archean–Paleoproterozoic Kangding-Tongde com-
plexes, composed of granulite-amphibolite–facies
metamorphic rocks, and Mesoproterozoic Huili
Group or its equivalents, the Yanbian Group, which
consists of metasedimentary rocks interbedded with
felsic and mafic metavolcanic rocks. The basement
is overlain by a thick sequence (>9 km) of Sinian
(610–850 Ma) to Permian strata composed of clas-
tic, carbonate, and metavolcanic rocks. The Lower
Sinian Suxiong and Kaijianqiao formations consist
of clastic rocks and felsic volcanic rocks, while the
Upper Sinian Guanyinya and Dengying Formations
consist of clastic rocks in the lower part and phos-
phorous-bearing carbonate rocks in the upper part
(Cong, 1988; SBGMR, 1991). However, SHRIMP
zircon U-Pb ages for the Kangding, Miyi, Datian,
and Tongde complexes, which were considered to be
a part of the Archean–Paleoproterozoic basement,
were recently dated at 751–820 Ma (Zhou M. F. et
al., 2002b; Li Z. X. et al., 2003). 

Neoproterozoic magmatic rocks are widely dis-
tributed in the Kangding-Panzhihua area, including
granites, granodiorites, tonalites, gabbros, mafic
dikes, and small ultramafic bodies (Li Z. X. et al.,
1999, 2003; Li X. H. et al., 2002a). These magmatic
rocks can be subdivided into two major populations
according to their ages. The earlier rocks range in
age from ca. 830–820 Ma (Li X. H. et al., 2003). The
later rocks mostly have ages of ca. 780–750 Ma (Li
Z. X. et al., 2003). Radiometric ages for the Suxiong/
Kaijianqiao Formations range from ca. 815 ± 12 Ma
(Rb-Sr whole-rock isochron) in the middle-lower
part to 803 ± 12 Ma (SHRIMP zircon U-Pb) in the
middle-upper part of the succession (Li X. H. et al.,
2002a). Ages of the Suxiong/Kaijianqiao formations
represent the timing of earlier Neoproterozoic conti-
nental basins along the western margin of the
Yangtze craton.

Neoproterozoic mafic/ultramafic rocks are
mainly located in the Yanbian, Dacao, and Caizi-
yuan areas on the western margin of the Yangtze cra-
ton. In addition, some mafic-ultramafic complexes,
maf ic  dikes ,  and basal ts  occurred in  the
Kangding-Luding-Shimian area, which lies in the
northern part in the western margin of the Yangtze
craton (Zhu W. G. et al., 2004a).

Geology of the Gaojiacun Mafic-Ultramafic 
Intrusive Complex

More than 10 intrusive bodies, including the
Gaojiacun complex, are exposed in the Yanbian
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652 ZHU ET AL.

area, Sichuan Province. The Gaojiacun complex
extends northwestward and is irregularly elliptical
in shape, measuring 9 km in length and 7.5 km in
width, and covering an area of about 70 km2 (Fig. 2).
This complex intruded the metavolcanic rocks and
schists of the Mesoproterozoic Yanbian Group. Some
small branches of the complex intruded the metavol-
canic rocks and schists locally in the contact zone.
Brecciaed country-rock xenoliths of different sizes
and composition are exposed on the margins of the
complex (Shen S. Y. et al., 1986; Cong, 1988). The
Lengshuiqing magmatic Cu-Ni sulfide ore deposit is

located to the northeast of the complex. The Tongde
dioritic complex is exposed to the southeast and
southwest.

The Gaojiacun layered intrusion is a well-differ-
entiated mafic-ultramafic intrusive complex con-
sisting of two cumulative cycles (Fig. 3). Cycle I in
the lower and middle portions of the pluton, and
from base to top consists of dunite, clinopyroxene
peridotite, olivine gabbro, troctolite, and horn-
blende gabbro. These rocks exhibit gradual transi-
tions from one layer to another. Olivine in this cycle
is mostly serpentinized. Pyroxenes are dominated by

FIG. 1. Simplified geological map of Neoproterozoic magmatic rocks on the western margin of the Yangtze craton
(modified after Sun and Vuagnat, 1992). Symbols: 1 = Jinhe-Qinghe fault; 2 = Panzhihua fault; 3 = Xigeda fault. 
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GAOJIACUN INTRUSIVE COMPLEX 653

clinopyroxene and minor orthopyroxene, with horn-
blendization observed at the rims of some clino-
pyroxene crystals. Olivine inclusions occur in
clinopyroxene in this cycle. Cycle II in the upper
part of the complex consists predominantly of pyrox-
ene hornblende peridotite and hornblende gabbro.
Minerals crystallized in the order olivine, clino-
pyroxene to orthopyroxene, and finally to plagio-
clase and hornblende. Most of the hornblende is
primary. Pyroxene-hornblende peridotite in this
cycle is also characterized by olivine inclusions in
clinopyroxene. Olivine is quite fresh and ortho-
pyroxene is dominant over clinopyroxene. Cu-Ni
sulfide mineralization occurs locally in the pyrox-
ene-hornblende peridotite. Olivines from the Gaoji-
acun complex, in compositions from Fo71.3 to Fo83.6,

are chrysolite. Clinopyroxenes, in compositions,
range mainly from En38.43 to En54.02, Fs3.11 to
En34.31, and Wo29.65 to Wo50.80. And orthopyroxenes
are from En53.53 to En80.87, Fs17.47 to Fs44.54, and
Wo0.55 to Wo3.47 (Zhu, 2004). 

