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1. Introduction

Proterozoic dyke swarms are important geological time markers
that usually punctuate the onset of crustal extension and volcanism
(e.g., Zhao and McCulloch, 1993; Zhao et al., 1994). Previous studies
of the Neoproterozoic mafic dykes have played important roles in
reconstructing the breakup of supercontinent Rodinia in Australia,
South China, and western North America (Park et al., 1995; Wingate
et al., 1998; Wingate and Giddings, 2000; Z.X. Li et al., 1999; X.H.
Li et al., 2006b). The 828 ± 7 Ma mafic to ultramafic dykes and sills
in the northern Guangxi Province, South China (Z.X. Li et al., 1999),
are identical in age to the 824 ± 4 Ma Amata Dyke Swarm in Central
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icroprobe (SHRIMP) U–Pb zircon ages, geochemical and Nd isotopic data
Neoproterozoic mafic dykes in the Yanbian area of Sichuan Province, SW
2 dykes were dated at 792 ± 13 Ma and 761 ± 14 Ma, respectively. While
ommonly high in Fe2O3 and TiO2 contents with similar MgO contents and

nct trace element features. Group 1 rocks with high εNd(T) values (+5.8 to
nt (REE) contents (109–171 ppm), are characterized by LREE-enriched and
ns with slightly negative Nb–Ta anomaly, similar to typical alkaline basalts

s. Group 2 rocks have relatively low total REE contents (50.4–103 ppm) with
can be further divided into two sub-types. Group 2a rocks show MORB-like
d in highly incompatible elements such as Th, Nb, Ta, La and Ce, whereas
er REE patterns than those of the Group 2a. The εNd(T) values of the Group
to +7.2 and +4.5 to +5.3, respectively.
kes display different magma crystallization trends. Group 1 rocks were

line basaltic magma that was generated by low degrees of partial melting
garnet-bearing field. In contrast, the parental magma of Group 2 rocks is

-Ti tholeiitic basaltic melt generated by relatively higher degrees of partial
antle source in the spinel-stable field. Group 1 and Group 2a rocks show
is therefore suggested that they originated from an intra-continental rift

d to a mantle plume underneath the supercontinent Rodinia.

© 2008 Elsevier B.V. All rights reserved.

Australia (Sun and Sheraton, 1996), and to the 827 ± 6 Ma Gairdner
Dyke Swarm and 827 ± 9 Ma Little Broken Hill gabbro in southeast-
ern Australia (Wingate et al., 1998). These mafic dykes have been
considered to be generated by a Neoproterozoic mantle plume (or
mantle superplume) that started continental rifting within Rodinia
at ca. 825 Ma (Wingate et al., 1998; Z.X. Li et al., 1999; Wang et al.,
2007). The giant radiating dyke swarm, dated at 780 Ma, in three
widely separated areas of western North America could also repre-
sent the breakup of the supercontinent which included Laurentia
and Australia (Park et al., 1995). In addition, the 755 ± 3 Ma Mun-
dine Well Dyke Swarm (MDS) in Western Australia (Wingate and
Giddings, 2000; X.H. Li et al., 2006b) and ca. 780–760 Ma dolerite
dykes within the Kangding Rift along the western margin of the
Yangtze Block (Z.X. Li et al., 2003; Lin et al., 2007) have been sug-
gested to represent the later stage of the Rodinia superplume cycle.

South China, including the Yangtze Block to the northwest and
the Cathaysia Block to the southeast, was presumably the cen-
tral part of the Precambrian supercontinent Rodinia (Z.X. Li et al.,
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1995). Latest Mesoproterozoic to Neoproterozoic (ca. 1050–740 Ma)
igneous rocks are widespread along the western margin of the
Yangtze Block. There are two main schools of thoughts regard-
ing the petrogenesis of these igneous rocks. Li and co-authors
reported their studies of the volcanic rocks in the Suxiong Group,
Kangding–Tongde complexes, Kangding–Shimian mafic dykes, and
the metavolcanic rocks in the Yanbian Group in the western mar-
gin of the Yangtze Block. It is suggested that the rocks older than
860 Ma (most likely ≥900 Ma) rocks were formed prior to or during
the Sibao Orogeny associated with the assembly of the supercon-
tinent Rodinia, whereas the 830–740 Ma rocks were anorogenic
products related to mantle plume activities during the breakup
of Rodinia (X.H. Li et al., 2002a, 2006a; Z.X. Li et al., 2003; Lin
et al., 2007). Zhou and others, however, considered that these
rocks were formed in a roughly north-south trending (present-
day coordinates) active continental margin (Zhou et al., 2002b,
2006a,b; Zhao and Zhou, 2007). Recently, the debate focused on

Fig. 1. (a) The location of the Yanbian area in relation to China’s major tectonic units. Black
of the Yangtze Block. H, Hannan mafic and ultramafic complex (Zhou et al., 2002b; Su et a
northern Guangxi mafic dykes and sills (Z.X. Li et al., 1999). (b) Simplified geological map
magmatic rocks and the basement (modified after Sun and Vuagnat, 1992). Symbols: (1),
search 164 (2008) 66–85 67

the mafic–ultramafic complexes and mevolacanic rocks in the Yan-
bian area (Zhou et al., 2006a, 2007; X.H. Li et al., 2006a, 2007a,b;
Munteanu and Yao, 2007; Zhu et al., 2007). Therefore, the petro-
genesis and tectonic implications of these igneous rocks are still a
matter of hot debate.

Abundant dolerite dykes occurred within the Kangdian Rift
along the western margin of the Yangtze Block (Z.X. Li et al., 2003).
Field investigations show that these mafic and felsic magmas inter-
mingled with each other in Kangding–Shimian area, implying that
the mafic dykes have the same age as the surrounding granites (Z.X.
Li et al., 2003; Lin et al., 2007). In addition, there are numerous
Neoproterozoic mafic dykes that intruded the Mesoproterozoic to
earliest Neoproterozoic and/or the older strata in the Yanbian area
(Wang and Kan, 2001; Jiang et al., 2005; Zhu et al., 2006). However,
the ages and geochemical characteristics of these mafic dykes have
yet been documented, and the petrogenesis of the dykes is not well
understood.

stars show the ∼830–820 Ma mafic and ultramafic intrusive rocks along the margin
l., 2004); TG, Tongde–Gaojiacun mafic and ultramafic complex (Zhu et al., 2006); G,
of the Kangding–Panzhihua area, Southwest China, illustrating the Neoproterozoic
Jinhe-Qinghe fault; (2), Panzhihua fault; (3), Xigeda fault.
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In this paper, we report precise Sensitive High-Resolution Ion
Microprobe (SHRIMP) U–Pb zircon ages and geochemical and Nd
isotopic data for the representative mafic dykes in the Yanbian area
with aims to (1) establish the crystallization age for the mafic dykes,
(2) constrain the origin and petrogenesis of the mafic rocks, and
(3) shed new lights on the Neoproterozoic tectonic evolution along
the western margin of the Yangtze Block. Our new results confirm
that the mafic dykes in the Yanbian area were derived from two
different mantle sources and formed in an intra-continental rift
that was most likely induced by the upwelling of a mantle plume
underneath the supercontinent Rodinia.

2. Geological background

The Kangding–Panzhihua area is located in the western mar-
gin of the Yangtze Block, to the east of the Songpan–Ganzi orogenic
belt (Fig. 1). The basement rocks in this area are mainly composed of
late Mesoproterozoic to earliest Neoproterozoic metasedimentary
rocks interbedded with felsic and mafic metavolcanic rocks, termed
as the Kunyang, Huili and Yanbian Groups (Z.X. Li et al., 2002; X.H.
Li et al., 2006a; Greentree et al., 2006). However, no reliable age

Fig. 2. Simplified Precambrian geological map of the Yanbian are
search 164 (2008) 66–85
constraint is available to test their temporal relationship. These
rocks are overlain by a thick sequence (>9 km) of Neoproterozoic
(850–540 Ma) to Permian strata composed of clastic, carbonate and
metavolcanic rocks. The early Neoproterozoic Suxiong and Kaijian-
qiao Formations consist of clastic rocks and bimodal volcanic rocks,
while the late Neoproterozoic Guanyinya and Dengying Formations
comprise clastic rocks in the lower part and phosphorous-bearing
carbonate rocks in the upper part (Cong, 1988; SBGMR, 1991).

Neoproterozoic magmatic rocks are widely distributed in
the Kangding–Panzhihua area, including granites, granodiorites,
tonalites, mafic–ultramafic bodies, and mafic dykes (Sinclair, 2001;
X.H. Li et al., 2002b, 2003b; Z.X. Li et al., 2003; Shen et al., 2002,
2003; Zhu et al., 2004; Zhou et al., 2002b, 2006a,b; Zhao and
Zhou, 2007). These magmatic rocks are well preserved and include,
from north to south, the Kangding, Miyi, Datian and Tongde com-
plexes dated at 751–820 Ma (Zhou et al., 2002b; Z.X. Li et al., 2003).
These rocks can be generally grouped into two major populations
according to their ages, i.e., the older rocks range in age from
ca. 830–820 Ma, and the younger rocks in age of ca. 780–750 Ma
(X.H. Li et al., 2003b; Z.X. Li et al., 2003). Radiometric ages for the
Suxiong/Kaijianqiao Formations range from ca. 815 ± 12 Ma (Rb–Sr

a, Sichuan Province, SW China (modified after SBG, 1972).
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whole-rock isochron age) in the middle-lower part to 803 ± 12 Ma
(SHRIMP zircon U–Pb age) in the middle-upper part of the suc-
cession (X.H. Li et al., 2002a). The ages of the Suxiong/Kaijianqiao
Formations timed development of the earlier Neoproterozoic conti-
nental rift basins in the western margin of the Yangtze Block (Wang
and Li, 2003).

There are three major Precambrian rock units in the Yanbian
area (Fig. 2): (1) metavolcanic rocks and schists of the late Mesopro-
terozoic to early Neoproterozoic Yanbian Group, (2) Neoproterozoic
igneous bodies that intruded the Yanbian Group, and (3) the Upper
Neoproterozoic successions that unconformably overlie the Yan-
bian Group and some igneous intrusions. The east-west trending
Yanbian Group was strongly deformed as well as variably metamor-
phosed (X.H. Li et al., 2006a; Zhou et al., 2006a) (Fig. 2). The Yanbian
Group is divided into four formations: the lower part (Huangtian
and Yumen Formations) and the upper part (Xiaoping and Zhaigu

Fig. 3. Field photographs and photomicrographs of the representative mafic dykes: the ma
search 164 (2008) 66–85 69

Formations) (SBGMR, 1991). The Huangtian Formation mainly con-
tains metabasaltic pillow lavas, interbedded with several chert
and schist layers. The Yumen Formation consists of carbonaceous
slate with siltstone in its lower part, and carbonaceous slate and
tuffceous slate in its upper part. The Xiaoping Formation is com-
posed of slate, sandstone and conglomerate. The conglomerates
contain clasts of andesite, dacite and rhyolite. The Zhaigu Formation
comprises slate and conglomerate (SBG, 1972; SBGMR, 1991).

