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Mafic dolerite dykes form a series of swarms that are widespread across the North China Craton (NCC). We
present U–Pb zircon ages, geochemical data, and Sr–Nd–Hf isotopic data for representative samples of the
Shaanxi dolerite dykes in the southern NCC. Laser ablation inductively coupled plasma mass spectrometry
(LA-ICP-MS) U–Pb zircon analyses for three samples yield ages ranging from 448.1 ± 1.2 to 489.6 ± 0.9 Ma
(i.e., Cambro-Ordovician). The dolerites are characterised by a wide range of rock compositions. They
display enrichments in light rare earth element (LREEs) and large ion lithophile element (LILE) (i.e., Ba,
U, K and Pb), as well as depletion in high field strength (HFSE) (Nb, Ta, Hf and Ti). The mafic dykes have
relatively uniform (87Sr/86Sr)i ranging from 0.7049 to 0.7076, (176Hf/177Hf)i from 0.282187 to 0.282236,
low εNd (t) values, from −4.1 to −4.9, εHf (t) values of between −7.9 and −9.8, for zircon, and high hafnium
model ages (TDM1 = 1366–1535 Ma, TDM2 = 1924–2081 Ma). These results suggest that the dykes are derived
by partial melting of an enriched, lithospheric mantle source. The magmas underwent fractionation of olivine,
pyroxene, plagioclase, and Ti-bearing phases (rutile, ilmenite, titanite), along with crustal contamination. The
formation of the Shaanxi Province, NCC mafic dykes can be attributed to the collision between the NCC and
south Qinling Block. Specifically, these magmas formed as a result of crustal thinning in response to extension
that followed this collision.

© 2013 The Authors. Published by Elsevier B.V. Open access under CC BY-NC-ND license.
1. Introduction

The NCC is composed of three Archaean tectonic units: an Eastern
Continent (EC, >2500 Ma), a Western Continent (WC, >2500 Ma),
and a Middle Continent (Kusky and Li, 2003; Zhao et al., 2002), and
many provinces (e.g., Jilin, Liaoning, Beijing, Inner Mongolia, Hebei,
Shanxi, Shandong and Shaanxi,) are located within this ancient cratonic
part of China (Fig. 1a). Swarms of more than six hundred mafic dykes
(that include dolerite, dolerite-porphyry and lamprophyre) are wide-
spread in the NCC, commonly occurring as NE–NW–WE-trending
swarms (Liu et al., 2008a,b, 2009, 2012a,b, 2013). It is generally accept-
ed that thesemafic dykes formed as a result of considerable extension of
the continental lithosphere (Hall, 1982; Hall and Fahrig, 1987; Tarney
wu.edu.cn (S. Liu).
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and Weaver, 1987; Zhao and McCulloch, 1993). Therefore, studies of
the NCC mafic dyke swarms can provide critical insights in our under-
standing of the generation of extensivemaficmagmatism, and also valu-
able information concerning the lithospheric evolution (extensional
process, mantle source, and temporal and spatial evolution) relating to
the breakup of the NCC (e.g., Liu, 2004; Liu et al., 2006, 2008a,b, 2009,
2012a,b, 2013), as well as to mineralization present across the NCC.

Although there is some published work on the NCC mafic dykes
these studies have focused mainly on the Mesozoic (e.g., Liu, 2004;
Liu et al., 2006, 2008a,b, 2009, 2012b, 2013, Yang et al., 2004; Zhang
and Sun, 2002) and Precambrian (e.g., Hou et al., 2006, 2008; John
et al., 2010; Li et al., 2010; Liu et al., 2012a; Peng, 2010; Peng et al.,
2005, 2007, 2008, 2010, 2011a,b) NCC mafic dyke swarms. However,
little is known about Paleozoic mafic dykes that are also present.
Furthermore, it is generally accepted that significant lithospheric ex-
tension occurred during the early Paleozoic in the southern Shaanxi
Province; however, the extent of this extension and its timing are
still unclear. There is also considerable controversy relating to the
timing (Paleozoic or Mesozoic) of collision between the NCC and
Yangtze Block. Consequently, the investigation of Palaeozoic crustal
icense.
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Fig. 1. a. Simplified tectonic map of the NCC, China. b. Inset geological map of the study area as well as the distributions of the mafic dykes, and dyke samples collected for this study.
Modified after RGSPS (1982).
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extension and related mafic magmatism, through investigation of
NCC mafic dyke swarms can provide significant information on a
wide range of geological issues.

