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Abstract

Paleoproterozoic (�1770 Ma) mafic dikes occur throughout the Trans-North China Orogen. These dikes can be divided into three
geochemically distinct groups. Group 1 with FeOt of 12.73–18.06%, (Nb/La)N 0.18–0.39, (Th/La)N of, 0.60–1.24, eNd(t) of �5.1 to
�2.4, and an enrichment in LILE’s and a depletion in HFSE’s. Group 2 has flat REEs and incompatible elements patterns, and possesses
(Nb/La)N = 0.64–0.87, (Th/La)N = 0.61–1.20 and eNd(t) = �1.7 to 1.1. Group 3 has low FeOt contents (8.19–11.57%) and (Th/La)N

ratios (0.29–0.72), but similar (Nb/La)N ratios and eNd(t) values to those of Group 1. Petrological and geochemical data suggest that
these dikes may have originated from different sources. Group 1 could be derived from a ‘‘re-fertilized’’ lithospheric source incorporating
a continental basaltic component trapped from a earlier phase of subduction. Group 2 was likely a product of a subduction-modified
lithospheric mantle hybridized by recycled gabbroic lower crust. By contrast, Group 3 originated from a mixture of subduction-modified
lithospheric mantle with a MORB component. In combination with the available data, we propose that the sources of the mafic dikes
were initially modified by the �1.85 Ga subduction/collision event that assembled the North China Craton, and partially melted under
subsequent rifting in response to the upwelling convective mantle.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last decade, numerous structural, lithological,
metamorphic, geochemical and geochronological investi-
gations have been carried out to probe into the Precam-
brian evolution of the North China Craton (e.g. Cawood
et al., 1998; Kröner et al., 2005, 2006; Zhao et al., 2000,
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2003, 2005; Zhai and Liu, 2003; Wang et al., 2003,
2004). It is generally agreed that the North China Craton
is composed of two different blocks that developed inde-
pendently and finally collided to form a coherent craton
(Fig. 1a) (e.g. Zhao et al., 2005 and references therein).
However, timing of the final amalgamation of the North
China Craton is still debated. Li et al. (2000) and Kusky
and Li (2003) argued that the two Achaean blocks of the
North China Craton (the Eastern and Western Blocks)
were amalgamated by a �2.5 Ga collisional event, and
that the �1.85 Ga Lüliang event (traditionally named
the ‘‘Lüliang Movement’’) represents an intra-continental
rifting event in the craton, whereas others favor the
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Fig. 1. (a) Schematic map showing tectonic subdivision of the North China Craton (after Zhao et al., 2005), with locations of the Zhongtiao (ZT),
Dengfeng (DF), Guyang (GY), Lüliang (LL), Jining (JN), Huai’an (HA), Western Liaoning (WL), Eastern Hebei (EH), Western Shandong (WS),
Hengshan (HS), Wutai (WT), Lüliang (LL), Fuping (FP) and Zanhuang (ZH) domains. (b) Geological map showing the distribution of the
Paleoproterozoic mafic dikes in the Trans-North China Orogen (revised after HBBGMR, 1989; SXBGMR, 1989; IMBGMR, 1991).
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model that the two blocks subducted and subsequently
collided along the Trans-North China Orogen at
�1.85 Ga (e.g. Zhao et al., 2000, 2003, 2005; Kröner
et al., 2005, 2006).
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Recent data show that this Paleoproterozoic tectonic
event was followed by an extensional event, marked by
the occurrence of mafic swarms at 1781–1765 Ma (Halls
et al., 2000; Wang et al., 2004; Peng, 2005). However, con-
troversy has surrounded the tectonic setting of these mafic
dike swarms. One school of thought argues that these
swarms are related to a mantle plume event that led to
the break-up of the North China Craton from other cra-
tons (e.g. Peng, 2005); whereas others believe that these
dikes were generated in a post-collisional extension setting
(e.g. Wang et al., 2003, 2004). Geochemical character of
these dikes needs to be established to resolve this issue
and initial geochemical and geochronological investiga-
tions have began (Halls et al., 2000; Peng et al., 2004; Peng,
2005; Wang et al., 2004). Peng et al. (2004) reported major
and trace elemental data for the dikes from the Hengshan,
Wutai and Fuping metamorphic complexes. Wang et al.
(2004) presented a set of geochemical and 40Ar–39Ar geo-
chronological analyses of the mafic dikes from the Zanhu-
ang domain, about 50 km south of the Fuping domain,
which is only a small proportion of the Paleoproterozoic
unmetamorphosed dikes swarm of the Trans-North China
Orogen (Fig. 1b). However, a systematic geochemical study
on the mafic dike swarms in the Trans-North China Oro-
gen is lacking, and the nature of the mantle beneath the
Trans-North China Orogen during Paleoproterozoic time
remains poorly constrained.

In this paper, we conduct a set of geochemical and Sr–
Nd isotopic data for the �1770 Ma mafic dikes from the
Sangganhe, Lüliang and Hengshan Mountains to constrain
their petrogenesis and the nature of their source. These
data are integrated with that from the Zanhuang mafic
dikes (Wang et al., 2004) to better understand tectonic pro-
cesses in the Trans-North China Orogen at �1800 Ma.

2. Field occurrence and petrology

Two generations of Paleoproterozoic mafic dike swarms
in the North China Craton have been identified, with the
earlier one metamorphosed in amphibolitic or granulitic
facies (e.g. Zhao et al., 2002a,b, 2005; Cooke and O’Brien,
2001; Peng, 2005; Kröner et al., 2006). Zircons separated
from two metagabbroic dikes from the Hengshan domain
(Dashigou area) yield SHRIMP U–Pb igneous crystalliza-
tion ages of 1915 ±13 Ma and 1914 ±26 Ma (Kröner
et al., 2006), indicating that these dikes were emplaced
before the amalgamation of the Eastern and Western
Blocks. The mafic dike swarms of the second generation,
which are the subject of this study, are devoid of deforma-
tion and metamorphism except for minor low-temperature
alteration. They are widespread in the Sangganhe, Heng-
shan, Wutai, Lüliang, Fuping and Zanhuang domains in
the Trans-North China Orogen (Fig. 1b), and occasionally
exposed in the Eastern and Western Blocks (e.g. Wang
et al., 2007). These dikes cut the Achaean and Paleoprote-
rozoic basement rocks, but not the Mesoproterozoic strata
(e.g. Changcheng Group).
Well exposed dykes display chilled margins and baked
contacts with country rocks. Their width ranges from 1 m
to 30 m, locally up to 100 m. Mapped length of individual
dikes ranges from 5 to 20 km, with a maximum of �50 km.
Most dikes dip steeply, and have a consistent NW–NNW
direction (Figs. 1b and 2a and b), with exception of those
in the Lüliang domain where some dikes extend E–W (Figs.
1b and 2c). The major ferromagnesium mineral is augite or
ferro-augite, commonly partially altered to chlorite and
amphibole. A few samples contain olivine phenocrysts
now pseudomorphed by serpentine. Amphibole and relict
orthopyroxene lamellae are common. The predominant fel-
sic mineral is plagioclase with andesine-labradorite compo-
sition. Plagioclase occurs as phenocrysts and in the
groundmass. Minor amounts of quartz, biotite, Fe–Ti oxi-
des and apatite are observed.

These unmetamorphosed dikes in the Trans-North
China Orogen have the published crystallization ages of
1781–1765 Ma, based on the following information: (1)
an unmetamorphosed doleritic dike from the Hengshan
domain yielded a single-grain zircon U–Pb age of 1769.1
±2.5 Ma (Halls et al., 2000); (2) three representative doler-
itic dikes from the Zanhuang domain yielded three
40Ar/39Ar plateau ages of 1780.7 ±0.5 Ma, 1774.7
±0.7 Ma and 1765.3 ±1.1 Ma (Wang et al., 2004); (3) a
doleritic dike from the west of Fengzhen county gave a
SHRIMP U–Pb zircon age of 1778 ±3 Ma (Peng, 2005);
(4) similar ages are also obtained from baddeleyites col-
lected from unmetamorphosed dolerites in the Lüliang
and Wutai domains (Peng, 2005); and (5) the latest regional
metamorphism and ductile deformation have been con-
strained at 1820–1790 Ma by 40Ar/39Ar dating of synkine-
matic minerals (Wang et al., 2003). Note that the age of the
dikes in the Trans-North China Orogen is younger than
that of the Eastern Block (1837–1841 Ma, Hou et al.,
2006; Wang et al., 2007).