Neoproterozoic granitoids and mafic–ultramafic intrusive bod-
ies crop out throughout the Yanbian area (Fig. 2). The Guandaoshan
dioritic pluton, which intruded the Yanbian Group to the north
of the Yumen Township, was emplaced at 857 ± 13 Ma (X.H. Li
et al., 2003a). A number of mafic–ultramafic intrusions, includ-
ing the Tongde gabbro, and the Gaojiacun and Lengshuiqing
mafic–ultramafic bodies, also intruded the Yanbian Group (Fig. 2).
SHRIMP zircon U–Pb data reveal that the Gaojiacun complex was

fic dykes of the Group 1 (a and b), the Group 2a (c and d), and the Group 2b (e and f).
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formed at 825 ± 12 Ma (Zhu et al., 2006). The Lengshuiqing Cu–Ni
sulfide-bearing complex, located to the east of the Gaojiacun com-
plex (Fig. 2), has been dated at 821 ± 1 Ma and 813 ± 14 Ma by
40Ar/39Ar dating of hornblende (Zhu et al., 2007) and SHRIMP U–Pb
zircon technique (Zhou et al., 2006a,b), respectively. SHRIMP U–Pb
zircon dating also yielded 813 ± 14 Ma and 820 ± 13 Ma for the
Tongde diorite and gabbro, respectively (Sinclair, 2001).

The relatively well-preserved mafic dykes in the Yanbian area
are exposed to the north of the Gaojiacun and Lengshuiqing com-
plexes, which intruded the metavolcanic rocks and schists of the
Yanbian Group (Wang and Kan, 2001; Jiang et al., 2005; Zhu et al.,
2006). In the vicinity of the Yumen, Shuanglong, Tuanjie and Dawan
localities, the mafic dykes are more abundant than elsewhere in
the investigated area. All the dykes were rarely subjected to defor-
mation and metamorphism in contrast to their wall-rocks of the
Yanbian Group that were strongly deformed and metamorphosed
to greenschist facies (Fig. 3a, c, and e).

The mafic dykes, showing distinctive feature of occurrence,
color, rock type, and mineral assemblage, can be divided into two
groups (Group 1 and Group 2). Although the cross-cutting rela-
tions between the two groups are not observed, both types of
dykes exhibit in approximately parallel sets forming swarms near
the Huangtian, Shuanglong, Tuanjie and Dawan localities (Fig. 2),
implying that they could be nearly coeval. The Group 1 dykes occur
exclusively in the lower Yanbian Group to the south of the Huang-
tian and Dawen villages (Fig. 2). This type of mafic dykes are up
to 1 km long and commonly 1–3 m wide, striking NE 70◦ and dip-
ping to the southeast with an angle of ∼70–85◦. Such rocks are
relatively fresh to slightly altered, dark-grey to black, fine- to coarse-
grained hornblende gabbros, with massive, and sub- to euhedral
granular in texture (Fig. 3a and b). Fine-grained chilled margin
is usually observed, compared with relatively coarse-grained tex-
ture in the interior. These rocks consist of plagioclase (45–65% by
volume), clinopyroxene (8–40%), hornblende (8–25%), and subor-
dinate biotite (1%), Fe–Ti oxides (1–2%), apatite and zircon. Electron
microprobe analysis indicates that the compositions of pyrox-
enes from the Group 1 dykes are Wo37–43En45–52Fs10–14, belonging
to augite (Appendix A). In contrast, numerous Group 2 dykes,
composed of variably altered, grey to grey-greenish gabbros and
dolerites, intruded the lower and upper Yanbian Group (Fig. 2).
They are sub-vertical and comprise a major swarm trending NE
70◦ to EW, and some trending north-west, with thickness gener-
ally ranging from 1 to 5 m (up to 40 m), and the length normally
ranging from 1 to 3 km (up to 6 km). These dykes also display

obvious fine-grained chilled margins and coarse-grained interiors
(Fig. 3c and e). The Group 2 rocks consist mainly of clinopyrox-
ene (48–60%) and plagioclase (40–50%), and minor hornblende
(<1%), biotite (<1%), Fe–Ti oxides (<1%). All the rocks underwent
variable degrees of saussuritization and epidotization, with the
only fresh, sub- to anhedral pyroxenes in thin sections (Fig. 3d
and f). The compositions of pyroxenes from the Group 2 dykes are
Wo37–46En32–42Fs16–27, belonging to augite (Appendix A).

3. Analytical methods

Zircon grains from samples HT-01 and 04HS-01 were sepa-
rated using conventional heavy liquid and magnetic techniques.
Representative zircon grains were handpicked under binocular
microscope and mounted in an epoxy resin disc, and then polished
and coated with gold film. Zircons were documented with transmit-
ted and reflected light micrographs as well as cathodoluminescence
(CL) images to reveal their external and internal structures. The
U–Pb isotopic analyses were performed using SHRIMP II at the
Chinese Academy of Geological Sciences. Details of the analytical
procedures for zircons using SHRIMP can be referred to Compston
search 164 (2008) 66–85

et al. (1992) and Song et al. (2002). Inter-element fractionation of
ion emission of zircon was corrected relative to the RSES reference
TEMORA 1 (417 Ma; Black et al., 2003). The uncertainties in ages
are cited as 1�, and the weighted mean ages are quoted at the 95%
confidence interval (2�).

Chemical compositions of clinopyroxenes were determined
by wavelength-dispersion X-ray emission spectrometry using an
EPMA-1600 electron microprobe at the State Key Laboratory of Ore
Deposit Geochemistry (SKLOG), Institute of Geochemistry, Chinese
Academy of Sciences (IGCAS). Major elements were obtained by
PANalytical Axios-advance X-ray fluorescence spectrometer (XRF)
at SKLOG, IGCAS, using fused lithium-tetraborate glass pellets. Ana-
lytical precision as determined on the Chinese National standard
GSR-1 was generally around 1–5%. Trace elements were analyzed
using a PerkinElmer Sciex ELAN 6000 ICP-MS at the Guangzhou
Institute of Geochemistry, CAS. The powdered samples (50 mg)
were dissolved in high-pressure Teflon bombs using HF + HNO3
mixture for 48 h at ∼195 ◦C (X.H. Li et al., 2000). Rh was used as
an internal standard to monitor signal drift during counting. The
international standards GBPG-1, OU-6, and the Chinese National
standard GSR-1 were used for analytical quality control. The ana-
lytical precision is generally better than 5% for trace elements.

Samples for Nd isotopic analysis were spiked and dissolved in
Teflon bombs with HF + HNO3 acid, and separated by conventional
cation-exchange techniques (Zhang et al., 2001). The isotopic mea-
surements were performed on a Finnigan MAT 262 multi-collector
mass spectrometer at the Laboratory for Radiogenic Isotope Geo-
chemistry, Institute of Geology and Geophysics, CAS. The measured
143Nd/144Nd ratios are normalized to 146Nd/144Nd = 0.7219. The
143Nd/144Nd ratios of the USGS standard rock BCR-1 and La Jolla Nd
standard solution determined during this study were 0.512624 ± 11
(2�), and 0.511852 ± 6 (2�), respectively.

4. Results

4.1. U–Pb zircon geochronology

Sample HT-01 (N 26◦51.150′, E 101◦30.979′) is a hornblende gab-
bro collected from the Group 1 mafic dykes. Sample 04HS-01 (N
26◦51.409′, E 101◦30.966′) is a gabbro collected from the Group 2
mafic dykes (Fig. 2). The SHRIMP zircon U–Pb ages are presented in
Table 1.

Zircon grains in sample HT-01 are clear, euhedral prismatic
grains with simple internal growth zoning (Fig. 4a). Eighteen anal-

yses from this sample were obtained from 18 grains during a single
analytical session. Measured U concentrations vary from 26 to
170 ppm, and Th range from 11 to 161 ppm, with Th/U ratios of
0.27–1.4. Except for spot 15a.1 having obviously older 206Pb/238U
ages of 1076 Ma, possibly due to quite low Th/U ratio and large ana-
lytical uncertainties, the remaining 17 analyses constitute two age
groups. The older group of eight grains gives an average 206Pb/238U
age of 859 ± 15 Ma (MSWD = 2.4, Fig. 5a). The younger group of
nine analyses yield a weighted mean 206Pb/238U age of 792 ± 13 Ma
(MSWD = 1.5, Fig. 5a). Zircons of the older age group are interpreted
to be xenocrysts that were identical in age to the ca. 860 Ma Guan-
daoshan pluton (X.H. Li et al., 2003a), whereas the younger one
(792 ± 13 Ma) represents the intrusive age of the Group 1 mafic
dykes.