Sampling and Analytical Methods

Samples GJD1 and GJD7 used in this study were
collected from exposure of the hornblende gabbro in
Cycle II of the Gaojiacun complex. Samples GJZ1 to
GJZ50 were collected from two representative bore-
holes (ZK201 and ZK5701) (Fig. 3).

Zircon grains from sample GJD7 were separated
using conventional heavy liquid and magnetic
techniques. Representative zircon grains were

FIG. 2. Simplified Precambrian geological map of the Yanbian area, southwestern Sichuan (modified after Sun, 1994).
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654 ZHU ET AL.

handpicked using a binocular microscope and
mounted in an epoxy resin disc, and then polished
and coated with gold film. Zircons were documented
with transmitted and reflected light micrographs as
well as cathodoluminescence (CL) images to reveal
their external and internal structures. The U-Pb iso-
topic analyses were performed using the Sensitive
High-Resolution Ion Microprobe (SHRIMP-II) at
the Chinese Academy of Geological Sciences
(Beijing). Details of the analytical procedures of
zircons using SHRIMP were described by Song
et al. (2002) and Jian et al. (2003). Inter-element

fractionation ion emission of zircon was corrected
relative to the RSES reference TEM (417 Ma). The
uncertainties in ages are cited as 1σ, and the
weighted mean ages are quoted at the 95% confi-
dence level (2σ).

Major elements were measured by traditional wet
chemical analyses at the Center of Analysis and
Testing, Institute of Geochemistry, Chinese Acad-
emy of Sciences, with an analytical precision better
than 1 to 3%. Trace elements were analyzed using
ELEMENT ICP-MS at the Key Laboratory of Ore
Deposit Geochemistry, Institute of Geochemistry,

FIG. 3. Cross section from borehole ZK201 to ZK5701 of the Gaojiacun complex and sampling sites.
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GAOJIACUN INTRUSIVE COMPLEX 655

Chinese Academy of Sciences, using the analytical
procedure described by Qi et al. (2000), and the
international standards GBPG-1, OU-6, and the
French standard UB-N (serpentinite) were used for
analytical quality control. The analytical precision
is generally better than 5% for trace elements. Sr
and Nd isotopic data were obtained in Beijing at the
Institute of Geology and Geophysics, Chinese Acad-
emy of Sciences, using a multi-collector VG-354
mass spectrometer in static mode. Details of chemi-
cal separation and isotopic measurement proce-
dures can be found in Qiao et al. (1987, 1990). The
measured 87Sr/86Sr and 143Nd/144Nd ratios are nor-
malized to 86Sr/88Sr = 0.1194 and 146Nd/144Nd =
0.7219, respectively. The 87Sr/86Sr ratios of the
NBS987 and NBS607 Sr standards and 143Nd/144Nd
ratios of the BCR-1 and La Jolla Nd standards deter-
mined during this study were 0.710240 ± 15 (2σ),
1.20032 ± 30 (2σ), 0.512663 ± 9 (2σ), and
0.511862 ± 7 (2σ), respectively. 

Results
Zircon U-Pb data

Zircon grains from sample GJD7 are mostly
euhedral, transparent, colorless, and free of inclu-
sions. The CL images display weak euhedral con-
centric zoning in most crystals, and no inherited
zircon was observed. The results of SHRIMP U-Pb
analyses on zircons from sample GJD7 are listed in

Table 1. Nineteen analyses from this sample were
obtained from 19 grains during a single analytical
session. Measured U concentrations vary from 40 to
193 ppm, and Th ranges from 24 to 218 ppm. The
Th/U ratios range from 0.54 to 1.13. Except for three
obviously young 206Pb/238U ages of 622 Ma, 745 Ma,
and 766 Ma, possibly due to partial loss of radio-
genic Pb, the remaining 16 analyses form a single,
concordant group with a weighted mean 206Pb/238U
age of 825 ± 12 Ma (MSWD = 0.56, Fig. 4). 

Geochemistry of the Gaojiacun complex
Major- and trace-element data for the Gaojiacun

mafic-ultramafic rocks are listed in Table 2. Eight
samples were analyzed for Sr-Nd isotopes, and the
results are presented in Table 3.

Major-element geochemistry
Rocks from the Gaojiacun mafic-ultramafic com-

plex had been strongly altered, judging by variably
high LOI values of 0.5–15.98% (Table 3). The high
contents of CaO and CO2 in some samples from the
troctolite and hornblende grabbo units are attrib-
uted to carbonatization, as shown by microscopic
observations. Thus, major oxides in discussion and
schemes below are corrected to a dry magmatic
system without volatiles.