In this paper we present new laser ablation inductively coupled
plasmamass spectrometry (LA-ICP-MS) zircon U–Pb ages, petrography,
major, trace element and Sr–Nd–Hf isotopic data for NCCmafic dykes in
the Shaanxi region. In doing so we will: (1) constrain the emplace-
ment age(s) of the mafic dykes; (2) determine their petrogenesis;
and (3) understand the evolution of the lithospheric mantle beneath
the southern NCC.

2. Geological setting and petrography

The NCC comprises two Archaean blocks, an eastern and a western
block, that are separated by a 1.8 Ga N–S trending Proterozoic orogenic
belt (Middle continent) (Zhao et al., 2001) (Fig. 1a). Two geological



Fig. 3. LA-ICP-MS zircon U–Pb concordia diagrams, and inset CL images of analysed
zircon grains, for the investigated mafic dykes from the NCC, China.
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sutures occur in the southern Shaanxi Province, i.e., theMian-Lue suture
and Shang-Dan suture. The more southerly, Mian-Lue suture mainly
comprises an ophiolitic mélange, ancient gneiss, granite, mafic volcanic
rocks, and mafic dykes, whereas for the northerly Shang-Dan suture,
rock types include ophiolite, volcanic rocks, dolomite, and cherts
(Shaanxi Province Bureau of Geology and Mineral Resources, 1989).

The mafic dykes are widespread in the Shaanxi Province and study
area is situated in the southern section of the Province, southern NCC,
near to the Shang-Dan suture (Fig. 1). The country rocks in the area
include predominantly, monzonite and granite, gabbro and perido-
tite, and gneiss, and, although the mafic dykes intrude all of these
lithologies, they principally occur within monzonite–granite and
gabbro-peridotite (Fig. 1b). Individual mafic dykes are vertical and
NE–NW–NS-trending (Fig. 1c); they are commonly 20 m–1.2 km
wide and 0.6–12.5 km in length (Fig. 1b). Representative photomicro-
graphs of the mafic dykes in the vicinities of Jiuchaigou, Jinlonghe and
Dashejian are provided in Fig. 2. The mafic dyke outcrop as linear fea-
tures, and the dyke rocks are all dolerite with a typical doleritic texture.

The dykes aremassive, locally vesicular, and structure, fine tome-
dium granularity, and dark-grey or grey-green in colour. In addition,
the dykes mainly contain sub- to anhedral clinopyroxene (30–50%),
elongate to columnar plagioclase (30–45%), and minor olivine, bio-
tite, quartz, apatite, magnetite and ilmenite (b12%). Generally, the
clinopyroxene is altered to a mixture of chlorite, amphibole and car-
bonate minerals, whereas plagioclase locally is replaced by albite,
epidote and kaolinite. Rarely, small and altered granite xenoliths
occur within themafic dykes. Dolerite dykes from Jiuchaigou are ver-
tical in outcrop, trend NW, and are typically 6.0–30 m wide and
~350 m long. These grey-green coloured dykes chiefly comprise
30–35% medium-grained phenocrysts of clinopyroxene (2–4 mm)
and lath-shaped plagioclase (2–3 mm), within a 65–70% ground-
mass of clinopyroxene, plagioclase and minor magnetite. In contrast,
dolerite from Jinlonghe and Dashejian are also vertical, trend NW–

NE, are 1.5–4.0 m wide, and 40–150 m long, and comprise 25–40%
medium-coarse grained phenocrysts of clinopyroxene (2–4 mm)
and plagioclase (2–3 mm), in a 60–75% matrix of clinopyroxene,
plagioclase, minor magnetite and chlorite.