3. Analytical methods

Thirty-five doleritic samples were collected for geochem-
istry from the Sangganhe (15 samples from the Shang-
huangzhuang, Erdaogou, Wulidun-Waoyaokou and
Liuyao-Wangyao-Eshi), Lüliang (10 samples from the
Miyu and Hengjian) and Hengshan domains (10 samples
from the Dongfutou, Dawangcun, Zhongshipu, Hengshan-
linchang). The sampling locations are shown in Fig. 2.

Samples were crushed and ground to 200 mesh using an
agate mill for elemental and isotopic analyses. Major ele-
ments were determined by X-ray fluorescence spectrometry
at the Hubei Institute of Geology and Mineral Resource,
the Chinese Ministry of Land and Resources. FeO content
was analyzed by the wet chemical method. The relative
standard derivations (RSD) are within 5%. Trace element
abundances were analyzed using an inductively coupled
plasma mass spectrometer (ICP-MS) at the Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences.
The powders (�50 mg) are dissolved in distilled HF-



Fig. 2. Geological map showing the distribution of the Paleoproterozoic
mafic dikes in the Sangganhe (a), the Hengshan (b) and Lüliang (c)
domains. Sampled areas for the analyzed mafic dikes from different areas
are shown by shade fields.
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HNO3 in Savillex screwtop Telfon beakers at 150 �C for 4
days. The detailed sample preparation and analytical pro-
cedure follow Liu et al. (1996). The reproductivity is better
than 95% and the analytical error is <5% for elements
>10 ppm, <8% for those <10 ppm, and �10% for transi-
tion metals (Liu et al., 1996). The analytical results are pre-
sented in Table 1.

Sr and Nd isotopic ratios were measured by MC–ICP-
MS at the Guangzhou Institute of Geochemistry, Chinese
Academy of Sciences. Sample preparation and chemical
separation are the same as reported by Liang et al.
(2003). The total procedure blanks are in the range of
200–500 pg for Sr and less than 50 pg for Nd. Mass frac-
tionation corrections for Sr and Nd isotopic ratios were
based on 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219,
respectively. The measured 87Sr/86Sr ratio of the (NIST)
SRM 987 standard and 143Nd/144Nd ratio of the La Jolla
standard are 0.710265 ± 12 (2r) and 0.511862 ± 10 (2r),
respectively. Precisions are estimated to be better than
0.000015 for 86Sr/88Sr and 146Nd/144Nd at the 95% confi-
dence level. Present 143Nd/144Nd and 147Sm/144Nd ratios
of CHUR, 0.512638 and 0.1967, respectively, are used for
calculating eNd values. 87Rb/86Sr and 147Sm/144Nd ratios
are calculated using the Rb, Sr, Sm and Nd abundances
measured by ICP-MS. The measured and age-corrected
87Sr/86Sr and eNd(t) are listed in Table 2.

4. Results

The mafic dikes contain have 48.9–56.4% SiO2 (volatile-
free), 2.52–11.20% MgO, 7.86–18.1% FeOt
(= FeO + 0.9 * Fe2O3) and 0.68–3.00% TiO2. The mg-
numbers (= Mg/(Mg +

P
Fe) in atomic ratio) vary

between 0.20 and 0.69. These rocks fall in the fields of sub-
alkaline basalt and basaltic andesites with exception of two
samples (05SX-93 and -94) that fall in the alkaline field
with high K2O contents in the diagram of SiO2 versus
K2O + Na2O (LeBas et al., 1986; Fig. 3a). On a plot of
Nb/Y versus SiO2 (Winchester and Floyd, 1977), these
samples lie in the fields of basalt and andesite, with an affin-
ity to the subalkaline series (Fig. 3b). These rocks plot in
the field of high-Fe tholeiitic rocks in the AFM classifica-
tion of Jensen (1976). Based on variations in FeOt content,
together with the their distinctive (Nb/La)N and (Th/La)N

ratios, these mafic dikes can be divided into three main
groups of Groups 1, 2 and 3 (Fig. 3c), consistent with that
proposed by Wang et al. (2004). Such a classification is also
applicable for most of the data reported by Peng et al.
(2004). Combining the data in Table 1 with the previously
published analyses of Wang et al. (2004) and Peng et al.
(2004), Group 1 is characterized by high-FeOt contents
(12.7–18.1%) and (Th/La)N ratios (0.60–1.24) but lower
(Nb/La)N ratios (0.18–0.39), and can be classified as basalts
and basaltic andesites (Figs. 3a and b). Group 2 has higher
(Nb/La)N ratios (0.64–0.87) in comparison with those of
Group 1 in spite of their similar FeOt contents (12.7–
16.1%) and (Th/La)N ratios (0.61–1.20). Group 3 has lower
FeOt (7.86–11.6%), varying from subalkaline basalts to
andesites and have (Nb/La)N values of 0.18–0.34 and
(Th/La)N values of 0.29–0.72 (Figs. 3a–c).

At comparable MgO values, Group 1 displays lower
Al2O3, SiO2 and higher TiO2 and P2O5 contents than those



Table 1
Major and trace element analyses for the Paleoproterozoic mafic dikes in the Trans-North China Orogen

Sample 05SX-61 05SX-84 05SX-88 05SX-93 05SX-94 05SX-96 05SX-99 05SX-102 05SX-109 05SX-163

Sangganhe area HengShan
Group 1

Major oxides (wt%)

SiO2 51.65 54.21 50.31 49.47 49.78 52.46 52.42 54.29 50.78 54.29
Al2O3 12.84 12.62 12.26 11.34 11.29 12.88 12.85 12.95 12.73 12.95
Fe2O3 5.79 3.23 0.60 4.60 2.54 3.16 3.60 2.74 4.45 2.74
FeO 8.20 11.45 15.40 13.40 15.50 11.80 11.20 11.00 11.00 11.00
MgO 4.69 3.12 3.64 2.47 2.51 3.33 3.38 3.22 3.69 3.22
CaO 8.91 7.24 8.01 7.00 7.19 7.88 7.80 7.33 7.68 7.33
Na2O 2.34 2.61 2.38 2.70 2.64 2.55 2.74 2.56 2.44 2.56
K2O 1.51 1.95 1.96 2.39 2.31 1.84 1.83 2.19 2.18 2.19
MnO 0.21 0.22 0.24 0.26 0.26 0.22 0.21 0.20 0.22 0.20
TiO2 1.05 1.56 2.62 2.95 2.93 2.29 2.33 1.64 2.53 1.64
P2O5 0.14 0.42 1.03 1.59 1.52 0.40 0.40 0.47 0.95 0.47
LOI 2.48 1.10 1.23 1.51 1.23 0.95 1.00 1.13 1.03 1.13
Total 99.81 99.73 99.68 99.68 99.70 99.76 99.76 99.72 99.68 99.72
FeOt 13.41 14.36 15.94 17.54 17.79 14.64 14.44 13.47 15.01 13.47
mg# 0.39 0.28 0.29 0.20 0.20 0.29 0.30 0.30 0.31 0.30

Trace elements (ppm)