In Cycle I, 33.37–35.79%, 32.40–36.90%, 9.96–
29.03%, 8.78%, and 9.85–12.51% ranges in MgO
contents are for dunite, clinopyroxene peridotite,

FIG. 4. U-Pb zircon concordia diagram for the Gaojiacun hornblende gabbro (GJD7). The weighted mean 206Pb/238U
age of 825 ± 12 Ma based on 16 concordant U-Pb analyses (open symbols) is interpreted as the intrusive age of the
Gaojiacun complex. The discordant analyses (solid symbols) are due to radiogenic Pb losses.
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GAOJIACUN INTRUSIVE COMPLEX 657

TABLE 2. Major- and Trace-Element Data for the Gaojiacun Complex1

Sample no.: GJZ2 GJZ3 GJZ5 GJZ11 GJZ22 GJZ27 GJZ29 GJZ30 GJZ9 GJZ13 GJZ15 GJZ19 GJZ24
Rock type: DUN DUN DUN CPD CPD CPD CPD CPD OGA OGA OGA OGA OGA
Cycle: I I I I I I I I I I I I I

Major element, %
SiO2 37.11 35.56 34.96 35.95 35.30 36.49 31.30 36.15 40.68 37.03 35.47 37.76 43.82
TiO2 0.01 0.01 0.12 0.09 0.21 0.09 0.13 0.01 0.43 0.34 0.09 0.06 0.18
Al2O3 5.87 3.65 7.66 0.99 5.60 0.99 7.87 0.85 23.24 8.77 10.16 6.84 12.90
Fe2O3 5.12 5.64 4.41 7.89 5.30 6.30 6.24 6.66 1.53 4.93 5.00 5.87 2.48
FeO 6.00 6.05 5.90 6.69 6.85 7.20 7.10 6.35 3.10 4.70 6.10 6.60 4.70
MnO 0.21 0.17 0.15 0.19 0.22 0.15 0.24 0.19 0.08 0.15 0.14 0.25 0.12
MgO 28.79 30.33 28.64 29.38 27.36 29.64 27.96 30.94 9.46 25.47 26.05 25.16 13.96
CaO 2.65 2.63 2.61 1.84 3.07 2.35 1.58 2.36 15.22 6.67 6.01 5.55 13.20
Na2O 0.43 0.63 0.45 0.27 0.45 0.34 0.03 0.27 1.01 0.60 0.61 0.64 1.04
K2O 0.07 0.06 0.06 0.17 0.08 0.06 0.02 0.05 0.07 0.17 0.09 0.08 0.08
P2O5 0.01 0.01 0.01 0.02 0.01 0.01 0.13 0.01 0.15 0.01 0.02 0.01 0.01
LOI 12.94 14.92 14.37 15.98 15.30 15.90 16.90 15.50 0.50 10.50 10.13 10.66 4.90
CO2 – – – – – – – – 4.10 – – – 2.10
Total 99.21 99.66 99.34 99.46 99.75 99.52 99.50 99.34 99.57 99.34 99.87 99.48 99.49
Mg# 82.9 82.9 83.8 79.2 80.8 80.4 79.7 81.7 79.0 83.2 81.4 79.1 78.2

Trace element, ppm
V 56.8 70.4 63.3 92.3 95.9 91.1 87.0 90.4 65.0 108 88.5 103 115
Cr 3050 3516 3515 3145 3016 3090 3461 3532 521 2350 1209 2976 1205
Ni 928 812 749 961 590 705 639 687 115 493 336 467 228
Cu 87.1 115 55.2 395 57.8 33.7 23.8 38.8 16.2 90.5 73.5 38.7 60.6
Ga 5.15 4.80 4.57 3.76 3.77 4.63 4.11 3.98 12.7 5.33 4.71 5.07 8.04
Rb 0.540 0.652 0.604 0.555 0.500 0.757 0.591 0.581 0.600 0.569 0.446 0.588 0.298
Sr 32.7 12.4 21.9 40.6 48.2 15.1 20.1 16.3 1005 170 200 119 426
Y 0.602 0.634 0.404 0.901 1.44 1.03 0.767 0.908 1.28 2.46 2.25 1.74 3.97
Zr 0.906 1.27 0.702 1.79 3.66 3.37 1.73 2.94 2.93 4.52 4.33 3.11 5.44
Nb 0.029 0.039 0.026 0.023 0.060 0.058 0.017 0.055 0.081 0.048 0.043 0.055 0.060
Cs 0.086 0.033 0.069 0.034 0.035 0.027 0.055 0.026 0.064 0.032 0.083 0.040 0.041
Ba 13.8 5.86 4.19 5.22 6.17 5.57 8.29 7.34 45.2 13.1 15.6 9.83 22.6
La 0.131 0.266 0.172 0.185 0.334 0.442 0.251 0.288 0.611 0.391 0.391 0.437 0.636
Ce 0.329 0.570 0.394 0.490 0.960 1.15 0.647 0.785 1.39 1.23 1.24 1.12 1.76
Pr 0.046 0.080 0.051 0.073 0.136 0.152 0.096 0.114 0.225 0.222 0.210 0.186 0.310
Nd 0.199 0.495 0.244 0.375 0.863 0.812 0.489 0.580 1.11 1.30 1.30 0.896 1.86
Sm 0.054 0.128 0.080 0.161 0.260 0.188 0.168 0.185 0.284 0.400 0.348 0.329 0.629
Eu 0.059 0.080 0.063 0.080 0.126 0.117 0.082 0.075 0.256 0.217 0.210 0.178 0.313
Gd 0.053 .105 0.070 0.153 0.322 0.258 0.175 0.180 0.351 0.467 0.419 0.373 0.666
Tb 0.009 0.019 0.009 0.023 0.040 0.032 0.024 0.029 0.044 0.076 0.080 0.059 0.114
Dy 0.049 0.095 0.055 0.139 0.243 0.196 0.166 0.150 0.334 0.459 0.409 0.305 0.612
Ho 0.012 0.023 0.013 0.030 0.054 0.039 0.031 0.031 0.052 0.097 0.084 0.061 0.111
Er 0.042 0.061 0.042 0.087 0.162 0.100 0.091 0.086 0.149 0.233 0.213 0.166 0.310
Tm 0.005 0.009 0.007 0.009 0.019 0.008 0.009 0.009 0.021 0.030 0.030 0.023 0.038
Yb 0.035 0.049 0.034 0.069 0.134 0.083 0.077 0.080 0.145 0.216 0.167 0.126 0.228
Lu 0.007 0.008 0.006 0.015 0.020 0.011 0.007 0.011 0.017 0.026 0.021 0.020 0.033
Hf 0.032 0.042 0.020 0.067 0.118 0.108 0.062 0.072 0.100 0.206 0.176 0.114 0.211
Ta 0.006 0.009 0.009 0.005 0.007 0.011 0.006 0.013 0.008 0.006 0.009 0.009 0.007
Pb 1.63 2.30 1.41 1.14 1.46 0.659 9.10 1.10 21.0 1.20 1.78 1.56 1.16
Th 0.010 0.010 0.006 0.006 0.036 0.024 0.019 0.020 0.039 0.012 0.019 0.018 0.018
U 0.004 0.004 0.004 0.007 0.015 0.006 0.005 0.012 0.014 0.008 0.011 0.010 0.032