3. Analytical procedures

3.1. U–Pb dating by LA-ICP-MS methods

Zircon was separated from three samples (JLH-1, DSJ-1, and
JCG-2) using conventional heavy liquid and magnetic techniques at
the Langfang Regional Geological Survey, Hebei Province, China.
Fig. 2. Representative photomicrographs showing the petrographic features of the mafic dykes from the NCC, China. The samples all display doleritic textures and hence are termed
dolerite dykes. Key: Py — pyroxene; Pl — Plagioclase.

image of Fig.�2
image of Fig.�3


Table 2
Major element oxides (wt.%) for the mafic dykes in NCC. LOI, loss on ignition. Mg# = 100 ∗ Mg/(Mg + Fe) atomic ratio. RV, recommended values; MV, measured values.
The values for GSR-1 and GSR-3 are from Wang et al. (2003).

Sample Rock type SiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O MnO P2O5 TiO2 LOI Total Mg#

JLH-1 Dolerite 55.65 15.52 7.41 4.93 5.37 3.66 2.61 0.10 0.52 1.07 2.63 99.47 57
JLH-3 Dolerite 54.84 15.82 7.45 4.84 5.65 3.61 2.72 0.10 0.53 1.09 2.33 98.98 56
JLH-6 Dolerite 54.74 15.96 7.45 4.53 6.59 3.79 2.13 0.10 0.52 1.06 2.45 99.32 55
JLH-7 Dolerite 54.79 15.86 7.24 4.58 6.20 3.82 2.44 0.10 0.51 1.06 2.81 99.41 56
JLH-8 Dolerite 55.63 15.53 7.20 4.52 6.24 3.80 1.86 0.10 0.52 1.05 2.92 99.37 55
JLH-10 Dolerite 54.82 15.87 7.55 4.95 5.37 3.40 3.11 0.10 0.53 1.08 2.65 99.43 56
DSJ-1 Dolerite 51.45 12.72 9.27 9.48 6.83 2.09 3.77 0.12 0.64 1.27 1.87 99.52 67
DSJ-2 Dolerite 51.51 12.63 9.19 10.41 6.65 2.05 3.75 0.12 0.67 1.25 1.57 99.81 69
DSJ-4 Dolerite 51.56 12.45 9.03 8.74 6.59 2.09 3.73 0.13 0.65 1.22 3.16 99.35 66
DSJ-5 Dolerite 50.79 12.78 11.20 9.68 6.01 2.17 3.69 0.12 0.63 1.25 1.83 100.15 63
DSJ-6 Dolerite 50.74 12.59 10.76 10.09 5.99 1.99 3.55 0.12 0.65 1.29 2.16 99.94 65
DSJ-8 Dolerite 50.33 12.62 8.98 10.36 6.91 2.11 3.56 0.12 0.66 1.22 2.69 99.56 70
DSJ-9 Dolerite 50.60 12.46 8.88 10.26 6.73 2.00 3.58 0.12 0.66 1.20 3.15 99.64 70
JCG-1 Dolerite 53.93 18.08 8.44 2.85 6.88 4.10 0.90 0.22 0.35 0.67 2.93 99.35 40
JCG-3 Dolerite 53.27 18.22 8.63 3.83 6.91 4.26 0.85 0.21 0.32 0.64 2.34 99.46 47
JCG-5 Dolerite 54.09 18.29 7.97 2.96 6.22 4.36 0.85 0.17 0.37 0.58 3.43 99.28 42
JCG-6 Dolerite 54.85 18.63 7.86 3.15 6.34 4.44 0.97 0.18 0.31 0.56 2.15 99.44 44
JCG-7 Dolerite 54.02 18.35 7.94 2.85 6.25 4.46 0.84 0.17 0.32 0.57 3.45 99.21 42
GSR-3 RV* 44.64 13.83 13.4 7.77 8.81 3.38 2.32 0.17 0.95 2.37 2.24 99.88
GSR-3 MV* 44.75 14.14 13.35 7.74 8.82 3.18 2.3 0.16 0.97 2.36 2.12 99.89
GSR-1 RV* 72.83 13.4 2.14 0.42 1.55 3.13 5.01 0.06 0.09 0.29 0.7 99.62
GSR-1 MV* 72.65 13.52 2.18 0.46 1.56 3.15 5.03 0.06 0.11 0.29 0.69 99.70
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Zircon separates were examined under transmitted and reflected light,
aswell as by cathodoluminescence petrography (CL) at the State Key Lab-
oratory of Continental Dynamics, Northwest University, China to observe
their external and internal structures. Laser-ablation techniques were
employed for zircon age determinations (Table 1 — Supplemental table;
Fig. 3) using an Agilent 7500a ICP-MS instrument equipped with a
193 nm excimer laser at the State Key Laboratory of Geological Processes
and Mineral Resources, China University of Geoscience, Wuhan, China.
Zircon # 91500 was used as a standard, and NIST 610 was used to opti-
mise the results. A spot diameter of 24 μm was used. Prior to LA-ICP-
MS zircon U–Pb dating, the surfaces of the grain mounts were washed
in dilute HNO3 and pure alcohol to remove any potential lead contamina-
tion. Details of the analytical methodology have been described in
the studies of Yuan et al. (2004) and Liu et al. (2010). Corrections
for common Pb were performed following Andersen (2002). Data were
processed using the GLITTER and ISOPLOT programs (Ludwig, 2003)
(Table 1 — Supplemental table; Fig. 3). Errors for individual analyses by
LA-ICP-MS were quoted at the 95% (1σ) confidence level.