Sc 46.3 32.7 32.2 28.9 29.3 30.4 30.6 30.6 28.3 37.8
V 312 318 208 39 31 251 255 288 281 324
Cr 62.6 4.9 41.2 2.8 3.5 57.4 52.5 12.2 21.3 16.1
Co 53.7 43.5 35.5 31.8 31.0 37.9 38.7 41.0 40.6 39.9
Ni 50.5 8.4 23.2 2.4 3.3 36.2 36.0 13.3 14.8 19.7
Rb 12.6 46.9 41.5 56.2 55.7 53.3 50.9 52.1 35.5 39.2
Sr 222 355 338 366 374 273 276 336 380 298
Y 23.0 32.4 43.4 54.1 53.3 48.2 45.6 32.3 32.6 44.7
Zr 78 185 203 357 350 347 346 193 192 156
Nb 2.73 7.87 11.30 20.96 20.82 19.04 18.03 8.73 9.03 8.03
Ba 186 1008 1568 1551 1586 1503 1683 1097 1361 1142
La 8.49 39.57 45.87 63.04 60.23 45.44 44.93 43.32 43.03 39.72
Ce 19.40 80.73 97.26 130.9 128.5 96.54 91.65 85.33 87.79 83.47
Pr 2.82 10.05 13.04 19.24 18.39 12.76 12.33 10.67 11.84 11.39
Nd 12.48 43.03 59.60 83.32 82.16 54.81 50.84 44.61 49.54 51.11
Sm 3.13 7.58 10.99 16.11 15.20 10.58 10.27 7.78 8.90 9.67
Eu 1.08 2.10 3.57 4.99 4.92 2.64 2.48 2.13 2.77 2.97
Gd 3.46 6.88 10.04 14.29 13.70 10.01 9.57 7.03 7.89 9.18
Tb 0.68 1.09 1.57 2.07 2.08 1.71 1.56 1.14 1.16 1.52
Dy 4.32 6.07 8.26 11.06 10.55 9.47 8.98 5.99 6.55 8.51
Ho 0.86 1.21 1.61 1.98 1.96 1.86 1.68 1.22 1.22 1.70
Er 2.41 3.30 4.18 4.94 4.83 4.80 4.51 3.20 3.26 4.54
Tm 0.38 0.48 0.60 0.70 0.69 0.74 0.68 0.49 0.49 0.70
Yb 2.49 3.30 3.88 4.43 4.31 4.67 4.34 3.26 3.06 4.54
Lu 0.38 0.54 0.63 0.68 0.67 0.74 0.68 0.51 0.48 0.75
Hf 2.01 4.77 4.98 7.40 7.14 7.44 7.13 4.84 4.52 4.42
Ta 0.20 0.53 0.78 1.42 1.36 1.31 1.22 0.58 0.55 0.55
Pb 2.83 10.89 8.89 10.92 10.47 10.58 10.56 11.26 9.59 8.39
Th 0.96 5.56 4.46 6.13 5.84 5.58 5.47 5.72 3.20 3.68
U 0.25 1.08 0.76 1.14 1.13 0.93 0.89 1.00 0.50 0.75
(Nb/La)N 0.31 0.19 0.24 0.32 0.33 0.40 0.39 0.19 0.20 0.19
(Nb/Zr)N 0.55 0.67 0.87 0.92 0.93 0.86 0.82 0.71 0.74 0.81
(Th/La)N 0.91 1.14 0.79 0.79 0.78 0.99 0.98 1.07 0.65 0.75
(Hf/Sm)N 0.93 0.90 0.65 0.66 0.67 1.01 1.00 0.89 0.73 0.66
(La/Yb)cn 2.31 8.10 7.98 9.61 9.45 6.57 7.00 8.99 9.51 5.91
(Gd/Yb)cn 1.13 1.69 2.10 2.61 2.58 1.74 1.79 1.75 2.09 1.64
Eu/Eu* 1.00 0.88 1.02 0.99 1.02 0.77 0.75 0.87 0.99 0.95

Sample 05SX-166 05SX-170 05SX-171 05SX-174 05SX-177 05SX-123 05SX126 05SX-128 05SX-149 05SX-150

Hengs Shan Sangganhe area Heng Shan
Group 1 Group 2

Major oxides (wt%)

SiO2 50.75 50.69 50.59 51.27 54.14 49.28 47.97 49.09 48.06 49.15
(continued on next page)
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Table 1 (continued)

Sample 05SX-166 05SX-170 05SX-171 05SX-174 05SX-177 05SX-123 05SX126 05SX-128 05SX-149 05SX-150

Hengs Shan Sangganhe area Heng Shan
Group 1 Group 2

Al2O3 11.99 11.97 11.95 12.11 13.56 12.03 11.63 11.78 12.31 13.13
Fe2O3 3.23 3.00 3.13 2.69 2.33 4.53 4.79 4.15 4.23 4.76
FeO 13.60 13.80 13.70 13.65 10.50 10.90 11.15 11.60 11.50 10.50
MgO 3.45 3.42 3.49 3.15 4.18 4.54 4.69 4.75 5.72 4.47
CaO 8.02 8.10 8.05 7.80 8.41 8.59 8.65 8.56 10.61 9.39
Na2O 2.25 2.33 2.31 2.29 2.56 2.05 2.03 2.24 1.72 2.08
K2O 1.77 1.81 1.80 1.97 1.58 1.70 1.86 1.90 1.27 1.69
MnO 0.25 0.24 0.25 0.24 0.20 0.24 0.25 0.24 0.24 0.23
TiO2 2.53 2.56 2.53 2.60 1.16 2.38 2.56 2.43 2.45 2.46
P2O5 0.77 0.79 0.78 0.95 0.33 0.26 0.24 0.23 0.14 0.20
LOI 1.09 1.01 1.13 1.01 0.82 3.28 3.94 2.81 1.54 1.74
Total 99.70 99.72 99.71 99.73 99.77 99.78 99.76 99.78 99.79 99.80
FeOt 16.51 16.50 16.52 16.07 12.60 14.98 15.46 15.34 15.31 14.78
mg# 0.27 0.27 0.28 0.26 0.37 0.35 0.35 0.36 0.40 0.35

Trace elements (ppm)

Sc 38.2 36.0 36.1 32.2 30.1 41.2 41.5 38.2 44.6 38.0
V 352 325 309 234 216 421 501 428 597 437
Cr 16.8 23.0 16.6 3.8 8.8 80.3 75.0 78.4 93.7 69.9
Co 40.0 38.6 39.2 35.5 41.0 45.4 49.3 46.0 54.3 48.3
Ni 18.1 23.1 18.5 10.5 21.1 55.8 60.3 53.6 74.8 52.7
Rb 36.3 39.2 36.2 42.2 35.6 18.1 24.4 21.0 6.9 33.0
Sr 291 305 292 300 359 234 282 245 128 164
Y 41.1 43.3 42.2 44.8 24.9 42.8 40.3 40.4 24.3 34.1
Zr 171 175 176 184 139 177 169 175 92 143
Nb 7.38 7.93 7.48 8.36 6.07 12.95 11.71 12.35 6.68 9.97
Ba 1069 1101 1055 1153 808 147 190 182 81 170
La 36.90 38.93 37.92 42.82 30.58 16.42 15.14 15.71 8.50 13.05
Ce 78.94 83.95 79.63 90.06 60.98 38.36 35.93 36.00 19.91 29.03
Pr 11.00 11.26 10.99 12.44 7.81 5.46 5.11 5.19 2.89 4.37
Nd 48.15 50.23 47.94 53.29 32.10 26.35 24.42 25.88 13.62 20.46
Sm 9.51 9.80 9.46 10.27 5.91 6.32 5.93 7.20 3.58 5.02
Eu 2.77 2.89 2.80 3.02 1.66 2.02 1.91 1.94 1.23 1.65
Gd 8.99 9.27 9.05 9.44 5.53 6.85 6.41 6.42 3.89 5.40
Tb 1.50 1.51 1.47 1.51 0.88 1.34 1.27 1.27 0.78 1.06
Dy 8.58 8.49 8.48 8.76 5.05 7.81 7.29 7.49 4.70 6.40
Ho 1.67 1.69 1.63 1.69 0.97 1.59 1.51 1.52 0.93 1.31
Er 4.55 4.52 4.46 4.59 2.70 4.22 3.96 4.00 2.51 3.39
Tm 0.67 0.67 0.68 0.70 0.40 0.65 0.61 0.63 0.39 0.55
Yb 4.48 4.49 4.42 4.51 2.65 4.32 4.11 4.11 2.57 3.55
Lu 0.71 0.72 0.70 0.73 0.41 0.69 0.67 0.66 0.40 0.59
Hf 4.82 4.75 4.65 4.90 3.58 4.46 4.38 4.49 2.47 3.72
Ta 0.54 0.55 0.52 0.60 0.40 0.92 0.85 0.89 0.49 0.75
Pb 8.35 8.38 8.13 8.98 8.66 3.28 2.20 1.98 2.11 3.70
Th 3.77 3.96 3.67 4.32 4.11 2.38 2.05 2.32 1.05 1.85
U 0.82 0.84 0.77 0.87 0.74 0.54 0.47 0.51 0.26 0.49
(Nb/La)N 0.19 0.20 0.19 0.19 0.19 0.76 0.75 0.76 0.76 0.74
(Nb/Zr)N 0.68 0.71 0.67 0.71 0.69 1.15 1.09 1.11 1.14 1.10
(Th/La)N 0.83 0.82 0.78 0.82 1.09 1.17 1.10 1.19 1.00 1.15
(Hf/Sm)N 0.73 0.70 0.71 0.69 0.87 1.01 1.06 1.29 0.99 1.06
(La/Yb)cn 5.57 5.86 5.80 6.41 7.79 2.57 2.49 2.58 2.24 2.48
(Gd/Yb)cn 1.63 1.67 1.66 1.69 1.69 1.28 1.26 1.26 1.23 1.23
Eu/Eu* 0.90 0.91 0.91 0.92 0.88 0.94 0.94 0.96 1.00 0.96