Table continues
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658 ZHU ET AL.

TABLE 2. Continued

Sample no.: GJZ7 GJZ26 GJZ31 GJZ45 GJZ44 GJZ42 GJZ32 GJZ41 GJZ34 GJZ37 GJZ38 GJD1 GJD7
Rock type: TRO HGA HGA HGA HGA HGA PHP (O) PHP PHP PHP PHP HGA HGA
Cycle: I I I I I I II II II II II II II

Major element, % 
SiO2 41.02 43.48 48.76 42.81 40.78 34.63 35.37 37.67 42.33 35.86 36.92 42.05 49.33
TiO2 0.01 0.80 0.49 0.89 0.86 1.26 0.03 0.40 0.15 0.03 0.27 1.48 1.08
Al2O3 26.78 15.45 16.31 19.74 20.67 16.80 5.60 2.43 1.15 7.06 10.23 20.00 21.16
Fe2O3 1.10 0.45 3.59 1.91 2.53 6.71 9.12 6.91 5.32 5.75 5.77 3.46 3.94
FeO 2.90 5.09 4.00 6.10 5.90 11.00 5.28 6.24 6.70 6.30 6.10 6.55 4.90
MnO 0.05 0.17 0.20 0.15 0.20 0.19 0.14 0.16 0.20 0.18 0.20 0.21 0.28
MgO 8.21 8.39 7.65 8.61 11.93 7.65 28.84 29.63 26.77 29.98 25.70 8.17 3.90
CaO 11.57 16.72 10.98 11.53 9.06 11.40 1.24 3.39 5.58 1.64 2.36 11.42 9.03
Na2O 1.75 2.26 3.07 2.96 2.69 2.52 0.72 0.73 0.68 0.40 0.83 2.94 4.13
K2O 0.14 0.13 1.56 0.60 0.51 0.25 0.16 0.09 0.06 0.10 0.11 0.29 0.21
P2O5 0.01 0.26 0.90 0.08 0.22 1.50 0.02 0.01 0.01 0.01 0.01 0.15 0.42
LOI 3.87 0.45 1.40 3.42 4.30 5.09 11.65 11.97 10.80 11.99 10.82 2.10 1.03
CO2 2.40 5.90 0.30 0.72 – 0.30 1.30 (S) – – – – 0.63 –
Total 99.81 99.55 99.21 99.52 99.65 99.30 99.47 99.63 99.75 99.30 99.32 99.45 99.41
Mg# 79.0 73.1 65.2 66.2 72.2 44.5 79.2 80.9 80.6 82.3 80.2 60.1 45.1