Zircon grains in sample 04HS-01 exhibit simple prismatic
igneous shapes and magmatic oscillatory zonings (Fig. 4b). Their U
and Th contents vary from 27 to 503 and 17 to 410 ppm, respectively,
with Th/U ratios of 0.33–1.7. Apart from two analyses of slightly
younger and older grains (5.1 and 8.1) due to large analytical uncer-
tainties, the remainder 10 analyses for this sample yield a mean
206Pb/238U age of 761 ± 14 Ma (MSWD = 1.02, Fig. 5b). We interpret
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Table 1
SHRIMP zircon U–Pb isotopic analyses of the mafic dykes in the Yanbian area, SW China

Spot U (ppm) Th (ppm) Th/U 206Pb* (ppm) 206PbC (%) Isotopic ratio Age (Ma)

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

HT-01
1a.1 100 61 0.62 10.9 0.11 0.0671 2.0 1.179 2.7 0.1274 1.7 770 ± 13 771 ± 13
2a.1 132 116 0.88 15.3 0.12 0.0673 2.0 1.253 2.6 0.1350 1.7 816 ± 13 816 ± 13
3a.1 144 64 0.44 16.6 0.16 0.0698 1.8 1.288 2.4 0.1339 1.6 808 ± 13 806 ± 13
4a.1 37 26 0.70 4.06 0.69 0.0670 3.9 1.174 4.6 0.1272 2.3 768 ± 17 770 ± 18
5a.1 31 28 0.91 3.58 2.86 0.0730 5.7 1.323 6.1 0.1315 2.2 794 ± 19 790 ± 17
6a.1 104 92 0.88 13.3 0.27 0.0758 2.1 1.558 2.7 0.1490 1.7 889 ± 15 888 ± 15
7a.1 75 60 0.80 8.52 0.00 0.0667 2.5 1.212 3.1 0.1319 1.9 798 ± 14 798 ± 15
8a.1 147 161 1.09 18.3 1.17 0.0597 4.2 1.167 4.5 0.1417 1.7 861 ± 14 863 ± 14
9a.1 32 11 0.36 3.51 2.18 0.0581 7.2 1.023 7.6 0.1276 2.5 769 ± 19 781 ± 19
10a.1 111 109 0.98 12.4 0.34 0.0683 3.8 1.224 4.3 0.1299 1.9 786 ± 14 785 ± 14
11a.1 60 42 0.70 6.84 1.58 0.0668 4.1 1.220 4.4 0.1325 1.6 797 ± 13 801 ± 13
12a.1 170 117 0.69 20.7 0.71 0.0616 4.2 1.192 4.3 0.1404 1.1 848 ± 8.9 853 ± 9.3

4.4
5.7
2.2
3.7
6.3
2.5

2.5
2.2
2.9
2.2
3.1
5.7
1.7
1.1
3.1
3.7
2.3
2.3

tively.
ed 204
13a.1 26 18 0.71 3.17 1.41 0.0734
14a.1 89 122 1.37 11.5 2.67 0.0664
15a.1 67 18 0.27 10.6 0.59 0.0759
16a.1 77 50 0.64 9.11 0.75 0.0632
17a.1 31 25 0.81 3.82 2.48 0.0665
18a.1 108 103 0.95 13.3 0.33 0.0654

04HS-01
1.1 204 345 1.69 21.4 0.16 0.0635
2.1 68 47 0.69 7.58 0.28 0.0688
3.1 254 297 1.17 28.5 0.12 0.0633
4.1 89 57 0.64 9.79 0.13 0.0668
5.1 252 410 1.63 22.9 0.24 0.0691
6.1 52 17 0.33 5.81 0.61 0.0643
7.1 105 55 0.52 11.3 0.00 0.0713
8.1 503 291 0.58 58.6 0.00 0.0713
9.1 62 30 0.48 6.68 0.35 0.0690
10.1 27 17 0.63 2.79 0.00 0.0700
11.1 82 48 0.59 8.83 0.00 0.0682
12.1 159 164 1.03 16.3 0.10 0.0678

Errors are 1�; 206PbC and Pb* indicate the common and radiogenic portions, respec
when comparing data from different mounts). Common Pb corrected using measur

this age as the formation age of the Group 2 rocks, which is slightly
younger than that of the Group 1 mafic dykes.

In summary, the dating results indicate that the mafic dykes in
the Yanbian area were formed at 790–760 Ma, concurrent with the
mafic dykes in the Kangding area (Lin et al., 2007).

4.2. Elemental geochemistry
4.2.1. Alternation effects on chemical compositions
Major and trace element data for the mafic dykes are listed

in Table 2. All the samples in this study have undergone variable
degrees of alternation, which is shown by relatively high loss-on
ignition (LOI) values of 2.5–7.5%. Thus, the alteration effects on
chemical compositions of these rocks need to be evaluated. Zir-
conium in mafic igneous rocks is generally considered to be the
most immobile during low- to medium-grade but severe seafloor-
hydrothermal alternation (e.g., Wood et al., 1979; Gibson et al.,
1982). A number of elements with different geochemical behaviors,
including Nb, Y, Ce, TiO2, Th, V, Rb, Sr and Ba, are plotted against Zr
to evaluate their mobility during alternation (Fig. 6). The high-field
strength elements (HFSE: Ti, Y, and Nb), rare earth elements (REEs),
Th, and siderophile elements (such as V) correlated tightly with
Zr, indicating that these elements are essentially immobile during
alternation. In contrast, the low-field strength elements (LFSE: Rb,
Sr, and Ba) are overall scattered for the mafic dykes, implying vary-
ing degrees of mobility caused by the alternation. Therefore, the
sums of their major element oxides are recalculated to 100% volatile
free. Meanwhile, only immobile elements are used for geochemical
classification and petrogenetic discussions.
1.464 4.8 0.1446 1.9 857 ± 17 865 ± 17
1.342 5.8 0.1467 1.1 876 ± 11 885 ± 10
1.913 2.6 0.1827 1.5 1076 ± 15 1081 ± 16
1.192 4.0 0.1368 1.6 825 ± 12 830 ± 13
1.291 6.7 0.1408 2.3 846 ± 20 851 ± 19
1.290 2.6 0.1432 0.95 864 ± 7.7 865 ± 8.1

1.067 4.0 0.1219 3.1 742 ± 22 723 ± 52
1.220 3.9 0.1286 3.2 780 ± 24 892 ± 46
1.139 4.2 0.1305 3.1 791 ± 23 718 ± 61
1.176 3.8 0.1276 3.2 774 ± 23 832 ± 41
1.006 4.8 0.1056 3.7 647 ± 23 901 ± 63
1.153 6.5 0.1300 3.3 788 ± 24 753 ± 120
1.231 3.6 0.1253 3.2 761 ± 23 966 ± 34
1.334 3.2 0.1357 3.0 820 ± 23 967 ± 23
1.194 4.6 0.1255 3.4 762 ± 25 898 ± 64
1.149 5.1 0.1191 3.6 725 ± 24 929 ± 75
1.175 4.0 0.1250 3.3 759 ± 24 873 ± 48
1.117 3.9 0.1195 3.2 728 ± 22 861 ± 47

Error in standard calibration was 1.29% (not included in above errors but required
Pb.

4.2.2. Geochemical characteristics of the Group 1 mafic dykes
The Group 1 mafic dykes display high Fe2O3 and TiO2 con-

tents, with SiO2 = 48.6–51.6% (volatile-free), TiO2 = 2.1–2.9%,
MgO = 7.0–10.4%, Fe2O3 = 11.7–14.1%, CaO = 5.6–10.8%,
Mg# = 51.8–63.9, Cr = 139–637 ppm, and Ni = 80.4–197 ppm (Table 2
and Fig. 7). In the Fenner diagrams (Fig. 7), CaO, Cr, and Ni contents
of the Group 1 rocks decrease, whereas SiO2, Fe2O3, TiO2, Al2O3,
and P2O5 contents increase with decreasing MgO contents. On the

plot of Nb/Y vs. Zr/TiO2 of Winchester and Floyd (1976) (Fig. 8a),
rocks from the Group 1 have Nb/Y ratios of 0.72–0.97, plotting
exclusively in the alkaline basalt field. On the Ti/Y vs. Nb/Y plot
of Peate et al. (1992) and Xu et al. (2001) (Fig. 8b), Group 1 rocks
are characterized by high Ti/Y ratios (>500), similar to the high-Ti
basaltic rocks.

Group 1 rocks have high total REE contents (REE = 109–171 ppm)
with light rare earth element (LREE)-enriched and heavy REE
(HREE)-depleted patterns (LaN = 55–89, (La/Yb)N = 6.7–9.9. Sub-
script N denotes the chondrite-normalized) (Boynton, 1984)
(Fig. 9a), and insignificant Eu anomalies (Eu/Eu* = 0.89–1.1).
In the primitive mantle-normalized spider diagram (Sun and
McDonough, 1989), the rocks from the Group 1 have “humped”
patterns characterized by variable enrichment in all incompati-
ble elements (Fig. 10a). Among them, five samples have negligible
Nb–Ta depletion relative to La (Nb/La = 0.86–0.91), resembling
typical intraplate alkali basaltic rocks in CFB and OIB provinces
(Sun and McDonough, 1989). The others display slightly neg-
ative Nb–Ta anomalies relative to La (Nb/La = 0.73–0.83) with
relatively high Th abundance, possibly due to crustal contamina-
tion.



72 W.-G. Zhu et al. / Precambrian Research 164 (2008) 66–85

Table 2
Major element (in wt.%) and trace element (in ppm) data of the mafic dykes in the Yanbian area

Sample no.

04HS-09 HT-01 HT-02 HT-03 HT-04 HT-05 DW-01 07DW-01 XF-01 XF-03 XF-04 XF-06
1a 1a 1a 1a 1a 1a 1a 1a 2aa 2aa 2aa 2aa

SiO2 48.02 47.10 47.01 49.73 47.36 46.64 47.40 48.38 44.45 44.22 42.49 43.76
TiO2 2.57 2.58 2.73 2.04 2.66 2.36 2.03 2.39 2.27 2.36 2.99 2.92
Al2O3 12.63 13.63 14.22 14.64 13.79 12.18 12.21 12.26 15.64 15.97 14.30 14.21
Fe2O3 12.86 12.50 12.36 11.66 13.69 12.30 11.30 12.29 10.16 11.34 15.52 14.88
MnO 0.34 0.38 0.46 0.52 0.38 0.21 0.16 0.16 0.17 0.18 0.21 0.20
MgO 8.67 6.78 8.53 7.21 8.72 8.83 10.09 8.80 3.75 3.91 7.75 6.97
CaO 9.57 8.74 5.95 5.38 6.91 10.33 10.32 8.93 9.86 9.75 9.27 10.35
Na2O 2.34 3.57 3.32 3.00 2.56 2.11 2.09 2.46 4.10 3.88 2.01 1.89
K2O 1.13 1.06 1.09 1.76 1.10 0.64 0.84 1.12 0.62 0.62 0.14 0.12
P2O5 0.25 0.29 0.32 0.39 0.31 0.26 0.23 0.28 0.26 0.26 0.36 0.36
LOI 2.83 3.08 3.31 3.23 2.70 2.63 2.53 2.87 7.52 6.61 4.12 3.57