Sample 05SX-54 05SX-60 05SX-134 05SX-136 05SX-139 05SX-17 05SX-20 05SX-29 05SX42 05SX-46

Sangganhe area Lüliang Shan
Group 3

Major oxides (wt%)

SiO2 50.89 49.59 51.33 51.69 51.73 50.24 50.46 55.45 54.64 55.02
Al2O3 13.57 16.31 15.38 15.38 15.96 14.32 14.39 14.75 14.73 14.60
Fe2O3 3.97 5.55 2.13 1.23 1.06 2.63 2.08 2.92 2.77 2.61
FeO 7.35 6.40 9.50 10.10 9.25 8.90 8.55 7.00 7.70 7.90

66 Y. Wang et al. / Journal of Asian Earth Sciences 33 (2008) 61–77



Table 1 (continued)

Sample 05SX-54 05SX-60 05SX-134 05SX-136 05SX-139 05SX-17 05SX-20 05SX-29 05SX42 05SX-46

Sangganhe area Lüliang Shan
Group 3

MgO 5.58 6.17 5.70 5.96 6.14 6.49 6.61 4.09 3.95 3.54
CaO 9.40 7.78 9.58 9.69 10.33 10.75 10.37 7.04 7.24 6.61
Na2O 2.31 3.35 2.38 2.34 2.37 1.99 2.4 2.79 2.22 2.62
K2O 1.43 0.81 1.15 1.09 0.88 0.92 1.17 1.58 2.75 2.88
MnO 0.18 0.13 0.18 0.18 0.18 0.20 0.20 0.17 0.18 0.16
TiO2 1.42 1.00 0.90 0.84 0.67 0.93 0.71 1.00 1.11 1.24
P2O5 0.23 0.23 0.24 0.22 0.17 0.13 0.10 0.26 0.29 0.36
LOI 3.14 2.44 1.25 1.02 1.02 2.32 2.79 2.68 2.16 2.15
Total 99.57 99.76 99.72 99.74 99.76 99.82 99.83 99.73 99.74 99.69
FeOt 10.92 11.40 11.42 11.21 10.20 11.27 10.42 9.63 10.19 10.25
mg# 0.48 0.49 0.47 0.49 0.52 0.51 0.53 0.43 0.41 0.38

Trace elements (ppm)

Sc 40.1 26.0 29.5 28.1 30.5 36.8 41.2 22.8 23.7 22.8
V 287 182 193 182 178 234 223 131 140 134
Cr 36.4 72.5 64.1 74.1 73.0 218.4 140.9 166.8 148.1 130.5
Co 41.5 46.5 42.2 45.2 45.4 49.5 45.2 31.4 30.2 28.7
Ni 27.9 99.8 60.2 65.2 72.4 113.7 67.1 44.8 71.6 40.1
Rb 31.2 11.0 19.1 17.5 14.3 84.7 85.9 33.7 310.8 157.2
Sr 326 482 458 442 476 221 238 439 377 400
Y 35.7 20.0 19.3 18.1 15.2 21.7 16.6 28.0 35.4 35.2
Zr 143 73 93 80 62 77 50 140 156 201
Nb 6.34 3.81 3.73 3.35 2.71 2.94 1.90 5.96 6.59 8.50
Ba 902 368 812 711 626 181 200 1117 1175 1385
La 29.17 12.92 19.25 17.84 14.28 9.06 6.18 30.48 33.50 41.76
Ce 60.66 30.11 40.61 36.31 30.80 20.30 13.95 60.87 67.92 85.83
Pr 8.57 4.17 5.42 4.97 4.03 2.78 1.94 8.23 9.00 11.18
Nd 37.46 19.14 23.36 20.96 17.67 12.84 9.08 33.29 38.77 46.37
Sm 7.45 4.10 4.56 4.07 3.34 2.86 2.19 6.22 7.07 8.30
Eu 2.43 1.28 1.41 1.32 1.12 1.02 0.79 1.64 1.87 2.04
Gd 7.15 3.63 4.11 3.73 3.12 3.22 2.44 5.58 6.60 7.48
Tb 1.18 0.64 0.68 0.58 0.52 0.64 0.49 0.90 1.10 1.20
Dy 6.77 3.56 3.74 3.44 2.94 3.84 3.01 5.20 6.11 6.67
Ho 1.36 0.72 0.73 0.67 0.57 0.82 0.63 1.04 1.22 1.30
Er 3.64 2.00 1.97 1.81 1.59 2.24 1.70 2.78 3.38 3.66
Tm 0.59 0.29 0.31 0.30 0.24 0.33 0.26 0.45 0.50 0.55
Yb 3.70 1.99 2.07 1.94 1.63 2.26 1.74 2.99 3.34 3.64
Lu 0.61 0.32 0.33 0.31 0.26 0.36 0.29 0.49 0.55 0.58
Hf 3.79 1.92 2.46 2.11 1.68 1.91 1.35 3.67 4.00 5.12
Ta 0.45 0.25 0.25 0.22 0.19 0.21 0.13 0.38 0.42 0.52
Pb 6.85 3.37 5.44 4.53 4.18 3.40 4.04 9.00 26.42 21.35
Th 2.37 0.53 1.69 1.63 1.37 0.65 0.53 2.03 1.79 2.46
U 0.59 0.09 0.34 0.29 0.25 0.21 0.12 0.39 0.38 0.56
(Nb/La)N 0.21 0.28 0.19 0.18 0.18 0.31 0.30 0.19 0.19 0.20
(Nb/Zr)N 0.70 0.82 0.63 0.66 0.69 0.60 0.60 0.67 0.66 0.66
(Th/La)N 0.64 0.33 0.71 0.74 0.77 0.62 0.69 0.54 0.43 0.48
(Hf/Sm)N 0.73 0.71 0.78 0.75 0.72 0.96 0.88 0.85 0.81 0.89
(La/Yb)cn 5.32 4.40 6.28 6.22 5.92 2.71 2.40 6.89 6.79 7.75
(Gd/Yb)cn 1.56 1.48 1.61 1.56 1.55 1.15 1.14 1.51 1.60 1.66
Eu/Eu* 1.00 1.02 0.98 1.02 1.04 1.03 1.04 0.83 0.82 0.78

Detailed sampling locations for each sample can be labeled in Fig. 2. FeOt = FeO + 0.9 * Fe2O3, LOI: loss on ignition, mg-number = Mg2+/
(Mg2+ + Fe2+), Eu/Eu* = (Eu)cn/[(Gd)cn + (Sm)cn]/2, Symbol with ‘‘cn’’ denotes the values normalized to chondrite, and with ‘‘N’’ denotes values
normalized against primitive mantle.
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of Group 3 but similar contents of major oxides and com-
patible elements to those of Group 2 (Table 1 and Figs. 4a–
d). In the Harker diagrams (Figs. 4a–e), MgO inversely
correlates with SiO2, P2O5 and TiO2, but positively with
Al2O3, CaO, Ni and Cr for Groups 1 and 3. Similarly,
incompatible elements (e.g. Th, Ba, La, Gd, Y and Nb)
with the exception of Sr drastically increase with decrease
in MgO (Figs. 4f–h). The limited range of major oxide val-
ues in Group 2 prevents the recognition of any trends
(Fig. 4).