Trace element, ppm
V 6.16 83.8 181 406 183 520 80.6 99.2 117 47.6 97.7 519 245
Cr 26.6 519 470 69.9 452 7.62 3216 2073 1505 1985 2138 135 48.3
Ni 109 148 221 40.3 179 12.4 2164 810 821 887 677 95.5 8.98
Cu 20.7 12.7 110 61.1 47.7 79.4 684 14.7 171 107 13.0 109 36.6
Ga 11.9 12.6 20.9 16.9 15.9 23.1 3.75 6.37 3.61 4.51 6.49 19.0 23.2
Rb 1.03 1.12 5.73 9.00 7.16 1.33 2.03 0.372 0.535 2.24 0.985 1.24 1.04
Sr 968 118 643 842 698 643 23.0 125 41.0 62.8 115 717 909
Y 0.644 17.6 37.8 14.9 12.1 23.4 1.49 2.14 2.93 0.772 2.82 17.2 21.0
Zr 1.56 52.2 45.5 17.9 33.7 24.5 6.14 7.62 10.1 6.79 10.2 26.3 46.5
Nb 0.050 4.80 5.18 1.23 2.19 1.71 0.214 0.393 0.256 0.219 0.429 1.94 9.19
Cs 0.089 0.092 2.64 0.583 0.453 0.219 0.094 0.039 0.048 0.101 0.056 0.066 0.067
Ba 56.6 31.4 659 272 231 150 26.7 32.6 17.9 45.5 43.1 173 386
La 0.413 15.2 34.5 1.65 5.77 9.18 1.83 1.03 1.14 1.43 1.10 3.01 18.5
Ce 0.791 30.1 86.0 6.16 16.8 28.3 3.59 2.77 3.00 2.71 3.06 9.75 43.6
Pr 0.096 3.66 11.2 1.20 2.55 4.67 0.369 0.411 0.480 0.298 0.518 1.84 5.55
Nd 0.450 15.7 48.5 7.25 13.6 25.4 1.39 1.86 2.48 1.18 2.62 9.75 26.7
Sm 0.077 3.57 11.3 2.48 3.18 6.32 0.291 0.451 0.635 0.206 0.607 3.67 5.65
Eu 0.185 0.847 2.58 1.14 1.25 2.51 0.096 0.219 0.289 0.085 0.299 1.57 2.70
Gd 0.055 3.50 9.69 2.85 2.79 6.22 0.242 0.458 0.787 0.177 0.691 3.98 5.61
Tb 0.009 0.551 1.47 0.474 0.404 0.983 0.042 0.065 0.109 0.022 0.100 0.630 0.820
Dy 0.035 2.82 7.52 2.80 2.56 4.84 0.206 0.372 0.631 0.143 0.520 3.64 4.12
Ho 0.010 0.629 1.46 0.564 0.453 0.973 0.051 0.076 0.115 0.020 0.112 0.732 0.798
Er 0.025 1.58 3.56 1.35 1.17 2.24 0.098 0.218 0.288 0.075 0.271 1.64 1.91
Tm 0.004 0.247 0.465 0.169 0.161 0.267 0.016 0.023 0.043 0.008 0.039 0.213 0.287
Yb 0.021 1.45 2.93 1.13 1.01 1.71 0.122 0.199 0.255 0.079 0.223 1.33 1.68
Lu 0.004 0.232 0.418 0.172 0.156 0.226 0.018 0.031 0.032 0.011 0.036 0.184 0.246
Hf 0.031 1.52 2.03 1.01 1.22 1.13 0.199 0.197 0.295 0.183 0.320 1.09 3.13
Ta 0.005 0.266 0.355 0.101 0.072 0.065 0.014 0.024 0.018 0.019 0.026 0.087 0.446
Pb 1.57 4.20 11.1 1.20 4.23 3.80 6.29 0.285 0.535 0.720 0.496 2.57 4.03
Th 0.013 2.53 3.24 0.024 0.054 0.092 0.175 0.041 0.104 0.186 0.084 0.087 0.224
U 0.012 0.807 3.05 0.031 0.024 0.047 0.086 0.027 0.024 0.078 0.026 0.032 0.098

1Mg# = 100*molar MgO/(Mg+FeO) with FeO as total Fe; LOI = loss on ignition; DUN = dunite; CPD = clinopyroxene peri-
dotite; OGA = olivine gabbro; TRO = troctolite; HGA = hornblende gabbro; PHP = pyroxene hornblende peridotite; PHP (O) = 
pyroxene hornblende peridotite bearing Cu-Ni sulfide ore; “–“ = not determined.
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GAOJIACUN INTRUSIVE COMPLEX 659

olivine gabbro, troctolite, and hornblende gabbro
units, respectively. Mg# decreases from 82.9–83.8
for the dunite unit, 79.2–81.7 for the clinopyroxene
peridotite unit, 79.0–83.2 for the olivine gabbro unit,
79.0 for the troctolite unit, and to 44.5–73.1 for horn-
blende grabbo unit. In Cycle II, 29.04–34.34% and
3.96–8.45% ranges in MgO contents are for the
pyroxene-hornblende peridotite unit and the horn-
blende gabbro unit, respectively. Mg# decreases
from 80.2–82.3 in the pyroxene-hornblende peridot-
ite unit to 44.5–60.1 in the hornblende gabbro unit.
SiO2, TiO2, and Al2O3 contents increase with
decreasing MgO contents, whereas corresponding
FeO* contents decrease in Cycles I and II (Fig. 5).

Trace-element geochemistry
The ultramafic rocks in this complex are charac-

terized by low incompatible-element and high com-
patible-element (Cr, Ni) contents (Table 2; Fig. 5).
The compatible elements reflect mineral composi-
tions, whereas the incompatible elements reflect the
trapped liquid component in the rocks.