Total 101.21 99.71 99.31 99.56 100.17 98.49 99.20 99.94 98.81 99.10 99.16 99.23

Mg# 57.2 51.8 57.8 55.0 55.8 58.7 63.9 58.7 42.2 40.6 49.7 48.1

Sc 29.6 24.5 23.2 23.2 25.8 28.3 31.5 32.3 39.0 39.6 43.8 42.0
V 319 309 295 228 300 306 238 329 395 403 457 444
Cr 438 221 139 210 227 471 637 547 203 182 327 291
Co 55.4 47.6 67.7 53.7 85.9 58.4 59.1 71.6 66.1 68.4 50.4 51.1
Ni 135 88.6 80.4 104 116 167 197 179 90.6 82.5 72.9 63.5
Cu 113 80.9 80.9 56.7 88.9 107 120 116 75.5 77.9 66.1 58.2
Zn 121 102 76.3 67.2 123 112 95.1 128 102 110 146 131
Ga 18.2 20.1 20.9 18.9 20.8 18.4 16.0 22.5 19.3 19.9 20.0 21.1
Rb 21.8 18.8 21.2 33.4 24.2 11.5 14.5 19.5 13.6 13.5 1.26 1.13
Sr 358 414 388 385 451 423 317 265 215 274 297 367
Y 23.1 25.4 27.1 30.2 27.3 23.6 21.3 29.8 31.8 31.9 40.4 45.7
Zr 189 222 249 234 241 195 162 241 147 147 165 207
Nb 20.7 24.2 26.3 21.9 25.9 21.5 15.5 22.6 4.48 4.54 3.74 4.34
Cs 0.83 0.46 0.44 0.75 1.03 0.77 0.56 0.64 0.41 0.47 0.17 0.12
Ba 421 320 368 590 387 262 256 430 283 274 57.3 58.4
La 24.8 27.4 30.6 29.8 29.6 26.3 17.1 25.3 8.05 7.70 7.36 8.24
Ce 54.3 61.5 64.8 63.9 62.9 56.8 37.8 57.9 22.2 21.6 21.4 24.9
Pr 7.00 7.93 8.45 8.46 8.22 7.33 5.32 7.79 3.53 3.52 3.67 4.08
Nd 32.5 35.7 34.4 35.8 33.8 33.3 25.4 33.7 19.8 19.3 20.7 23.0
Sm 7.10 7.71 7.35 8.04 7.38 7.25 5.75 7.61 5.40 5.61 6.00 7.16
Eu 1.88 2.13 2.40 2.20 2.41 1.90 1.65 2.32 1.81 1.70 2.01 2.19
Gd 5.81 6.24 6.07 7.01 6.27 5.90 4.99 6.92 5.75 5.83 6.93 7.58
Tb 0.86 0.93 0.98 1.08 0.98 0.88 0.75 1.15 0.94 0.95 1.13 1.24
Dy 5.09 5.28 5.50 6.35 5.68 5.20 4.65 5.91 6.10 6.15 7.62 8.31
Ho 0.91 0.99 1.06 1.23 1.07 0.91 0.80 1.20 1.22 1.25 1.52 1.73
Er 2.35 2.63 2.66 3.16 2.75 2.40 2.06 2.87 3.44 3.59 4.24 4.98
Tm 0.32 0.39 0.36 0.44 0.38 0.35 0.30 0.40 0.49 0.52 0.61 0.75
Yb 1.97 2.33 2.09 2.70 2.15 2.03 1.73 2.41 3.21 3.29 3.79 4.68
Lu 0.29 0.31 0.30 0.38 0.30 0.29 0.24 0.33 0.45 0.47 0.59 0.67
Hf 4.48 5.01 6.42 6.38 6.23 4.75 4.00 5.69 3.48 3.56 3.97 4.80
Ta 1.17 1.37 1.63 1.37 1.64 1.19 0.94 1.46 0.26 0.28 0.21 0.28
Pb 3.93 3.06 11.56 7.58 4.53 4.63 2.31 4.53 1.23 1.51 2.35 2.11
Th 3.08 3.73 3.56 4.17 3.51 3.38 2.11 3.05 0.49 0.48 0.26 0.37
U 0.73 0.89 0.85 1.22 0.82 0.80 0.54 0.69 0.19 0.18 0.13 0.15

Sample no.

TJ-01 TJ-03 TJ-04 TJ-05 TJ-07 DW-02 HL-01 HL-03 HL-04 HS-08 HT-06
2aa 2aa 2aa 2aa 2aa 2aa 2aa 2aa 2aa 2aa 2ba

SiO2 45.95 44.61 46.27 43.21 44.62 45.43 44.87 45.04 44.64 47.08 46.10
TiO2 2.08 2.23 2.20 1.57 2.24 1.65 1.96 2.19 1.95 1.63 2.30
Al2O3 14.81 15.57 15.30 16.55 15.92 16.08 15.97 15.23 15.96 15.51 13.05
Fe2O3 11.74 12.29 11.60 11.31 12.37 11.27 12.29 12.43 12.04 12.13 15.20
MnO 0.18 0.18 0.17 0.16 0.18 0.16 0.18 0.18 0.19 0.18 0.25
MgO 6.98 7.27 7.06 9.48 7.24 6.67 7.97 7.23 7.44 7.53 5.32
CaO 10.32 9.47 9.18 9.48 8.88 8.87 8.18 10.85 9.68 10.21 10.80
Na2O 3.28 3.25 3.49 2.66 3.37 2.58 3.41 2.89 3.03 2.55 2.64
K2O 0.38 0.38 0.42 0.15 0.41 0.59 0.25 0.53 0.64 0.32 0.25
P2O5 0.20 0.22 0.22 0.16 0.22 0.20 0.20 0.26 0.20 0.19 0.29
LOI 3.17 3.36 3.12 4.41 3.35 6.55 3.74 3.01 3.60 3.12 2.54

Total 99.09 98.83 99.03 99.14 98.80 100.05 99.02 99.84 99.37 100.45 98.74

Mg# 54.1 54.0 54.7 62.4 53.7 54.0 56.2 53.5 55.0 55.2 40.9

Sc 37.1 38.6 37.8 28.4 38.4 40.5 32.8 36.3 33.5 40.6 42.7
V 351 371 361 267 359 354 334 384 342 341 466
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Table 2 (Continued )

Sample no.

TJ-01 TJ-03 TJ-04 TJ-05 TJ-07 DW-02 HL-01 HL-03 HL-04 HS-08 HT-06
2aa 2aa 2aa 2aa 2aa 2aa 2aa 2aa 2aa 2aa 2ba

Cr 170 134 137 133 139 351 152 164 164 267 84.7
Co 44.6 47.8 45.0 54.5 48.6 46.7 56.5 54.5 53.0 38.7 49.8
Ni 61.9 47.2 47.0 118 47.8 87.3 85.8 59.6 81.4 113 33.3
Cu 65.4 64.4 61.3 51.5 61.8 73.3 73.1 82.7 45.4 75.7 73.2
Zn 92.6 99.9 92.2 77.1 96.9 97.6 118 90.5 85.9 104 133
Ga 19.0 20.2 18.0 15.8 19.0 17.6 16.3 18.9 17.7 17.8 20.0
Rb 3.99 4.20 4.50 1.81 4.32 8.99 3.33 7.54 10.4 4.51 6.80
Sr 412 389 378 347 391 248 175 329 337 292 305
Y 27.3 29.3 29.4 18.3 28.8 29.0 25.6 31.3 25.4 28.8 46.3
Zr 136 151 147 94.5 150 91.8 136 166 129 88.4 157
Nb 3.70 4.34 4.11 3.06 4.25 2.25 4.34 5.02 4.36 2.06 4.07
Cs 0.07 0.08 0.07 0.12 0.10 0.52 0.35 0.34 0.41 0.21 1.51
Ba 196 118 153 34.4 85.8 254 131 113 145 144 175
La 6.32 7.17 6.87 5.02 7.31 5.52 6.78 8.06 6.40 5.76 10.7
Ce 18.4 19.8 19.5 13.8 20.5 14.7 19.0 23.0 18.2 15.3 26.6
Pr 2.94 3.26 3.10 2.28 3.39 2.33 3.04 3.86 2.96 2.41 4.12
Nd 15.7 18.0 17.5 12.0 17.7 12.5 16.7 20.2 16.1 12.9 21.6
Sm 4.55 5.13 5.18 3.26 4.91 4.32 4.66 5.55 4.33 3.79 6.26
Eu 1.55 1.61 1.51 1.16 1.60 1.42 1.40 1.57 1.39 1.46 1.93
Gd 5.02 5.40 5.18 3.63 5.26 4.49 4.64 5.47 4.53 4.47 7.11
Tb 0.83 0.88 0.85 0.56 0.87 0.77 0.78 0.94 0.75 0.76 1.20
Dy 5.30 5.72 5.72 3.66 5.77 5.40 5.27 6.00 5.25 5.12 8.44
Ho 1.06 1.15 1.12 0.70 1.13 1.13 1.01 1.23 1.01 1.05 1.79
Er 2.88 3.16 3.19 2.01 3.47 3.28 2.99 3.57 3.00 3.02 5.21
Tm 0.42 0.45 0.44 0.28 0.48 0.48 0.43 0.48 0.43 0.44 0.76
Yb 2.57 2.88 2.96 1.77 2.86 3.08 2.76 3.37 2.76 2.73 4.94
Lu 0.38 0.42 0.41 0.27 0.42 0.48 0.40 0.51 0.39 0.40 0.73
Hf 3.20 3.50 3.57 2.19 3.50 2.30 2.95 3.67 2.90 2.35 3.91
Ta 0.21 0.25 0.24 0.18 0.25 0.13 0.26 0.30 0.26 0.12 0.21
Pb 1.22 0.83 0.93 1.33 1.05 2.51 1.28 1.12 1.22 2.18 2.82
Th 0.26 0.29 0.28 0.18 0.31 0.19 0.32 0.40 0.29 0.17 0.87
U 0.11 0.13 0.14 0.09 0.13 0.07 0.14 0.15 0.15 0.07 0.21

Sample no.