The incompatible element compositions exhibit distinct
variations among these groups (Table 1). The light



Table 2
Sr–Nd isotopic analyses for the Paleoproterozoic mafic dikes in the Trans-North China Orogen

Sample Sm Nd Rb Sr 147Sm/144Nd 87Rb/86Sr 143Nd/144Nd (2r) 87Sr/86Sr (2r) 87Sr/86Sr(t) eNd(t)

Group 1

05SX-88 10.99 59.60 41.53 337.70 0.112 0.357 0.511472 (8) 0.712932 (18) 0.70396 �3.6
05SX-93 16.11 83.32 56.22 365.90 0.117 0.445 0.511596 (6) 0.715345 (16) 0.70414 �2.4
05SX-102 7.78 44.61 52.05 336.20 0.105 0.449 0.511359 (8) 0.715895 (23) 0.70460 �4.5
05SX-109 8.90 49.54 35.48 380.40 0.109 0.270 0.511382 (7) 0.712639 (14) 0.70584 �4.8
05SX-166 9.51 48.15 36.30 291.30 0.119 0.361 0.511484 (6) 0.713748 (16) 0.70466 �5.2
05SX-171 9.46 47.94 36.20 291.90 0.119 0.360 0.511557 (7) 0.713929 (13) 0.70488 �3.7
99JX-62a 4.84 18.17 5.78 246.0 0.161 0.068 0.511985 (11) 0.706232 (17) 0.70453 �4.8
99JX-69a 4.15 16.49 11.76 193.0 0.152 0.177 0.511954 (6) 0.709722 (17) 0.70528 �3.4
99JX-70a 4.28 17.87 9.17 244.1 0.145 0.109 0.511797 (10) 0.707769 (13) 0.70503 �4.8
99JX-76a 5.59 21.08 3.99 203.2 0.160 0.057 0.511956 (8) 0.706528 (14) 0.70509 �5.1

Group 2

05SX-128 7.20 25.88 21.04 245.30 0.168 0.249 0.512366 (7) 0.709648 (21) 0.70339 1.1
05SX-149 3.58 13.62 6.90 128.2 0.159 0.156 0.512152 (8) 0.707196 (20) 0.70327 �1.0
99JX-16a 3.09 10.00 15.21 166.3 0.187 0.265 0.512436 (10) 0.712056 (14) 0.70539 �1.7
99JX-18a 3.76 12.32 22.07 174.1 0.184 0.368 0.512414 (9) 0.714497 (15) 0.70525 �1.6
99JX-20a 3.46 12.11 30.47 229.6 0.173 0.385 0.512292 (10) 0.714934 (17) 0.70525 �1.5
99JX-81a 3.10 10.38 4.98 178.4 0.181 0.081 0.512422 (11) 0.706673 (17) 0.70464 �0.6
99JX-87a 3.08 10.36 20.46 119.0 0.180 0.499 0.512385 (10) 0.717161 (17) 0.70462 �1.2

Group 3

05SX-20 12.57 74.36 117.2 432.10 0.102 0.786 0.511350 (6) 0.72468 (16) 0.70485 �3.9
05SX-29 10.68 61.43 64.05 447.30 0.105 0.415 0.511349 (6) 0.714844 (14) 0.70440 �4.6
05SX-46 13.45 78.66 66.01 375.10 0.103 0.510 0.511341 (7) 0.717174 (13) 0.70434 �4.4
05SX-54 7.45 37.46 31.17 326.10 0.120 0.277 0.511684 (7) 0.711407 (16) 0.70443 �1.4
05SX-60 4.10 19.14 11.03 482.00 0.130 0.066 0.511804 (7) 0.70546 (13) 0.70379 �1.2
05SX-136 4.07 20.96 17.53 441.70 0.117 0.115 0.511618 (7) 0.706785 (16) 0.70389 �2.1
05SX-139 3.34 17.67 14.28 476.10 0.114 0.087 0.511570 (8) 0.706338 (14) 0.70415 �2.4
99JX-02a 5.13 24.49 6.75 361.2 0.127 0.054 0.511668 (8) 0.705326 (16) 0.70402 �3.2
99JX-04a 5.26 24.80 8.00 359.8 0.128 0.064 0.511643 (8) 0.705783 (11) 0.70425 �4.1
99JX-07a 4.53 22.04 4.08 327.8 0.124 0.036 0.511665 (8) 0.704993 (16) 0.70411 �2.8
99JX-54a 4.43 21.16 31.35 373.7 0.127 0.243 0.511664 (11) 0.711091 (9) 0.70499 �3.3
99JX-56a 2.87 11.80 33.13 300.0 0.147 0.320 0.511785 (9) 0.712802 (13) 0.70475 �5.5
99JX-58a 3.69 16.18 10.19 392.9 0.138 0.075 0.511703 (9) 0.706326 (13) 0.70445 �5.1

a Samples from Wang et al. (2004).
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rare-earth elements (LREEs) of Groups 1 and 3 are moder-
ately to highly fractionated relative to the heavy rare-earth
elements (HREEs) with (La/Yb)cn = 2.3–10.9 (Figs. 5a
and c) and Eu/Eu* = 0.75–1.11. (Gd/Yb)cn ratios range
from 1.1 for 2.8. In contrast, Group 2 has (La/
Yb)cn = 1.4–2.6 and (Gd/Yb)cn = 0.9–1.3, showing a flat
REE pattern, with Eu/Eu* = 0.90–1.06 (Table 1 and
Fig. 5b). On the primitive-mantle normalized spidergram
(Figs. 5d–f), Group 1 shows subparallel ‘‘spiky’’ patterns
with deep Nb–Ta and variable Sr, Ti and Zr–Hf troughs.
Such characteristics are similar to those of island arc volca-
nic rocks. Group 2 has relatively flat patterns with no Th–
U, Nb–Ta and P–Ti anomalies. Group 3 exhibits Nb–Ta,
Ti and Zr–Hf negative anomalies. Other striking features
among the three groups are the magnitude of Nb–Ta and
Th–U anomalies. Groups 1 and 3 have (Nb/La)N ratio of
0.16–0.39, significantly lower than that of Group 2 (0.65–
0.86). Group 1 shows a depletion of Th and U relative to
La, with (Th/La)N = 0.56–1.27, similar to that of Group
2 (0.61–1.20), but significantly higher than that of Group
3 ((Th/La)N = 0.29–0.74).

The initial Sr isotopic ratios range from 0.70327 to
0.70584, and eNd(t) values vary from 1.1 to �5.5 for all
these samples in the Trans-North China Orogen (Table
2), exhibiting an affinity to an EMI-like source (Fig. 6).
Group 1 has eNd(t) values of �2.4 to �5.2, similar to those
of Group 3 (�1.2 to �5.5), but lower than those of Group
2 (1.1 to �1.7). The isotopic compositions are generally
similar to or slight higher than those of the synchronous
Xiong’er volcanic rocks in the southern margin of the
North China Craton (eNd(t) = �3.8 to �9.0, Zhao et al.,
2002a,b).

5. Discussion

5.1. Magma fractionation?

Most mafic dikes in the region do not represent pri-
mary melts, as indicated by their low MgO (mostly
<8.0%), mg-number (0.20–0.69) and Ni contents (2–
338 ppm). Their precursor magmas must have undergone
variable degrees of fractional crystallization in the magma
chambers prior to their emplacement. As shown in Fig. 4,
Groups 1 and 3 have distinctive magma evolution trends,
while Group 2 has a relatively limited variation of major
oxides. This, together with the distinctive ratios of incom-



Fig. 3. (a) SiO2 versus K2O + Na2O, (b) Nb/Y versus SiO2, (c) FeOt
(= FeO + 0.9 * Fe2O3) versus (Nb/La)N. (a) and (b) are after LeBas et al.
(1986), and Winchester and Floyd (1977), respectively. Symbols in (b–c)
are the same as in (a).
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patible elements and isotopic compositions (Tables 1 and
2), suggests that these groups may have come from differ-
ent magma chambers.