3.2. Major elemental and trace elemental analyses

Eighteen samples were analysed for major and trace element and
Sr–Nd isotopes. Whole-rock samples were trimmed to remove al-
tered surfaces, cleaned with de-ionised water, and then crushed
and powdered using an agate mill. Major elements were determined
using a PANalytical Axios-advance (Axios PW4400) X-ray fluores-
cence spectrometer (XRF) at the State Key Laboratory of Ore Deposit
Geochemistry, Institute of Geochemistry, Chinese Academy of Sciences.
Fused glass discs were utilised and the analytical precision was better
than 5%, as determined based on the Chinese National standards:
GSR-1 and GSR-3 (Table 2). Loss on ignition (LOI) was obtained using
1 g of powder heated to 900 °C for 2 h. Trace elements were analysed
by plasma optical emission mass-spectrometry (MS) and ICP-MS at
the National Research Center of Geo-analysis, Chinese Academy of
Geosciences. The discrepancy among triplicates was less than 5% for
all elements. Analysis results of the international standards OU-6 and
GBPG-1 were in agreement with the recommended values (Table 3).

3.3. Sr–Nd isotopic analyses

For the analysis of Rb–Sr and Sm–Nd isotopes, sample powders
were spiked with mixed isotope tracers, dissolved in Teflon capsules
with HF + HNO3 acids, and separated by conventional cation-
exchange techniques. Isotopic measurements were performed using
a Finnigan Triton Ti thermal ionisation mass spectrometer at the
State Key Laboratory of Geological Processes and Mineral Resources,
China University of Geosciences, Wuhan, China. Procedural blanks
were b200 pg for Sm and Nd, as well as b500 pg for Rb and Sr.
Mass fractionation corrections for Sr and Nd isotopic ratios were
based on 86Sr/88Sr = 0.1194 and 146Nd/144Nd = 0.7219, respective-
ly. Analyses of standards yielded the following results: NBS987 gave
87Sr/86Sr = 0.710246 ± 16 (2σ) and La Jolla gave 143Nd/144Nd =
0.511863 ± 8 (2σ). The analytical results for Sr–Nd isotopes are
presented in Table 4.