HT-07 HS-06 HS-07 04HS-01 04HS-04 04HS-05 04HS-06 04HS-07 04HS-08 04HS-10 04HS-11
2ba 2ba 2ba 2ba 2ba 2ba 2ba 2ba 2ba 2ba 2ba

SiO2 46.67 46.38 47.16 47.85 46.81 48.40 48.21 48.63 46.65 47.20 46.60
TiO2 2.34 2.13 1.95 1.66 2.16 1.69 1.30 1.42 1.51 1.55 1.51
Al2O3 13.10 14.17 13.89 14.31 14.42 13.49 14.92 14.88 15.14 15.47 15.02
Fe2O3 15.30 14.17 12.71 12.85 14.32 12.80 11.73 11.87 11.86 12.89 12.64
MnO 0.22 0.24 0.19 0.21 0.24 0.19 0.20 0.18 0.19 0.19 0.19
MgO 5.14 6.30 6.85 7.36 6.50 7.75 8.69 7.33 7.25 7.33 7.36
CaO 10.32 10.76 11.27 10.56 9.99 11.09 8.41 8.82 11.11 9.69 10.38
Na2O 2.73 2.87 2.41 2.41 2.98 1.93 3.03 3.30 2.13 2.88 2.36
K2O 0.35 0.12 0.28 0.33 0.16 0.17 0.56 0.19 0.18 0.29 0.47
P2O5 0.30 0.24 0.23 0.19 0.27 0.17 0.14 0.17 0.17 0.19 0.17
LOI 2.65 3.28 2.71 2.63 3.00 2.94 3.29 2.90 2.96 3.40 3.47

Total 99.12 100.66 99.65 100.36 100.85 100.62 100.48 99.69 99.15 101.08 100.17

Mg# 40.0 46.8 51.6 53.2 47.3 54.5 59.5 55.0 54.8 53.0 53.6

Sc 43.3 47.5 47.9 50.3 49.3 51.7 44.4 35.4 36.6 37.0 37.6
V 473 428 424 353 433 412 268 301 288 291 308
Cr 81.5 252 189 203 238 240 282 170 197 182 185
Co 48.5 51.3 48.2 46.2 51.5 49.6 42.0 40.6 41.4 46.1 43.6
Ni 33.9 80.7 70.3 75.5 72.7 65.0 90.9 64.5 73.8 68.3 66.8
Cu 75.3 89.1 56.5 75.5 95.8 68.5 85.3 31.7 77.8 73.7 93.5
Zn 135 129 99.4 104 127 88.6 74.6 64.2 83.7 103 87.8
Ga 20.6 21.0 18.6 17.5 20.5 17.4 15.3 16.9 18.3 17.3 17.7
Rb 11.3 1.16 3.06 6.02 2.15 2.11 7.39 1.94 2.14 3.06 8.13
Sr 279 467 249 220 437 271 187 226 284 353 315
Y 47.8 41.1 37.4 31.3 42.3 30.6 25.0 24.9 25.6 25.7 24.2
Zr 157 146 127 97.9 149 96.2 74.7 73.2 79.9 73.7 69.9
Nb 4.04 3.44 2.97 2.43 3.23 2.12 1.70 1.68 1.78 1.74 1.69
Cs 2.55 0.22 0.20 0.71 0.33 0.16 0.14 0.13 0.09 0.19 0.29
Ba 241 57.7 127 143 83.1 70.5 148 92.8 59.4 88.5 118
La 10.83 9.63 8.08 7.00 9.54 6.03 5.19 5.79 5.88 6.45 5.63
Ce 26.6 24.0 20.9 17.6 24.2 15.1 13.2 14.7 14.6 15.3 14.2
Pr 4.14 3.77 3.19 2.70 3.72 2.48 2.16 2.35 2.41 2.48 2.29
Nd 22.2 19.4 16.7 14.1 18.6 12.5 11.1 12.0 12.3 12.4 11.6
Sm 6.48 5.30 4.93 4.10 5.70 3.76 3.37 3.41 3.46 3.60 3.43
Eu 1.88 1.91 1.69 1.56 1.85 1.48 1.22 1.24 1.36 1.41 1.32
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Sample no.

HT-07 HS-06 HS-07 04HS-01 04HS-04
2ba 2ba 2ba 2ba 2ba

Gd 7.26 6.68 5.81 4.93 6.11
Tb 1.24 1.18 0.97 0.86 1.10
Dy 8.71 7.59 6.77 5.74 7.66
Ho 1.80 1.59 1.46 1.15 1.63
Er 5.27 4.64 4.12 3.26 4.67
Tm 0.76 0.69 0.61 0.47 0.68
Yb 4.90 4.32 3.80 3.04 4.33
Lu 0.74 0.66 0.53 0.45 0.60
Hf 4.05 3.74 3.23 2.62 4.10
Ta 0.22 0.23 0.19 0.16 0.21
Pb 2.71 4.42 1.51 5.41 5.09
Th 0.88 0.67 0.63 0.47 0.71
U 0.23 0.17 0.15 0.13 0.18

Mg# = 100 × molar MgO/(Mg + FeOT), assuming FeOT = 0.9 × Fe2O3. Total iron as FeO
a Group type.

4.2.3. Geochemical characteristics of the Group 2 mafic dykes
In the Nb/Y vs. Zr/TiO2 diagram (Fig. 8a), rocks from the Group 2

have low Nb/Y ratios (0.07–0.17) plotting into the field of the subal-
kaline basalt. Most of the Group 2 rocks have low Ti/Y ratios (<500;
Fig. 8b). On the plot of FeOT/MgO vs. TiO2 (Fig. 8c), all the Group 2
samples display the tholeiitic trend. In general, Group 2 rocks show
the low-Ti tholeiitic basaltic affinities.

The Group 2 rocks can be further divided into two sub-types
(Group 2a and Group 2b) by the trace element characteristics
(Figs. 9b and c, and 10b and c). The Group 2a rocks have SiO2 from
44.7 to 48.7%, TiO2 from 1.7 to 3.2%, MgO from 4.1 to 10.0%, Fe2O3
from 11.1 to 16.3%, CaO from 8.6 to 11.2%, Mg# from 40.6 to 62.4,
Cr from 133 to 351 ppm, and Ni from 47.0 to 118 ppm. The Group
2b rocks have relatively higher SiO2 contents (47.6–50.2%) and low
TiO2 contents (1.3–2.4%) than those of the Group 2a rocks. Their
MgO contents vary from 5.3 to 8.9%, Fe2O3 from 12.1 to 15.9%, CaO
from 8.7 to 11.6%, Mg# from 40.0 to 59.5, Cr from 81.5 to 282 ppm,
and Ni from 33.3 to 90.9 ppm. In the Fenner diagrams (Fig. 7), the
Group 2a and Group 2b exhibit similar trends. These rocks increase
in SiO2, Fe2O3, TiO2, CaO, and P2O5 with increasing MgO, whereas
Al2O3, Cr, and Ni decrease.

The Group 2 dykes have relatively low total REE con-
tents (REE = 50.4–103 ppm) with relatively flat REE patterns
(Fig. 9b and c). The Group 2a dykes show flat REE pat-
terns with slight depletion in La and Ce (LaN = 16–27,

(La/Yb)N = 1.2–1.9, (La/Sm)N = 0.72–0.97, (Gd/Yb)N = 1.2–1.7)
and insignificant Eu anomalies (Eu/Eu* = 0.87–1.1). Com-
pared with the Group 2a, rocks from the Group 2b have flat
LREE and HREE patterns, with LaN = 17–35, (La/Yb)N = 1.2–1.5,
(La/Sm)N = 0.97–1.1, (Gd/Yb)N = 1.1–1.3, and insignificant Eu
anomalies (Eu/Eu* = 0.84–1.1). In the primitive mantle-normalized
spider diagram, Group 2 rocks are significantly depleted in Th,
LREE, Nb, and Ta. Notably, as shown in Fig. 10b and c, Group 2a
exhibit N-MORB-like trace element patterns (Sun and McDonough,
1989). The Group 2a has higher Ti contents and Zr/Y ratios, and
lower Th and La contents.

4.3. Nd isotopes

Neodymium isotopic data for the mafic dykes are given in
Table 3. Group 1 rocks have fairly constant 147Sm/144Nd ratios
between 0.1289 and 0.1417, 143Nd/144Nd ratios between 0.512593
and 0.512721, corresponding to initial εNd(T) values between
+5.8 and +7.2. Group 2a and Group 2b have 147Sm/144Nd val-
ues of 0.1705–0.1883 and 0.1807–0.1899, 143Nd/144Nd values
of 0.512842–0.512889 and 0.512789–0.512874, corresponding to
search 164 (2008) 66–85

05 04HS-06 04HS-07 04HS-08 04HS-10 04HS-11
2ba 2ba 2ba 2ba 2ba

4.20 4.24 4.35 4.42 4.24
0.77 0.74 0.77 0.79 0.74
5.05 4.91 5.07 5.08 4.86
1.01 0.99 1.09 1.11 1.02
2.98 2.95 3.00 3.05 2.82
0.43 0.41 0.43 0.45 0.41
2.84 2.75 2.88 2.87 2.70
0.42 0.39 0.42 0.42 0.39
2.18 2.08 2.18 2.15 2.07
0.12 0.11 0.12 0.12 0.11
1.06 1.14 1.80 4.35 0.92
0.39 0.38 0.39 0.39 0.38
0.09 0.11 0.11 0.13 0.11

= loss on ignition.

εNd(T) values of +5.4 to +7.2 and +4.5 to +5.3, respectively. The
Nd isotopic compositions suggest that the parental magmas of
the mafic dykes in the Yanbian area were derived from a time-
integrated depleted mantle source.

5. Discussion

Although close spatial association of the mafic dykes was
observed in the Yanbian area, geochronological data indicate that
the two groups of dykes were formed by two distinct magmatic
events. Moreover, the obvious differences in petrology and geo-
chemistry between the Group 1 and Group 2 rocks are most likely
attributed to their magmatic evolution processes and/or mantle
sources.

5.1. Fractional crystallization

The mafic dykes in the Yanbian area exhibit variable MgO con-
centrations and Mg# values, suggesting that they have undergone
fractional crystallization to varying degrees. The Group 1 and Group
2 share similar evolutionary trends on some element diagram
(Fig. 7). Increase of TiO2 with decreasing MgO for these rocks indi-
cates that TiO2 was incompatible in the crystallizing phases and
therefore titanomagnetite did not appear liquidus in these sys-
tems. The positive correlations of Cr and Ni vs. MgO imply that

they may undergo some degrees of fractionation of olivine and/or
clinopyroxene.

The positive correlation of Al2O3 vs. MgO indicates that the
Group 2 mafic dykes were subjected to plagioclase fractionation
(Pik et al., 1998), whereas reverse correlations of Al2O3 vs. MgO
from the Group 1 dykes suggests that they underwent insignifi-
cant plagioclase fractionation (Fig. 7). In the CaO vs. MgO diagram
(Fig. 7), the Group 1 dykes display an obviously positive correlation,
consistent with the removal of Ca-rich mafic phases (e.g., clinopy-
roxene). In contrast, the Group 2 dykes have relatively constant CaO
contents, implying clinopyroxene is not a major fractionated phase
for this group.

In summary, olivine and clinopyroxene are the dominated frac-
tionation phases in the Group 1 dykes, whereas plagioclase plus
various amounts of olivine and clinopyroxene are the major frac-
tionated minerals for the Group 2 dykes.