For Groups 1 and 3, the relationships of MgO and
SiO2, CaO and Al2O3 (Figs. 4a–c) are consistent with
fractional crystallization involving clinopyroxene ± pla-
gioclase. Negative correlations of MgO and P2O5 (not
shown), and TiO2 (Fig. 4d) indicate that fractionation
of apatite and magnetite is likely insignificant. Thus, the
P–Ti depletions in some samples (Figs. 5d–f) may reflect
the characteristics of the source rather than the result of
apatite and Ti–Fe-oxides fractionation. The decrease of
Ni, Cr and Co contents with the magma evolution indi-
cates the importance of olivine and clinopyroxene frac-
tionation (Fig. 4e). With the exception of Group 3
rocks with SiO2 > 55 wt%, most samples have undergone
little plagioclase fractionation, as reflected by the subpar-
allel REE patterns, weak Eu anomalies and irregular var-
iation in Eu/Eu* with increasing SiO2.

It is more difficult to evaluate the role of fractional
crystallization for Group 2 rocks because of their narrow
compositional range, although clinopyroxene fraction-
ation is possible as MgO appears to be well correlated
with CaO and Al2O3 (Figs. 4a and c). These samples have
low mg-number (0.35–0.50) and compatible element con-
tents, which are indicative of a significant differentiation.
Plagioclase fractionation should be insignificant for
Group 2, as reflected by slight Sr and Eu/Eu* anomalies
(Figs. 5b and e). However, a simple fractional crystalliza-
tion fractionation process cannot reconcile the variable
incompatible element ratios and ‘‘crustal’’ isotopic charac-
teristics of the samples (Tables 1 and 2). FeOt is positively
correlated with eNd(t) for these groups (Fig. 7a), which
is also inconsistent with the process of fractional
crystallization.
5.2. Crustal contamination during magma ascent?

In the case of Group 1, the following characteristics
appear to argue against significant crustal assimilation
during magmatic differentiation: (1) FeOt (>12.5%) and
TiO2 (>1.5% for most samples) are higher than those of
the upper crust of the North China Craton (Zhang
et al., 1994) and the average continental crust (Rudnick
and Fountain, 1995); (2) (Nb/La)N ratios (0.16–0.39) are
lower than those of the lower crust of the North China
Craton (Gao et al., 1998; Zhang et al., 1994) and the
average crust (Rudnick and Fountain, 1995; Taylor and
McLennan, 1985); (3) (Nb/La)N values are relatively con-
stant and (Th/La)N ratios vary irregularly with SiO2 con-
tent; and (4) eNd(t) values generally increase with magma
evolution.

It is generally known that the crustal contamination
during magma ascent will result in an increase in LREE
and LILE and a decrease in eNd(t) value. However, this is
not the case for Group 2 (Tables 1 and 2). Minimal crustal
contamination during magmatic differentiation is also sup-
ported for Group 2 by the following observations: (1)
Group 2 exhibits flat REE patterns and high-FeOt content
of >12.5%; (2) (Nb/La)N ratios are in the range of 0.64–
0.87, and show an insignificant correlation with SiO2; (3)
eNd(t) values generally increase with decrease in
mg-number.



Fig. 4. Plots of MgO versus Al2O3 (a), SiO2 (b), CaO (c), TiO2(d), Ni (e), Th (f), La (g) and Nb (h) for the�1770 Ma mafic dikes in the Trans-North China
Orogen. All major oxides are normalized to 100% on a volatile-free basis. Symbols are the same as those in (a).
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Group 3 has low Th and U contents, with Th/La ratios
of 0.29–0.72, (Nb/La)N ratios of 0.18–0.34, and slightly
variable (Th/La)N and (Nb/La)N ratios irrespective of
SiO2. The samples show an inverse correlation between
mg-number and eNd(t) value, which could not be
explained by significant crustal assimilation and fraction-
ated crystallization. The broad similarity of immobile
incompatible element behavior (e.g. subparallel REE pat-
tern) also suggests a negligible crustal contamination dur-
ing magma assent. Therefore, the variability of elemental
and isotopic compositions for each group more likely
indicates the nature of source region rather than crustal
assimilation.

5.3. Characteristics of the source regions

In order to minimize the effect of partial melting and
fractional crystallization processes, the isotopic composi-
tions and ratios of incompatible elements with similar dis-
tribution coefficients (e.g. Th/La, Zr/Nb, Nb/La, Nb/Y
and Th/Ba) are used to probe into the source characteris-
tics of these samples.



Fig. 5. Chondrite-normalized REE patterns (a–c) and primitive-mantle normalized trace element patterns (d–f) for the 1765–1781 Ma mafic dikes in the
Trans-North China Orogen. (a) REE pattern for Group 1; (b) REE pattern for Group 2; (c) REE pattern for Group 3; (d) PM pattern for Group 1; (e) PM
pattern for Group 2; (f) PM pattern for Group 3. Normalized values for chondrite in (a–c) are from Taylor and McLennan (1985). Shaded data are from
Peng (2005). (La/Yb)cn and (Gd/Yb)cn are normalized to Chondrite. Normalizing values, and OIB, N-MORB and E-MORB fields in (d–f) are from Sun
and Mcdonough (1989). Shaded data are from Peng (2005). (Nb/La)N and (Th/La)N values are normalized against primitive mantle.
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5.3.1. Groups 1 and 3

Groups 1 and 3 rocks are characterized by enrichment in
LILEs and LREEs, depletion in HFSEs, and low eNd(t)
values and (Nb/La)N and (Nb/Zr)N ratios (Tables 1 and
2). These characteristics are similar to those of arc volca-
nics and suggest an involvement of an ‘‘old’’ continental
component in the source. Consequently, it argues for an
origin from subduction-related lithospheric mantle (Wang
et al., 2004). Positive correlation of MgO with Al2O3 and
CaO for both groups (Figs. 4a and c) suggest that the prim-
itive magma might have relatively high Al2O3 and CaO
contents, indicative of high clinopyroxene/orthopyroxene
ratios in the source, which may have resulted from metaso-
matism of peridotites by carbonatitic- or subduction-melt/
fluid (Kogarko et al., 2001; Yaxley et al., 1998). However, a
melt from a carbonate-metasomatised source is commonly
ultramafic, depleted in Al2O3 (Gasparik and Litvin, 2002;
Hammouda, 2003), and has a strong depletion in HFSEs
relative to REEs (LaFlèche et al., 1998). This is in contrary
to the observation that both groups are subalkaline basalt
with high Al2O3 and CaO contents, and are characterized
by high (Hf/Sm)N and low (Ta/Th)N ratios. These mafic
dikes plot in the field of subduction-related metasomatism
in Fig. 7b. Generally, metasomatism related to SiO2-rich



Fig. 6. eNd(t) versus 87Sr/86Sr(t) diagram for the �1770 Ma mafic dikes in
the Trans-North China Orogen. The fields for the MORB, OIB, EMI and
EMII mantle sources are from Hawkesworth et al. (1984) and Hart (1988).
Symbols are the same as those in Fig. 4a.

Fig. 7. Plots of FeOt versus eNd(t) (a), and (Hf/Sm)N versus (Ta/La)N (b)
for the �1770 Ma mafic dikes in the Trans-North China. The ranges of
different sources in (b) are after Hofmann and Jochum (1996) and
LaFlèche et al. (1998). Symbols are the same as those in Fig. 4a.
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melt might result in an increasing orthopyroxene in the
source due to the reaction of olivine with SiO2 (metaso-
matic agent) (Chalot-Prat and Boullier, 1997), inconsistent
with the preceding consideration. Therefore, the above-
mentioned characteristics, including the depletion of Nb
and Ta relative to LREEs, low eNd(t) values, and high
LILEs/HREEs (/HFSEs) and (Hf/Sm)N ratios for Groups
1 and 3 rocks, more likely reflect the injection of subduc-
tion-related fluids into the mantle source. This is also sup-
ported by the trends shown in Figs. 8a and b. As a result,
the petrogenesis of Groups 1 and 3 is more likely related to
metasomatism of a lithospheric mantle by subduction-
related fluids.