In Cycle I, REE contents are 1.03–1.99, 1.89–
3.67, 2.88–7.62, and 51.8–221 ppm for dunite,

clinopyroxene peridotite, olivine gabbro, and horn-
blende gabbro units, respectively. In chon-
drite-normalized REE patterns (Fig. 6A), most of
the samples in this cycle are slightly to moderately
enriched in LREE, with variable positive Eu
anomalies ((La/Yb)N = 0.98–7.95, δEu = 0.73–
8.69). In contrast, the troctolite unit is character-
ized by low REE abundance, remarkable REE
fractionation, and a positive Eu anomaly (ΣREE =
2.18 ppm, (La/Yb)N = 13.26, δEu = 8.69). REE
contents in Cycle II are obviously higher than
those in Cycle I—that is, 6.44–10.2 ppm for the
pyroxene-hornblende peridotite unit and 41.9–118
ppm for the hornblende gabbro unit. The pyrox-
ene-hornblende peridotite unit displays moderate
to high LREE enrichment and a slightly positive
Eu anomaly ((La/Yb)N = 3.01–12.20, δEu = 1.11–
1.47). The hornblende gabbro unit shows moderate
LREE enrichment with a slightly positive Eu
anomaly ((La/Yb)N = 1.53–7.40, δEu = 1.26–1.46)
(Fig. 6C). The shape of the REE patterns for Cycle
II are also quite different from cycle I, except for
the hornblende gabbro, which is similar for both
cycles.

TABLE 3. Sr and Nd Isotopic Results for the Gaojiacun Complex1

Sample no.: GJZ-15 GJZ-24 GJZ-7 GJZ-32 GJZ-41 GJZ-38 GJD-1 GJD-7

Rock type: OGA OGA TRO PHP (O) PHP PHP HGA HGA

Rb (ppm) 0.446 0.298 1.03 2.03 0.372 0.985 1.24 1.04

Sr (ppm) 200 426 968 23 125 155 717 909

87Rb/86Sr 0.0065 0.0020 0.0031 0.2550 0.0086 0.0247 0.0050 0.0033

87Sr/86Sr
(2σ)

0.705057
(19)

0.704814
(20)

0.704925
(18)

0.707606
(20)

0.704713
(18)

0.704882
(17)

0.704730
(19)

0.704621
(16)

(87Sr/86Sr)i 0.704980 0.704900 0.704888 0.704601 0.704612 0.704591 0.704671 0.704582

Sm (ppm) 0.347 0.629 0.077 0.291 0.451 0.607 3.00 5.71

Nd (ppm) 1.30 1.86 0.450 1.39 1.86 2.62 9.17 25.6

147Sm/144Nd 0.1621 0.2040 0.1039 0.1268 0.1466 0.1401 0.1981 0.1348

143Nd/144Nd
(2σ)

0.512661
(11)

0.512727
(10)

0.512200
(11)

0.512355
(6)

0.512439
(8)

0.512449
(10)

0.512720
(9)

0.512394
(7)

(143Nd/144Nd)i 0.511784 0.511623 0.511638 0.511669 0.511646 0.511691 0.511648 0.511665

εNd(i) +4.5 +1.3 +1.6 +2.2 +1.8 +2.7 +1.8 +2.2

1Chondrite uniform reservoir (CHUR) values (87Rb/86Sr = 0.0847, 87Sr/86Sr = 0.7045; 147Sm/144Nd = 0.1967, 143Nd/144Nd = 
0.512638) are used for the calculation. MRb = 1.42 × 10–11year–1 (Steiger and Jäger, 1977); MSm = 6.54 × 10–12year–1 (Lug-
mair and Harti, 1978). The (87Sr/86Sr)i , (

143Nd/144Nd)i , and εNd(i) of the Gaojiacun complex were calculated at the age of 
825 Ma.
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660 ZHU ET AL.

FIG. 5. Plots of major oxides (SiO2, TiO2, Al2O3, and FeO*) (recalculated 100 wt% oxides free of volatiles) and trace-
element contents (Cr, Ni, La, Sm, Zr, and Nb) versus MgO wt%, illustrating the main trends exhibited by rock samples of
the Gaojiacun complex.
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GAOJIACUN INTRUSIVE COMPLEX 661

In the primitive mantle–normalized trace-ele-
ment “spider diagram” (Figs. 6B and 6D), most of
the samples from the complex are depleted in high-
field-strength elements (Th, Nb, Ta, Zr, and Hf) and
relatively enriched in large ion lithophile elements
(Ba and Sr).

Sr-Nd isotopes
The rock units of the Gaojiacun complex have

small ranges of 87Sr/86Sr (0.7046–0.7051) and low
values of 87Rb/86Sr (0.0020-0.0255), whereas the
ore-bearing units have higher 87Sr/86Sr (0.7076) and
87Rb/86Sr ratios (0.2550). All the samples have
small ranges of (87Sr/86Sr)i (0.7045–0.7050) (Fig. 7).

These samples have 147Sm/144Nd and 143Nd/144Nd
ratios varying from 0.1039 to 0.2040 and from
0.512200 to 0.512727, respectively, with εNd(i) val-
ues of +1.3 to +4.5 (Fig. 7). The samples display low
(87Sr/86Sr)i and positive εNd(i) ratios, indicative of
magmas derived from a depleted mantle source.

Discussion
Emplacement age of the complex

SHRIMP zircon U-Pb dating indicates that the
hornblende gabbro in Cycle II of the Gaojiacun
complex was formed at 825 ± 12 Ma. This is consis-
tent with the SHRIMP zircon U-Pb ages of the

FIG. 6. Chondrite-normalized REE diagrams (A, C) and primitive mantle–normalized incompatible-element distribu-
tion spridergrams (B, D) for the Gaojiacun complex (A and B for Cycle I, C and D for Cycle II). The normalization values
of chrondrite and primitive mantle are from Boynton (1984) and Sun and McDonough (1989), respectively.
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662 ZHU ET AL.