3.4. In situ zircon Hf isotopic analysis

In situ, zircon Hf isotopic analyses were conducted using a Neptune
multiple collector (MC)-ICP-MS, equipped with a 193 nm laser, at the
Institute of Geology and Geophysics, Chinese Academy of Sciences in
Beijing, China. During the analysis, a laser repetition rate of 10 Hz at
100 mJ was used, as were spot sizes of 32 and 63 μm. Details of the an-
alytical technique are described inWuet al. (2006). During the analysis,
the 176Hf/177Hf and 176Lu/177Hf ratios of the standard zircon (91500)
were 0.282300 ± 15 (2σn, n = 24) and 0.00030, similar to the com-
monly accepted 176Hf/177Hf ratio of 0.282302 ± 8 and 0.282306 ± 8
(2σ) measured using the solution method (Goolaerts et al., 2004). The
analytical results are listed in Table 5 (Supplemental table).

4. Results

4.1. Zircon U–Pb ages

Euhedral zircon grains in samples JLH-1, DSJ-1, and JCG-2 are clean
and prismatic, with magmatic oscillatory zoning (Fig. 3). A total of 12
grains provided a weighted mean 206Pb/238U age of 450.9 ± 1.2 Ma
(1σ) (95% confidence interval) for JLH-1; 10 grains have a weighted
mean 206Pb/238U age of 448.1 ± 1.2 Ma (1σ) (95% confidence interval)
for DSJ-1, and 15 grains gave a weighted mean 206Pb/238U age of
489.6 ± 0.9 Ma (1σ) (95% confidence interval) for JCG-2 (Table 1 —

Supplemental table; Fig. 3a–c). These determinations are the best
estimates of the crystallisation ages of the dolerite dykes. There was
no inherited zircon characteristics observed.
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4.2. Major and trace elements

Geochemical data on themafic dykes in the study area are presented
in Tables 2 and 3. The dolerite samples exhibit a wide range of geo-
chemical compositions, falling into both the alkaline (JLH and DSJ)
and calc-alkaline fields (JCG) in terms of the total alkali-silica (TAS) di-
agram (Fig. 4a); rock types include basaltic andesite, basaltic trachy-
andesite, andesite, and trachy-andesite. The JLH and DSJ dyke samples
also display an affinity to shoshonitic compositions, whereas JCG
samples are again calc-alkaline, in terms of Na2O vs. K2O (Fig. 4b).
The dykes display regular trends of decreasing TiO2, Fe2O3, and MgO
with increasing SiO2 (Fig. 5b, c, d) and are also characterised by
LREE enrichment and HREE depletion, with a wide range in La/Yb
ratios and EuN/Eu* (Table 3 and Fig. 6a). On primitive mantle-
normalised trace element diagrams, the mafic samples show enrich-
ment in LILEs (i.e., Ba, U, K, and Pb) and depletion in HFSEs (i.e., Nb,
Ta, Hf, and Ti) (Fig. 6b).

4.3. Sr–Nd isotopes

Sr–Nd isotopic data have been obtained from (twelve) representa-
tive mafic dyke samples (Table 4). The dykes show very different
(87Sr/86Sr)i values ranging from 0.7049 to 0.7076, and relatively little
variation in εNd (t) values from −4.1 to −4.9. The Sr–Nd isotopic
compositions (Fig. 7) are also comparable to those of early Palaeozoic
mafic rocks determined previously for the NCC.

4.4. Zircon Hf isotopes

Three samples of zircon dated by U–Pb methods were also
analysed for their Lu–Hf isotopes, and the results are presented in
Table 5 (Supplemental table). Sixteen spot analyses were obtained
for the zircon sample, JLH-1, yielding variable εHf (t) values of
Table 3
Trace element compositions (in ppm) for the mafic dykes from NCC.
The values for GBPG-1 are from Thompson et al (2000), and for OU-6 from Potts and Kane