The most important difference between Groups 1 and 3
is that the former has higher FeOt contents (>12.5%) and
the latter has a significant Th–U depletion relative to
LREE (Figs. 3c and d). Although the petrogenesis of these
high-Fe rocks is still enigmatic, three models can be used to
explain the high-FeOt contents of Group 1 rocks: (1) the
Fenner fractionation of primitive magma; (2) higher pres-
sure or higher degrees of partial melting with respect to
that of ‘‘normal’’ tholeiitic magma; and (3) inheritance of
a mantle source. Ti/Ti* ratios, as a signature of oxidation
state, range from 0.52 to 0.87 for Group 1, which is similar
to that of Group 3 (0.42–0.77). This is contrary to the
observation that high-FeOt melts generally evolve at a rel-
atively lower oxidation state than ‘‘normal’’ tholeiitic
magma (Juster and Grove, 1989). The negative correlations
of SiO2 with FeOt and MgO for Group 1 (within the range
of 49–55% of SiO2) suggest magma evolution towards a Si-
rich and Fe-poor trend, which is contrary to that for the
Fenner fractionation. Experimental results show that FeOt
in melts is positively correlated to pressure and, at a given
pressure, the FeOt, MgO and Al2O3 increase with increas-
ing degrees of partial melting (Hirose and Kushiro, 1993;
Klemme et al., 2002; Kogiso et al., 2003). However, Group
1 has lower Al2O3 and higher FeOt than ‘‘normal’’ tholei-
itic magma at comparable MgO. It is common that Zr/Y
and TiO2/Al2O3 ratios increase with the increasing melting
pressure or with the decrease of melting degree due to
decrease of Al2O3 in clinopyroxene and the increasing sta-
bility of garnet in the residue with increasing pressure (e.g.
Walter, 1998; Ichiyama et al., 2006). Group 1 with high-
FeOt contents generally shows lower Zr/Y ratios than
those with low FeOt contents at comparable TiO2/Al2O3

ratios. Considering that almost all Group 1 rocks have
(Gd/Yb)cn of <2.0, we infer that high-FeOt of Group 1
should not be directly related to the degree of partial melt-
ing and depth of melt segregation, and that garnet is not an
important residual phase in the source. Accordingly, a
more reasonable explanation is that the high-FeOt contents
of Group 1 were inherited from a metasomatised source.



Fig. 8. (a) Ba/Y versus Nb/Y, (b) Nb/Zr versus Th/Zr, for the �1770 Ma
mafic dikes in the Trans-North China Orogen. The range and trend shown
in (a–b) are from Hofmann and Jochum (1996), Kepezhinskas et al. (1997)
and Sobolev et al. (2000), respectively. Symbols are the same as those in
Fig. 4a.

Fig. 9. (a) Nb/Zr versus Zr for the Group 1 and 2 mafic dikes. (b) The
MgO–FeOt diagram of the Groups 1 and 2 mafic dikes. The calculated
compositional paths of the batch melting of the primitive mantle, the
peridotite + basalt (represented by eclogite) and the peridotite + Fe-rich
basalt in (a) are from Ichiyama et al. (2006). Partition coefficients are after
Halliday et al. (1995). The mineral proportion is olivine/orthopyroxene/
clinopyroxene/garnet = 0.55:0.25:0.15:0.05 in primitive mantle and clino-
pyroxene/garnet = 0.5:0.5 in eclogite. The primitive mantle + basalt
(eclogite) is a mixture of 2:1. The Zr and Nb contents of primitive mantle
and eclogite (basalt) are 9.71 ppm, 0.6175 ppm and 104.24 ppm,
3.507 ppm, respectively (Hofmann, 1988). The composition of Fe-rich
eclogite is represented by average composition of Fe-rich basaltic glasses
with 208.8 ppm of Zr and 7.35 ppm of Nb (Regelous et al., 1999). The
compositional melt of KLB-1 (anhydrous peridotite), KG-1 (peridotite/
basalt = 2:1), KG-2 (peridotite/basalt = 2:1), MORB-like pyroxenite and
garnet pyroxenite are from Hirose and Kushiro (1993), Kogiso et al.
(2003), Hirschmann et al. (2003) and Pertermann and Hirschmann (2003).
Also shown are ferropictites from Ichiyama et al. (2006). Symbols in (b)
are the same as those in (a).
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The question remains as to what kind of a mantle source
possibly contains high-FeOt contents.

Mantle plume with Fe-rich eclogitic streaks (e.g. Herz-
berg and Zhang, 1996; Gibson et al., 2000; Kerrich et al.,
1999) is a candidate for the source of high-FeOt melts
because eclogitic streaks/blobs could be 50% partially
melted at <3.0 GPa pressure to produce Al2O3- and
FeOt-rich melt (Klemme et al., 2002; Rapp et al., 1991;
Cordery et al., 1991; Gasparik and Litvin, 2002). However,
all high-Fe rocks from a plume display OIB (or MORB)-
like geochemical signatures, with positive eNd(t) values
(up to +6) and high (Nb/La)N ratios (Gibson, 2002 and
references therein). This is not the case for Group 1 rocks.
An alternative way of generating the high-FeOt magma
with the subduction-related signatures is by partial melting
of a metasomatised mantle with eclogitic/pyroxenitic
blobs/pods (e.g. Hauri, 1996; Takahasi et al., 1998; Ley-
bourne et al., 1999), similar to a ‘‘re-fertilized’’ mantle
source with recycled basaltic components (Yaxley and
Green, 1998; Gasparik and Litvin, 2002). In Fig. 9a, Group
1 plot along the calculated compositional path of perido-
tite + Fe-rich basalt-derived melts (Ichiyama et al., 2006),
suggesting that a basaltic component is more likely
involved in the magma source of Group 1. The results of
melting experiments show that a ferrobasalt (like Group
1, Fig. 9b) could have originated from a mantle source with
low Fo values, such as a peridotite + basalt (pyroxenite)
source (Kogiso et al., 2003; Hirose and Kushiro, 1993; Hir-
schmann et al., 2003; Pertermann and Hirschmann, 2003).



Fig. 10. Plots of (a) (Th/Ba)N versus (Th/La)N, and (b) (Nb/La)N versus
eNd(t) for the �1770 Ma mafic dikes in the Trans-North China Orogen.
The range shown in (a) is from Sobolev et al. (2000). Symbols in (a) are the
same as those in Fig. 4a.

74 Y. Wang et al. / Journal of Asian Earth Sciences 33 (2008) 61–77
Melting experiments also reveal a peridotite source with
basalt/veined pyroxenite as another possible candidate
for producing a ferrobasalt with high Al2O3 contents (Kog-
iso et al., 2003; Pertermann and Hirschmann, 2003; Hirsch-
mann et al., 2003). Thus, a ‘‘re-fertilized’’ peridotite source
might give high-Fe contents (Gibson, 2002 and references
therein), and the preferred partial melting will further
increase FeOt and Al2O3 contents in the melt due to the
moderately incompatible affinity of FeOt and Al2O3

(Hirose and Kushiro, 1993; Yaxley and Green, 1998). As
a result, a significant mafic component related to either a
recycled oceanic crust or a recycled mafic component of
the continental crust is required to be responsible for a
‘‘re-fertilized’’ peridotite source.

Usually, recycled oceanic crust has high Nb/La ratios
and eNd(t) values (Hofmann and Jochum, 1996; Sobolev
et al., 2000). The reaction between recycled oceanic crust
and peridotite may produce silica-undersaturated garnet
pyroxenite (Cooke and O’Brien, 2001; Melluso et al.,
2005). Such signatures are distinct from those of Group 1
rocks. Alternatively, a recycled mafic component of the
continental crust may explain the geochemical features of
Group 1. In the Trans-North China Orogen, most mafic
rocks in the Jiehekou/Jingangku Formations show (Nb/
La)N = 0.35–0.65 and eNd(t) = �2.1 to �5.0 at 1750 Ma
(Liu et al., 2003). Therefore, recycled crustal materials
could possibly be carried into the mantle as eclogitic/
pyroxenitic pods to hybridize mantle peridotites (Hemond
et al., 1994).