Tongde gabbro-diorite (820 ± 13 Ma) and diorite
(813 ± 14 Ma) along the southeastern and south-
western margins of the Gaojiacun complex (Sinclair,
2001).

Previous studies suggested that Neoproterozoic
felsic magmatic rocks are widespread, whereas
coeval mafic magmatic rocks are volumetrically
minor (Li X. H. et al., 2002b). However, geochrono-
logical study of the Gaojiacun complex confirms that
intense Neoproterozoic mafic magmatism also
occurred on the western margin of the Yangtze cra-
ton. Comparatively, SHRIMP U-Pb zircon dating of
the large Wangjiangshan and Bijigou complexes on
the northwestern margin of the Yangtze craton has
yielded ages of 808–819 Ma and 782 Ma, respec-
tively (Zhou M. F. et al., 2002a). All the above stud-
ies suggest that intensive mafic magmatism
occurred during the Neoproterozoic along the west-
ern and northwestern margins of the Yangtze craton.

Magmatic evolution
Petrographically, rocks of the layered intrusions

appear to be crystal cumulates, and this is confirmed
by the geochemical data. Chilled margins have not
been observed in the Gaojiacun complex, and no
closely related mafic dikes have been identified as
possible feeders; hence there is no direct evidence
of the composition of the parent magmas, which
makes estimation of the primary magma composi-
tion difficult.

SiO2-Al2O3 plots for clinopyroxene compositions
of Le Bas (1962) are useful in the classification of

slowly cooled, coarse-grained igneous rocks (Coish
and Taylor, 1979). The clinopyroxenes plot in the
subalkaline field of Le Bas (1962) (Fig. 8A). In
addition, most of the clinopyroxenes occupy the
calc-alkali basalt field on the Ti-Alt discrimination
diagram of Leterrier et al. (1982) (Fig. 8B). It is
therefore likely that the parental magma in equilib-
rium with the clinopyroxene compositions of the
Gaojiacun complex was subalkaline basaltic in
chemistry.

Compatible-element (Cr, Ni) contents of the
Gaojiacun complex gradually decrease with
decreasing MgO contents and Mg# values, whereas
incompatible element contents gradually increase
upwards in the two cumulative cycles. This trend is
consistent with fractional crystallization. However,
simple fractional crystallization cannot explain the
abrupt changes of Mg#, Cr, Ni, and incompatible
elements contents across the boundary of the two
cycles. Thus, the two cumulative cycles of the Gaoji-
acun complex were probably produced by two
pulses of parental magma and crystal fractionation.

Crustal contamination
Continental crust is typically low in TiO2 content

and highly depleted in Ta and Nb (Rudnick and
Fountain, 1995; Barth et al, 2000). Most of the sam-
ples from the Gaojiacun complex are depleted in
Nb, Ta, and enriched in Ba and Sr. Furthermore, ini-
tial Nd-Sr isotope ratios of the intrusive complex lie
to the right of the mantle array in the εNd(i)–(87Sr/
86Sr)i diagram (Fig. 7). These elemental and isotopic

FIG. 7. Plot of initial εNd(i) and (87Sr/86Sr)i (t = 825 Ma) for the Gaojiacun complex. The approximate fields for DM,
EM1, and EM2 are from Zindler and Hart (1986).
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GAOJIACUN INTRUSIVE COMPLEX 663

characteristics indicate that the parental magma of
the Gaojiacun complex was contaminated by crustal
materials.

In some cases, magma contamination and source
enrichment can both contribute to enriched isotopic
and trace-element signatures (Huppert and Sparks,
1985; Lambert et al., 1989; Lambert et al., 1994).
Obvious covariations between εNd and 1/Nd, except
for GJZ7 with low Nd content, are observed in the
εNd(i)–1/Nd diagram (Fig. 9A) (Faure, 1986), sug-
gesting that the magma parental of the Gaojiacun
complex was intensively contaminated by crustal
materials. Contamination could therefore have
occurred during the ascent stage, rather than in the
magma chamber or primary melting stage. This con-
tamination resulted in the observed depletion of Nb
and Ta.

Upper continental crust is enriched in Th,
whereas lower continental crust is not usually
enriched in this element (Rudnick and Fountain,
1995). Gaojiacun rock samples have quite low Th
contents. Furthermore, most of the samples define a
line that could represent mixing between mantle
melts and lower continental crust in the (Th/Ta)PM
vs. (La/Ta)PM diagram (Fig. 9B) (Ingle et al., 2002).
These variations are consistent with contamination
derived from the lower crust rather than from the
upper crust.

As a result, crustal contamination and fractional
crystallization were critical for the formation of the
Gaojiacun intrusive complex, similar to the process
of magmatic assimilation and fractional crystal-
lization (AFC). The combination of crustal con-
tamination and fractionation may have important

FIG. 8. SiO2-Al2O3 diagram (A) of Le Bas (1962) and Ti-Alt discrimination plots (B) of Leterrier et al. (1982) for
clinopyroxene of the Gaojiacun complex (data from Li H., 1995; Zhu W. Z., 2004). Abbreviations: CA = calc-alkaline;
IAT = island-arc tholeiite. 
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implications for the formation of sulfide zones
within layered intrusions (Naldrett, 2004).