5.2. Crustal contamination

The dykes of the Group 1 are enriched in Th and slightly depleted
in Nb and Ta (Fig. 10a). Positive correlation between Nb/Th and
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Fig. 4. CL images of zircon grain for sample HT-01 from the Group

Nb/La for the Group 1 dykes (Fig. 11a) suggests involvement of
Th-rich components in the magma. Furthermore, their εNd(T) val-
ues correlate positively with Nb/La (Fig. 11b), but negatively with
La/Sm (Fig. 11c), indicating that the relative enrichment of La and
1 (a) and sample 04HS-01 from the Group 2 (b) mafic dykes.

depletion of Nb and Ta in the Group 1 dykes are mostly due to
crustal contamination (e.g., Paces and Bell, 1989). In addition, εNd(T)
values of mafic dykes from the Group 1 decrease with decreasing
MgO contents (Fig. 11d), clearly demonstrating they experienced
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44Nd

0.512789 0.000010 0.511889 4.52
0.512804 0.000012 0.511886 4.46
0.512838 0.000013 0.511903 4.79
0.512874 0.000013 0.511928 5.28
0.512827 0.000013 0.511909 4.91

12638) are used for the calculation. �Sm = 6.54 × 10−12 year−1 (Lugmair and Harti, 1978).
rea were calculated using age of 790 Ma and 760 Ma, respectively.

sample TJ-05 is similar to N-MORB-like trace element patterns
(Figs. 9 and 10). Thus, the least-contaminated alkaline basalt in
the Suxiong volcanics (X.H. Li et al., 2002a) was used to approx-
imate the Group 1 primary magma. The least-contaminated mafic
dykes exhibiting N-MORB-like features in the Kangding–Shimian
area (Lin et al., 2007) were used to approximate the Group 2 pri-
mary magma. As shown in Fig. 13, the modeling results suggest
incorporation of minor amount of crustal material (3–8%) into the
primary melt parental to the Group 1 mafic dykes, whereas 1–2%
and 4–6% crustal contaminant were involved in the generation of
the Group 2a and Group 2b rocks, respectively.
Table 3
Sm–Nd isotopic compositions of the mafic dykes in the Yanbian area

Sample Type Sm (ppm) Nd (ppm) 147Sm/1

04HS-09 1 6.810 31.33 0.1314
HT-01 1 7.612 35.70 0.1289
HT-05 1 7.142 32.93 0.1311
DW-01 1 6.072 25.91 0.1417
XF-03 2a 5.261 18.16 0.1751
TJ-04 2a 5.049 17.56 0.1738
TJ-05 2a 3.747 13.29 0.1705
HL-03 2a 5.822 20.61 0.1707
HS-08 2a 4.514 14.49 0.1883
HT-06 2b 7.010 23.46 0.1807
HS-06 2b 6.271 20.58 0.1842
04HS-01 2b 4.768 15.37 0.1876
04HS-06 2b 3.800 12.10 0.1899
04HS-11 2b 3.750 12.30 0.1843

Chondrite uniform reservoir (CHUR) values (147Sm/144Nd = 0.1967, 143Nd/144Nd = 0.5
The (143Nd/144Nd)I, εNd(T) of the Group 1 and Group 2 mafic dykes in the Yanbian a

crustal assimilation and fractional crystallization processes. In view
of these geochemical and isotopic correlations, the crustal contam-
inants may be main factors causing low in εNd(T), Nb/La, Nb/Th
and MgO, but high in La/Sm, indicative of sialic crust components.
Continental crust is typically depleted in Nb and Ta (Rudnick and
Fountain, 1995), and the upper continental crust is enriched in La
and Th while the lower continental crust is not usually enriched in
Th (Barth et al., 2000). As a result, the crustal contaminant enriched
in Th and La and depletion in Nb and Ta was possibly derived from
the upper crust rather than the lower crust (Fig. 12a) (Ingle et al.,
2002). It is therefore suggested that the magmas parental to the
Group 1 rocks assimilated relatively high-evolved upper continen-
tal crust.

In contrast, a positive correlation between εNd(T) and MgO
for the Group 2 rocks (Fig. 11d) reveals that crustal assimila-
tion and fractional crystallization processes play an important
role during their generation. Group 2a and Group 2b rocks dis-
play the same magma evolution trend and have similar ratios of
Zr/Nb, Ce/Y, (Gd/Yb)N, and (La/Yb)N (Fig. 12b–d), implying that
they were likely generated by a common primary magma. The
samples from the Group 2b, however, exhibit relatively higher Th
and La contents, and lower Ti contents and εNd(T) values than
those of the Group 2a samples (Fig. 10b and c, and Table 3).
As shown in the Nb/Th–Nb/La (Fig. 11a), εNd(T)–Nb/La (Fig. 11b),

and εNd(T)–La/Sm (Fig. 11c) diagrams, the less-contaminated rocks
from the Group 2a have relatively high Nb and low La contents,
whereas the more contaminated rocks from the Group 2b have rel-
atively low Nb and high Th and La contents. The (Th/Ta)PM and
(Ta/La)PM relationship (Fig. 12a) indicates that the Group 2 rocks
follow a mixing trend between mantle melts and upper continen-
tal crust (Ingle et al., 2002). Thus, Group 2a and Group 2b rocks
were probably generated from a common primary magma, with
involvement of more upper crustal material into the Group 2b
rocks.

A quantitative modeling based on the Nb/La ratios and Nd iso-
topic compositions was conducted by using a binary mixing model.
We choose the metasedimentary rocks from the Huili Group, which
is similar in composition to the Yanbian Group, as the crustal con-
taminant (our unpublished data). Sample DW-01 has the highest
MgO (10.4%), Ni (197 ppm) and Cr (637 ppm) contents and εNd(T)
value (7.2) in the Group 1, representing the least-contaminated
composition of this group. Sample TJ-05 with the highest MgO
(10.0%) and εNd(T) value (7.2) in the Group 2 represents the
least-contaminated basaltic rock of Group 2 (Tables 2 and 3). Fur-
thermore, sample DW-01 resembles typical OIB features, whereas
143Nd/144Nd 2� (143Nd/144Nd)I εNd(T)

0.512594 0.000011 0.511913 5.75
0.512608 0.000011 0.511941 6.29
0.512593 0.000012 0.511914 5.77
0.512721 0.000012 0.511987 7.18
0.512842 0.000012 0.511970 6.10
0.512889 0.000011 0.512023 7.14
0.512877 0.000012 0.512028 7.24
0.512852 0.000014 0.512001 6.71
0.512873 0.000011 0.511934 5.40
Fig. 5. SHRIMP zircon U–Pb concordia diagrams for sample HT-01 from the Group
1 (a) and sample 04HS-01 from the Group 2 (b) mafic dykes.
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of the
; open

T

Fig. 6. Plots of TiO2, Nb, Ce, Y, Th, V, Rb, Sr, and Ba vs. Zr to evaluate the mobility
symbols: the Group 1 mafic dykes; open square symbols: the Group 2a mafic dykes

As discussed above, these elemental and isotopic characteris-
tics indicate that the parental magmas of these mafic dykes had
experienced variable degrees of crustal contamination.

5.3. Nature of the parental magma and mantle source
characteristics

An obvious contrast is shown between the Group 1 and Group 2
rocks in terms of their trace element and REE geochemical charac-
teristics (Figs. 9, 10 and 12a). These two groups define two distinct
geochemical trends on the Fig. 12b and c, which may be caused by
partial melting of the same mantle source with variable melting
degrees, or of different mantle sources. The ratios of incompatible
elements with similar distribution coefficients are the least sus-

ceptible to partial melting and fractional crystallization processes
(Wang et al., 2004). The less-contaminated rocks of the Group 1
and Group 2 exhibit obviously different Nb/Th, Nb/La, Zr/Nb ratios
(Figs. 11a and b, and 12c), arguing against a scenario that they were
generated by variable degrees of partial melting of the same mantle
source. Instead we suggest that they originated from two different
mantle sources.

5.3.1. Nature and origin of the parental magma of the mafic dykes
of Group 1

As shown above, the mafic dykes from Group 1 exhibit the high-
i alkaline basaltic feature (Fig. 8). In order to minimize the effects

of fractionation and crustal contamination, the least-contaminated
sample DW-01 of the Group 1 has been modeled using an olivine-
addition method to extrapolate the composition of the parental
magma (Wang et al., 2002). Equilibrium olivine is added in 1% incre-
ments until the resulting basaltic magma is in equilibrium with Fo89
olivine, using Kd = 0.31, where Kd is the molar ratio of FeO/MgO
in olivine to that in the coexisting magma (Roeder and Emslie,
1970), and assuming Fe2+/total Fe = 0.85. After removing effect of
11% olivine crystallization, the result is a high magnesium magma
se elements of different geochemical behavior during alternation. Solid diamond
triangle symbols: the Group 2b mafic dykes.

containing SiO2 = 48.7%, MgO = 14.4%, and FeO = 10.3%. Accordingly,
it suggests that the parental magma for the Group 1 is a high-Ti and
Mg alkaline basaltic magma.

The mafic dykes from Group 1 display high TiO2 contents, low
La/Nb (1.1–1.4) and La/Ta ratios (21–22), and high ratios of Zr/Y
(7.6–9.2) and Ti/Y (421–677), similar to those of OIB (La/Nb < 1.5,
La/Ta < 22, Zr/Y > 6, and Ti/Y > 410) (Lightfoot et al., 1993; Ewart et al.,
1998; Garland et al., 1996; Sun and McDonough, 1989). Moreover,
as shown in Fig. 10, the geochemical and Nd isotopic character-
istics of the less-contaminated rocks are similar to those of the
alkali basalts derived from OIB-like mantle sources in continen-
tal rifts, such as alkaline basalts in the modern East African Rift
(Stewart and Rogers, 1996; Pik et al., 1999) and ∼803 Ma Sux-
iong alkaline basalts in the Kangding Rift in South China (X.H.

Li et al., 2002a). The above discussions reveal that the parental
magma of the Group 1 rocks was generated by melting of OIB-like
mantle source and most likely triggered by an intra-continental
rifting.