As described above, Group 3 rocks have lower FeOt
contents than Group 1 rocks. In the diagram (Fig. 10a)
of (Th/La)N versus (Th/Ba)N, Group 3 displays similar
(Th/La)N but lower (Th/Ba)N ratios in comparison with
those of the Hawaiian volcanoes (Sobolev et al., 2000).
The Th–U depletion is very likely related to plagioclase
accumulation since plagioclase has extremely low Th/Pb
and U/Pb ratios (Gancarz and Wasserburg, 1977; Sobolev
et al., 2000) and possesses low partition coefficients for Th
and U relative to La (LaTourette et al., 1995). The involve-
ment of a gabbroic component might explain such a feature
because a small amount of plagioclase in the gabbroic
rocks could significantly change the Th–U partition in
the melts. Based on the modeling calculations and geo-
chemical characteristics, Wang et al. (2004) suggested that
the negative Th–U anomalies for Group 3 are related to the
involvement of recycled continental plagioclase-rich gab-
bros. Oceanic gabbros are likely to have substantial posi-
tive Sr and smaller positive Eu anomalies (Hofmann and
Jochum, 1996; Sobolev et al., 2000) and they are distinct
from the characteristics of Group 3 rocks. Therefore, a
metasomatised lithospheric mantle with a minor continen-
tal gabbroic crustal component is proposed for the petro-
genesis of Group 3.

5.3.2. Group 2
The mildly enriched geochemical characteristics of

Group 2 mafic dikes are revealed by flat REE and slightly
declining primitive-mantle normalized incompatible ele-
mental patterns, as well as near-zero eNd(t) values. Almost
all these rocks have Zr/Nb ratios between 13.6 and 14.7,
lower than that of normal MORB (>17). The ratios of
incompatible elements (e.g. La/Nb, Ba/Nb and Th/La,
Ta/La and Hf/Sm) of Group 2 are different from those
of a typical OIB or MORB (Table 1). Low (Gd/Yb)cn
(<1.5) and (La/Yb)cn (<2.8) ratios indicate that the
magma was produced by partial melting at shallow depth
where garnet was not a residual phase in the source at
the time of melt separation (Melluso et al., 2005; Storey
et al., 1999). The relatively high contents of FeOt
(>12.5 wt%) and TiO2 (up to 2.67 wt%) are different from
those of ‘‘normal’’ basaltic melts derived from a MORB-
like source. It is obvious that these geochemical character-
istics are not easily reconciled with shallow melting of
suboceanic mantle. Similar to that of Group 1, a basaltic
or Fe-rich basaltic component is required to explain the
petrogenesis of Group 2 (Figs. 9a and b). Therefore, we
propose that the parental magma was likely derived from
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a MORB source contaminated by an Fe-rich lithospheric
component, which appears to be the typical composition
of Group 1 rocks.

Assuming that a Fe-rich metasomatised lithospheric
component had Nd = 7 ppm, (Nb/La)N = 0.20 and
eNd(t) = �5, and a MORB component had Nd = 2 ppm,
(Nb/La)N = 1.2 and eNd(t) = +8 (Taylor and McLennan,
1985; Hawkesworth et al., 1984; Wang et al., 2004), a mod-
eling calculation shows that addition of �30% to 50%
FeOt-rich component can produce the same observed vari-
ations in isotopic and incompatible elemental ratios
(Fig. 10b). The participation of such a high proportion of
FeOt-rich component would cause an increase in FeOt
and Al2O3 contents of a hybridized source. Therefore, it
is inferred that Group 2 was derived from a mixture of
�60% MORB and �40% FeOt-rich metasomatised litho-
spheric mantle.

5.4. Tectonic implications

Two models have been proposed for the generation of
the mafic dikes in the Trans-North China Orogen, one
involves a mantle plume related to the break-up and dis-
persal of the North China Craton from other cratons
(Zhao et al., 2002a,b; Zhai and Liu, 2003; Peng, 2005)
and the second involves a post-collisional extensional event
in response to the upwelling of convective mantle (Zhao
et al., 2005; Wang et al., 2004). Our data provide important
constraints to this debate. Group 1 mafic dikes were prob-
ably derived from a metasomatised lithospheric mantle
with a recycled continental basaltic component, like a
‘‘re-fertilized’’ peridotitic source. Group 2 was originated
from a mixture of a metasomatised Fe-rich lithospheric
mantle with a MORB component. Group 3 was the prod-
uct of a subduction-modified lithospheric mantle hybrid-
ized by a gabbroic component. Such a petrogenetic
model for the �1770 Ma mafic dikes in the Trans-North
China Orogen suggests that the sources of these dikes were
related to subduction–collision processes during or prior to
the magma generation.

All studied samples show arc-like elemental and isotopic
signatures. This is inconsistent with a plume-related origin
for the dike magmas as it would they would be character-
ized by OIB-like elemental and isotopic compositions.
Equally, Group 1 magma with high-FeOt contents could
not be interpreted as the product of high-pressure melting
of mantle plume with eclogitic streaks as discussed above.
Moreover, a plume-derived Fe-rich melt is commonly
regarded as the product of a plume starting-head and
occurs only at the base of continental flood basalt prov-
inces (Gibson et al., 2000; Hanski and Smolkin, 1995;
Wooden et al., 1993). Besides, the melt is often followed
by voluminous ‘‘normal’’ tholeiitic magma. However, such
large amount of volcanic rocks is not found in the Trans-
North China Orogen. These dikes in the Trans-North
China Orogen were crystallized at �1770 Ma, younger
than that of the Paleoproterozoic crustal thickening and
uplifting of the Orogen (�1870 to 1790 Ma; Wang et al.,
2003; Zhao et al., 2005 and references therein), and also
earlier than the age of crystallization of the unmetamor-
phosed mafic dikes in the Eastern Block (�1840 Ma; Hou
et al., 2006; Wang et al., 2007). Such an observation is
inconsistent with regional-scale upwelling of a major plume
associated with the dikes.

Based on the above discussion, we infer that the
Archaean Eastern and Western Blocks developed indepen-
dently during the Archaean time, and collided along the
Trans-North China Orogen at �1.85 Ga and the dikes
were emplaced in a post-collisional extensional regime
(e.g. Wang et al., 2003, 2004). The source regions of Paleo-
proterozoic mafic dikes in the Trans-North China Orogen
had been modified by the subduction/collision shortly after
the amalgamation of the two Blocks. The FeOt-rich
magma has commonly higher density than ‘‘normal’’
magma, thus the transport of FeOt-rich magmas to the sur-
face/subsurface requires rapid rifting or a divergent tec-
tonic regime (Brooks et al., 1991). Thus, the occurrence
of Groups 1 and 2 FeOt-rich magmas is consistent with a
rifting regime. We propose that such a post-collisional
extension regime led to partial melting of a subduction-
modified lithospheric mantle mixed with the basaltic/gab-
broic rocks, and generation of Groups 1 and 3 magmas
with high-FeOt and island-arc geochemical affinity. The
interaction of convective mantle with the subduction-mod-
ified mantle results into generation of Group 2 magma.
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115–136.

LaTourette, T., Hervig, R.L., Holloway, J.R., 1995. Trace element
partitioning between amphibole, phlogopite and basanite melt. Earth
Planet. Sci. Lett. 135, 13–30.

LeBas, M.J., LeMaitre, R.W., Streckeisen, A., Zanettin, B., 1986. A
chemical classification of volcanic rocks based on the total alkali-SiO2

diagram. J. Petrol. 27, 745–750.
Leybourne, M., Wangoner, N.V., Ayres, L., 1999. Partial melting of a

refractory subducted slab in a paleoproterozoic island arc: implications
for global chemical cycles. Geology 27 (8), 731–734.
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