Tectonic significance
Previous studies suggested that the Gaojiacun

complex was a portion of the Proterozoic “Yanbian
Ophiolite” (Geological Team, 1975). However, the
present study and recent research argue against the
existence of the “Yanbian Ophiolite” on the basis of
the following evidence: (1) The Gaojiacun complex
intruded metavolcanic rocks and schists of the
Mesoproterozoic Yanbian Group. (2) There is no
evidence for a dike complex at the boundary
between the Gaojiacun pluton and the metavolcanic
rocks of the Yanbian Group in the studied region.
Olivine inclusions occur in clinopyroxene from the
complex, indicating that metamorphic peridotite did
not exist in the Gaojiacun complex. Furthermore,
the diabase dike swarms, 10 km north of the

complex, show an obvious intrusive relationship
with pillow basalts of the Yanbian Group. (3) The
hornblende gabbro in the main rock phase of the
complex was emplaced at 825±12 Ma, showing that
there is no genetic relationship between the pluton
and the metavolcanic rocks of the Mesoproterozoic
Yanbian Group. In addition, the Yanbian volcanic
rocks are enriched in LREE, which are significantly
different from LREE-depleted N-MORB within
ophiolites (Sinclair, 2001). (4) Cu-Ni sulfide miner-
alization is present in the Gaojiacun complex,
but this type of deposit rarely occurs in ophiolite
complexes.

The mafic-ultramafic dikes and sills in northern
Guangxi, the widespread granites of similar ages
(819–824 Ma), and rapid uplifting and unroofing in
South China, indicate that a mantle plume could
have existed underneath South China at ~825 Ma,
and this mantle plume initiated Neoproterozoic

FIG. 9. Variations of εNd(i) vs.1/Nd diagram (A) (Faure, 1986) and (Th/Ta)PM vs. (La/Ta)PM diagram (B) (Ingle et al.,
2002) for the the Gaojiacun complex. Abbreviations: UCC = upper crust; LCC = lower crust.
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continental rifting and magmatism in South China
(Li Z. X. et al., 1999). This proposal is also sup-
ported by the occurrence of alkaline basalts at
Suxiong (Li X. H. et al., 2002a) and Hannan (Ling et
al., 2003), which display geochemical and Nd isoto-
pic characteristics very similar to those of typical
alkaline basalts in modern oceanic island basalts
(OIB) and continental flood basalts (CFB) provinces.
As an alternative view, Zhou M. F. et al. (2002a,
2002b; Zhou J. C. et al., 2004) suggested that the
eastern, western to northern margin of the Yangtze
craton was an active magmatic arc at 865–760 Ma,
based on the arc-like geochemical signatures for the
granitoid and mafic-ultramafic intrusions. 

This study shows for the first time that intensive
~825 Ma mafic magmatism was present on the west-
ern margin of the Yangtze craton. The coeval grani-
toids and mafic-ultramafic intrusions in the Yanbian
area correspond constitute bimodal compositions,
consistent with modern continental rift phenomena.
The Gaojiacun samples have fairly low Th contents,
significantly different from tholeiitic basalts in
island arcs. Most importantly, the Gaojiacun and
Bijigou intrusions were mineralized in V-Ti (Su et
al., 1992; Li H. et al., 1995), similar to that of the
well-known Pan-Xi giant V-Ti deposits related to
the mafic-ultramafic intrusions of the Late Permian
Emeishan plume in Southwest China (Zhong et al.,
2003, 2004). The Gaojiacun complex is also charac-
terized by Cu-Ni sulfide mineralization in Cycle II,
similar to the coeval Lengshuiqing magmatic Cu-Ni
sulfide ore deposit to the northeast of the Gaojiacun
complex (Zhu et al., 2004b). The majority of world-
class magmatic Ni-Cu sulfide deposits are generally
related to mantle plume–derived flood basalts (i.e.,
Noril’sk-Talnakh and Duluth), komatiites (i.e.,
Kambalda and Thompson), and large layered mafic-
ultramafic complexes related to extensional envi-
ronments (i.e., Bushveld and Great Dyke) (Naldrett,
1997). Thus, the Gaojiacun complex could have
formed in an extensional continental rift rather than
an island-arc environment. It was most likely related
to a mantle superplume underneath the superconti-
nent Rodinia within an intraplate tectonic setting.
The intrusion was generated by cumulation of basal-
tic magma subjected to crustal contamination.

Conclusions

The following conclusions are drawn on the basis
of the new analytical data presented here.

1. SHRIMP zircon U-Pb data indicate that the
Gaojiacun layered mafic-ultramafic complex formed
at 825 ± 12 Ma. Thus, we believe that intense
Neoproterozoic mafic magmatism occurred along
the western margin of the Yangtze craton.

2. Samples from the Gaojiacun complex are
characterized by low (87Sr/86Sr)i and positive εNd(t)
values, corresponding to a depleted mantle source.
The parental magma of the complex is a subalkaline
basalt. Crustal contamination and fractional crystal-
lization were critical factors for the formation of the
Gaojiacun intrusive complex, similar to the process
of magmatic assimilation and fractional crystalliza-
tion (AFC). The combination of crustal contamina-
tion and fractionation may have important
implications for the formation of sulfide zones.

3. An argument has been proposed against the
concept of the “Yanbian Ophiolite.” We suggest that
the Gaojiacun complex was formed in a continental
rift possibly related to mantle superplume activity
beneath Rodinia.
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