It has been proposed that alkali-rich basaltic magma displaying
an LREE-enriched pattern may be generated by small degrees of
melting of mantle peridotite (Cullers and Graf, 1984; Hirschmann
et al., 1998). In general, low La/Yb ratios reflect a melting regime
dominated by relatively large melt fractions and/or spinel as the
predominant residual phase, whereas high La/Yb ratios are indica-
tive of smaller melt fractions and/or garnet control (Deniel, 1998;
Xu et al., 2001). In addition, REE fractionation, presented on a plot
of La/Yb vs. Tb/Yb (Fig. 14), can be used to estimate the nature of
mantle source and the extent of melting (George and Rogers, 2002).
Superimposed on this diagram is a grid for fractional melts derived
from peridotite with REE abundances equivalent to primitive man-
tle (Sun and McDonough, 1989). Modal garnet in the mantle source
region varies from 0 to 8% (subhorizontal lines), representing the
total range of modal garnet across the spinel–garnet peridotite tran-
sition (Wood and Blundy, 1997). The Group 1 mafic dykes define
a steep trend, which is unlikely to be the effect of crustal con-



78 W.-G. Zhu et al. / Precambrian Research 164 (2008) 66–85
Fig. 7. Fenner diagrams for the mafic dykes in

tamination because such processes have little effect on REE ratios
(Thirlwall et al., 1994), and thereby imply variable residual garnet
during melting. The highest Tb/Yb ratios indicate that the resid-
ual garnet was 1–2%. Melting thus appears to have occurred in the
spinel–garnet transition field for the Group 1 rocks. The REE model
refers to a melt fractions of ∼2.5–3% for the Group 1 rocks.

Therefore, the Group 1 dykes having high La/Yb and Tb/Yb ratios
with relatively low HREE abundance were possibly generated by
low (∼2.5–3%) degree partial melting of a garnet-bearing astheno-
spheric mantle source.

5.3.2. Nature and origin of the parental magma of the mafic
dykes of Group 2

Group 2 mafic dykes display the low-Ti tholeiitic basaltic affin-
ity (Fig. 8). The least-contaminated sample of this group (TJ-05) is
selected for calculation of parental magma composition also using
an olivine-addition method (Wang et al., 2002). After removing
the Yanbian area. Symbols as in Fig. 6.

effect of 16% olivine crystallization, the final result is a high-Mg
basaltic melt containing ∼45.4% SiO2, 15.6% MgO, and 11.0% FeO. As
a result, the magma parental to the Group 2 is a low-Ti and high-Mg
tholeiitic basaltic magma.

Group 2 dykes are characterized by MORB-like elemental pat-
tern with depletions in highly incompatible elements such as Th,
Nb, Ta, La, and Ce. However, they are different from typical MORB
because (1) the Group 2 have generally higher trace element abun-
dances than typical N-MORB (Figs. 9b and 10b); (2) the magma
parental to the Group 2 rocks had been assimilated by silicic crust
which are low in εNd(T), Nb/La, Nb/Th, and MgO, but high in La/Sm
(Fig. 11a–d). This makes it unlikely that the rocks of the Group 2
were formed in an oceanic setting where silicic crust is normally
absent.

The Group 2 dykes display a MORB-like elemental pattern,
implying that they were most likely derived from a depleted
asthenospheric mantle source. In addition, this group dykes are



W.-G. Zhu et al. / Precambrian Research 164 (2008) 66–85 79
Fig. 8. Plots of (a) Nb/Y vs. Zr/TiO2 (Winchester and Floyd, 1976), (b) Ti/Y vs. Nb/Y
(Peate et al., 1992), (c) FeOT/MgO vs. TiO2 (Miyashiro, 1974) for classification of the
mafic dykes. Symbols as in Fig. 6.

tholeiitic in composition and have nearly flat chondrite-normalized
REE patterns, indicating that their residue phase was garnet-poor.
Because garnet has a higher partition coefficient for Yb (D = 6.6)
than La (D = 0.0016) (Johnson, 1998), minor residual garnet in the
mantle source will significantly fractionate REE, leading to deple-
tion in HREE. Fig. 14 indicates the presence of less than 1% residual
garnet in the source region for the Group 2 rocks, and that the source
was responsible for a spinel-stable field. Based on calculation of
REE fractionation, the degree of partial melting for the Group 2 was
about 7% (Fig. 14).

Thus, a residual spinel-stable field asthenospheric mantle
source, which had undergone partial melting to form the melt for
Fig. 9. Chondrite-normalized REE patterns of the mafic dykes in the Yanbian area.
Normalizing values from Boynton (1984). (a) The Group 1, (b) the Group 2a, and (c)
the Group 2b mafic dykes.

the Group 1, had experienced relatively higher degrees of partial
melting to form the Group 2 rocks.

5.4. Tectonic significance

Extensive Neoproterozoic magmatic rocks in the western mar-
gin of the Yangtze Block range in age from 750 to 860 Ma, and their
origin has been a long-standing issue of debate. They have been
interpreted as the products either of a mantle plume (Z.X. Li et al.,
1995, 1999) or of arc magmatism (Zhou et al., 2002a,b, 2006a,b).
Our new data for the 790–760 Ma mantle-derived mafic dykes in
the Yanbian area currently provide further constraints on the Neo-
proterozoic tectonic evolution in the western margin of the Yangtze
Block.

The igneous assemblage in the Yanbian area, including
mafic–ultramafic complexes, mafic dykes and metavolcanic rocks
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Fig. 10. Primitive mantle-normalized incompatible trace element spider diagram
for the mafic dykes in the Yanbian area. Normalizing values from Sun and
McDonough (1989). (a) The Group 1, (b) the Group 2a, and (c) the Group 2b mafic
dykes.

of the Yanbian Group, previously was collectively termed the Pro-
terozoic “Yanbian Ophiolite” (Geological Team 106 of SBGMR, 1975;
Sun and Vuagnat, 1992; Sun, 1994). The mafic dyke swarms in
this region show an obvious intrusive relationship with metavol-
canic rocks of the Yanbian Group (Wang and Kan, 2001; Jiang et
al., 2005). The present study indicates that the mafic dykes were
emplaced at ca. 790–760 Ma, which are 30–60 Ma younger than the
Gaojiacun and Lengshuiqing mafic–ultramafic complexes (Zhu et
al., 2006, 2007). In addition, intrusive contacts were also observed
between the Gaojiacun, Lengshuiqing complexes and metavolcanic
rocks and schists of the Yanbian Group (Zhu et al., 2006, 2007).
The geological relationships and U–Pb zircon ages imply that these
magmatic rocks were not formed during a single magmatic event.
search 164 (2008) 66–85

As a result, the mafic dykes and mafic–ultramafic complexes in the
area cannot be part of an ophiolite.

Based on aforementioned discussions, the least-contaminated
mafic dykes of the Group 1 exhibit characteristic patterns of incom-
patible trace element similar to those of OIB. In the discrimination
diagrams of Ti–Zr–Y (Fig. 15a; Pearce and Cann, 1973), Zr/Y–Zr
(Fig. 15b; Pearce and Norry, 1979), and La/10–Y/15–Nb/8 (Fig. 15c;
Cabanis and Lecolle, 1989), the Group 1 rocks are plotted in the
within-plate basalt field, indicating that the Group 1 might be
derived from an OIB-like source in a continental rift environment.
Furthermore, most of the less-contaminated rocks from the Group
2a are also plotted into the field of the within-plate basalt (Fig. 15a
and b), suggesting the mafic dykes of the Group 2 could be also
generated during an intra-continental rifting. In contrast, Group 2a
rocks are plotted into the field of the continental back-arc tholei-
ites (Fig. 15c), most likely due to depletion in Nb and La caused
by relatively higher degree melting of the spinel-stable mantle
source. The Group 2b rocks exhibit some “arc-like” geochemical
features (Fig. 15a and b), probably due to more crustal contami-
nation than those of Group 2a. In addition, on the plot of AlZ vs.
TiO2 in clinopyroxene of Loucks (1990), the clinopyroxenes of the
Group 1 and Group 2a mafic dykes are strongly affinitive with
rift-related, rather than arc-related, mafic–ultramafic cumulative
rocks (Fig. 15d). Therefore, the mafic dykes in the Yanbian area
were formed in a within-plate rift environment, rather than an arc
environment.

The ages of the mafic dykes in the Yanbian area are similar to
those of mafic dykes (ca. 780–760 Ma) in the Kangding and Shimian
area (Z.X. Li et al., 2003; Lin et al., 2007), indicating that signif-
icant mafic magmatism occurred during 790–760 Ma along the
western margin of the Yangtze Block. A tectono-magmatic model
for production of the mafic dykes in this area is likely related
to the mid-Neoproterozoic mantle plume, i.e., a plume arose at
about 790–760 Ma from the deep mantle. The plume triggered low
degree partial melting of the mantle OIB-like in the garnet-bearing
field, followed by relatively higher degree melting of the refractory
asthenospheric mantle source in the spinel-stable field. The low
degrees of partial melting of OIB-like mantle source generated the
parental magma of the Group 1 dykes with OIB geochemical affin-
ity. The higher degree partial melting of the relatively refractory
asthenospheric mantle source subsequently produced the parental
magma of the Group 2 rocks. The progressive upwelling of astheno-
spheric mantle implies the existence of an anomalously hot mantle
plume in the southwest China during the Neoproterozoic. As a

result, this study supports the interpretation that the mafic dykes
in the Yanbian area originated from a mantle plume-induced con-
tinental rift.

The 780 Ma mafic dyke swarm also occurred in western North
American (Park et al., 1995), as well as widespread ca. 760–750 Ma
mafic dykes in Western Australia and Seychelles. The 755 Ma Mun-
dine Well dyke swarms (MDS) in northwestern Australia have been
proposed to originate from a Neoproterozoic mantle plume (Ernst
and Buchan, 2001; Z.X. Li et al., 2003; X.H. Li et al., 2006b). The
Seychelles dolerites (Tucker et al., 2001; Ashwal et al., 2002), dated
at 750 ± 3 Ma, have also been considered by most workers as being
formed in a rift- or plume-related extensional tectonic setting (X.H.
Li et al., 2006b). Such large-scale, transcontinental rifting and mag-
matism could be best explained by mantle plume or superplume
activities beneath the super-continental Rodinia. This 790–760 Ma
Neoproterozoic extensional event is responsible for the later stage
of the Rodinia superplume cycle that started continental rifting
within Rodinia at ca. 820–825 Ma. This proposal supports the idea
that South China might have been located between Australia and
Laurentia in the Rodinia supercontinent (Z.X. Li et al., 2003). In con-
clusion, the rift-related intra-continental setting of the mafic dykes
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Fig. 11. Plots of (a) Nb/Th vs. Nb/La, (b) εNd(T) vs. Nb/La (X.H. Li et al., 2006a), (c) εNd(T) vs. La/Sm, and (d) εNd(T) vs. MgO for the mafic dykes in the Yanbian area. Symbols as
in Fig. 6.

Fig. 12. Plots of (a) (Th/Ta)PM vs. (La/Ta)PM (Ingle et al., 2002), (b) Yb vs. Nb, (c) Zr/Nb vs. Ce/Y, and (d) (Gd/Yb)N vs. (La/Yb)N for the mafic dykes in the Yanbian area. Symbols
as in Fig. 6.
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Fig. 13. Plot of εNd(T) vs. Nb/La for the mafic dykes showing the effects of
crustal contamination. Numbers labeled on the binary mixing curve represent
the percentages of crust added to the melt. The contaminant crustal components
(La = 64.5 ppm, Nd = 38.1 ppm, Nb = 11.4 ppm, and εNd(790 Ma) = −16) are the aver-
age of the metasedimentary rocks from the Huili Group in the Yangtze Block (our
unpublished data). The primary magmas for OIB are assumed having Nb/La = 1,
La = 22.4 ppm, Nd = 27.4 ppm, and εNd(T) = +8 from the least-contaminated alkaline
basalt in the Suxiong volcanics (X.H. Li et al., 2002a). The primary magmas of Group
2 are assumed having Nb/La = 0.62, La = 4.8 ppm, Nd = 11.8 ppm, and εNd = +8, similar
to four least-contaminated mafic dykes having N-MORB-like trace element features
in the Kangding–Shimian area (Lin et al., 2007).

Fig. 14. Plot of La/Yb and Tb/Yb for the mafic dykes in the Yanbian area. The model
assumes a garnet mode in the source varying from 0 to 8% (subhorizontal lines) (with
olivine at 55%, orthopyroxene at 25%, and clinopyroxene at >12% entering the melt
phase in the proportions 20:20:40:20%, respectively). Melt increments are shown
as subvertical lines in 1% intervals between 1 and 7%. The melting curves are from
George and Rogers (2002). Partition coefficients employed are from the compilation
of McKenzie and O’Nions (1991). Symbols as in Fig. 6.

Fig. 15. Discrimination diagrams of (a) Ti–Zr–Y (Pearce and Cann, 1973), (b) Zr/Y–Zr (Pearce and Norry, 1979), (c) La/10–Y/15–Nb/8 (Cabanis and Lecolle, 1989), and (d) AlZ
(percentage of tetrahedral sites occupied by Al) vs. TiO2 in clinopyroxenes (Loucks, 1990) for the mafic dykes in the Yanbian area. Symbols as in Fig. 6.
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in the Yanbian area indicates the manifestation of a Neoproterozoic
Rodinia super-continental breakup.
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Sample HT-01 HT-01 HT-01 DW-01 DW-01 DW-01 HT-05 HT

SiO2 50.51 50.98 50.71 51.74 52.90 53.93 50.69 50.
TiO2 1.10 0.96 1.26 1.04 0.58 0.58 1.42 1.
Al2O3 4.15 4.07 3.70 3.56 1.90 1.86 4.65 4.
Cr2O3 0.50 0.43 0.04 0.43 0.31 0.32 0.51 0.
MgO 15.60 15.22 15.17 15.92 18.37 18.03 15.01 15.
CaO 20.37 20.24 19.41 18.98 18.44 18.75 20.08 19.
MnO 0.15 0.17 0.18 0.18 0.21 0.15 0.18 0.
FeO 6.58 6.67 8.05 5.78 6.67 6.29 6.84 6.
NiO 0.04 0.01 0.06 0.02 0.05 0.03 0.01 0.
ZnO 0.04 0.00 0.00 0.00 0.02 0.00 0.05 0.
Na2O 0.26 0.32 0.33 0.37 0.24 0.22 0.29 0.
K2O 0.01 0.00 0.00 0.00 0.00 0.02 0.01 0.

Total 99.30 99.08 98.90 98.02 99.70 100.18 99.74 98.

Si 1.88 1.90 1.90 1.93 1.94 1.96 1.88 1.
Ti 0.03 0.03 0.04 0.03 0.02 0.02 0.04 0.
Al 0.18 0.18 0.16 0.16 0.08 0.08 0.20 0.
Cr 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.
Mg 0.86 0.84 0.85 0.88 1.01 0.98 0.83 0.
Ca 0.80 0.80 0.77 0.75 0.72 0.72 0.79 0.
Mn 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.
Fe2+ 0.20 0.21 0.25 0.18 0.20 0.19 0.21 0.
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.
Na 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.

En 46.24 45.67 45.34 48.80 52.18 51.71 45.35 47.
Fs 10.94 11.23 13.50 9.93 10.64 10.13 11.59 11.
Wo 42.83 43.10 41.16 41.27 37.19 38.16 43.06 41.

Sample XF-04 XF-04 TJ-04 TJ-04 TJ-04 TJ-04 TJ-07

SiO2 50.15 49.44 50.22 49.84 52.60 47.77 50.19
TiO2 1.60 1.59 1.55 2.24 0.97 2.19 2.0
Al2O3 3.63 3.91 2.84 3.27 1.42 4.87 3.7
Cr2O3 0.01 0.00 0.07 0.00 0.00 0.07 0.0
MgO 14.15 13.68 12.22 12.53 14.55 11.40 12.4
CaO 19.97 18.23 20.47 20.45 18.09 20.84 19.9
MnO 0.37 0.31 0.33 0.29 0.47 0.24 0.3
FeO 11.14 11.24 10.71 11.48 12.52 10.49 10.9
NiO 0.01 0.00 0.02 0.00 0.01 0.02 0.0
ZnO 0.00 0.00 0.06 0.00 0.03 0.10 0.0
Na2O 0.54 0.38 0.40 0.40 0.18 0.45 0.3
K2O 0.00 0.01 0.00 0.00 0.00 0.01 0.0

Total 101.55 98.78 98.90 100.49 100.84 98.46 100.1

Si 1.86 1.88 1.91 1.88 1.96 1.84 1.8
Ti 0.04 0.05 0.04 0.06 0.03 0.06 0.0
Al 0.16 0.17 0.13 0.15 0.06 0.22 0.17
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.0
Fe3+ 0.00 0.00 0.00 0.00 0.00 0.00 0.0
Mg 0.78 0.77 0.69 0.70 0.81 0.65 0.7
Ca 0.78 0.73 0.83 0.81 0.71 0.85 0.7
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.0
Fe2+ 0.35 0.36 0.34 0.36 0.39 0.34 0.3
Ni 0.00 0.00 0.00 0.00 0.00 0.00 0.0
Na 0.04 0.03 0.03 0.03 0.01 0.03 0.0

En 40.93 41.55 37.31 37.42 42.29 35.56 38.0
Fs 18.08 19.15 18.34 19.23 20.41 18.35 18.7
Wo 40.99 39.29 44.34 43.35 37.30 46.09 43.2
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Appendix A. Clinopyroxene compositions for the mafic
dykes in the Yanbian area

-05 HT-05 04HS-09 04HS-09 04HS-09 XF-04 XF-04 XF-04

43 49.84 52.04 49.14 49.73 50.61 49.50 51.09
28 1.23 1.02 1.17 1.10 1.62 1.86 1.20
44 4.46 3.31 4.68 4.04 2.63 3.90 2.19
55 0.32 0.04 0.17 0.47 0.01 0.00 0.00
74 15.14 15.81 15.03 15.46 13.77 13.50 13.75
44 19.67 19.87 20.31 20.40 19.26 19.63 18.65
16 0.19 0.18 0.19 0.17 0.32 0.28 0.44
53 7.55 7.88 7.71 6.49 10.72 9.81 11.39
02 0.02 0.03 0.02 0.02 0.02 0.03 0.00
00 0.01 0.02 0.05 0.00 0.02 0.02 0.06
34 0.31 0.24 0.34 0.36 0.43 0.42 0.38
00 0.01 0.00 0.00 0.00 0.00 0.00 0.01

91 98.74 100.45 98.82 98.23 99.40 98.95 99.16

88 1.87 1.91 1.85 1.87 1.91 1.87 1.94
04 0.03 0.03 0.03 0.03 0.05 0.05 0.03
19 0.20 0.14 0.21 0.18 0.12 0.17 0.10
02 0.01 0.00 0.01 0.01 0.00 0.00 0.00
00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
87 0.85 0.87 0.84 0.87 0.78 0.76 0.78
77 0.78 0.77 0.81 0.81 0.77 0.79 0.75
00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
20 0.24 0.24 0.24 0.20 0.34 0.31 0.36
00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
02 0.02 0.02 0.03 0.03 0.03 0.03 0.03

42 45.41 46.05 44.50 46.05 41.17 41.00 41.20
04 12.70 12.88 12.81 10.84 17.97 16.71 19.15
55 41.88 41.08 42.69 43.11 40.86 42.29 39.66

TJ-07 TJ-07 TJ-07 HL-03 HL-03 HL-03 HL-03

48.28 46.81 48.68 50.51 51.23 49.44 48.82
9 2.53 2.24 2.16 1.43 0.96 1.95 2.01
5 5.42 4.20 4.41 3.14 1.40 4.53 4.37
1 0.07 0.01 0.07 0.01 0.00 0.06 0.04
8 11.98 12.11 11.70 12.88 10.37 12.93 13.07
6 21.35 20.13 20.40 20.69 19.40 20.94 20.54
4 0.24 0.28 0.24 0.35 0.66 0.24 0.23
4 9.85 11.13 10.91 10.47 15.54 9.43 9.60
1 0.00 0.04 0.00 0.01 0.03 0.00 0.03
1 0.08 0.09 0.00 0.00 0.10 0.03 0.00
6 0.40 0.40 0.44 0.35 0.35 0.42 0.42
0 0.00 0.00 0.00 0.00 0.00 0.00 0.01

3 100.19 97.43 98.99 99.82 100.03 99.98 99.14

9 1.82 1.83 1.86 1.90 1.97 1.86 1.85
6 0.07 0.07 0.06 0.04 0.03 0.05 0.06

0.24 0.19 0.20 0.14 0.06 0.20 0.20
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
0 0.67 0.70 0.67 0.72 0.59 0.72 0.74
9 0.85 0.83 0.82 0.82 0.79 0.83 0.82
1 0.01 0.01 0.01 0.01 0.02 0.01 0.01
4 0.31 0.36 0.35 0.33 0.50 0.30 0.30
0 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3 0.03 0.03 0.03 0.03 0.03 0.03 0.03

7 36.68 37.11 36.23 38.53 31.56 39.09 39.58
3 16.91 19.13 18.95 17.56 26.54 15.99 16.30
0 46.41 43.75 44.83 43.91 41.90 44.92 44.12
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