Sample JLH-1 JLH-3 JLH-6 JLH-7 JLH-8

V 158 166 175 171 168
Cr 79.3 76.2 73.7 73.4 73.1
Ni 36.4 36.2 35.3 36.1 34.5
Ga 17.4 18.2 20.9 20.2 19.5
Rb 89.2 89.1 69.3 78.9 61.8
Sr 940 979 1160 1090 1080
Y 15.7 15.8 16.0 15.7 15.6
Zr 147 147 150 146 147
Nb 10.5 10.7 10.6 10.6 10.5
Ba 1410 1440 1000 1290 825
La 29.0 28.1 28.9 27.8 29.6
Ce 57.4 56.8 59.3 56.5 58.9
Pr 7.06 6.75 6.96 7.00 7.06
Nd 27.1 27.1 27.4 27.7 28.0
Sm 5.04 5.30 5.02 4.93 5.05
Eu 1.46 1.44 1.41 1.40 1.46
Gd 3.88 4.18 3.90 3.84 3.90 4.33
Tb 0.62 0.61 0.61 0.58 0.64
Dy 3.01 2.87 2.95 2.99 2.92
Ho 0.62 0.63 0.63 0.61 0.62
Er 1.56 1.56 1.56 1.56 1.55
Tm 0.21 0.20 0.22 0.22 0.21
Yb 1.33 1.37 1.35 1.33 1.28
Lu 0.19 0.19 0.19 0.18 0.19
Hf 3.54 3.64 3.61 3.51 3.56
Ta 0.52 0.54 0.54 0.58 0.53
Pb 8.38 9.79 14.40 12.20 11.60
Th 3.45 3.40 3.50 3.51 3.49
U 0.96 2.64 1.22 4.41 1.10
δEu 1.0 0.9 1.0 1.0 1.0
(La/Yb)N 15.6 14.7 15.4 15.0 16.6
between −8.6 and −9.0 (Fig. 8a), with two-stage model ages
(TDM2) of 1968 to 1997 Ma (Fig. 8d), and giving initial 176Hf/177Hf
ratios ranging from 0.282236 to 0.282249. Fifteen spot analyses
were made for sample DSJ-1. The determined negative εHf (t) values
for this zircon vary between −7.9 and −8.2 (Fig. 8b), correspond-
ing to TDM2 model ages in the range of 1924 to 1944 Ma (Fig. 8e).
This sample has an initial 176Hf/177Hf ratio that varies between
0.282261 and 0.282271. Fifteen spot analyses were also performed
on zircon from sample JCG-2. The determined negative εHf (t) values
for this dyke vary between −9.4 and −9.9 (Fig. 8c), corresponding
to TDM2 model ages in the range of 2049 to 2081 Ma (Fig. 8f). This
sample has initial 176Hf/177Hf ratios that vary between 0.282187
and 0.282200. The zircon Hf isotopic results also suggest an
enriched mantle source region for the mafic dykes.

5. Genetic discussion

5.1. Mantle source

The Paleozoic Shanzi Province mafic dykes are characterised by
low SiO2 contents (50.3–55.7 wt.%), suggesting that the mafic dykes
were derived from an ultramafic source. This is supported in the
high MgO contents (4.5–10.4 wt.%) and Mg# (55–70) in the mafic
dykes from JLH1-10 and DSJ1-9. Crustal rocks can be ruled out as
possible sources, as partial melting of any of the crustal rocks
(e.g., Hirajima et al., 1990) and lower crustal intermediate granulites
(Gao et al., 1998) in the deep crust would produce high-Si, low-Mg liq-
uids (i.e., granitoid liquids; Rapp et al., 2003). The high initial 87Sr/86Sr
ratios and negative εNd (t) and zircons εHf (t) values (Tables 4 and 5 —

Supplemental tables) for the mafic dykes are consistent with a deri-
vation from an enriched lithospheric mantle source rather than an
asthenospheric mantle-source, with a depleted Sr–Nd isotopic com-
position, such as MORB.
(2005).

JLH-10 DSJ-1 DSJ-2 DSJ-4 DSJ-5 DSJ-6

168 170 174 178 171 171
74.6 425 449 446 425 441
36.2 377 416 253 356 397
18.3 16.2 16.2 16.7 16.7 16.4

107.0 88.4 85.3 86.3 85.4 86.3
947 617 590 715 615 603
16.2 27.6 26.6 26.5 27.6 27.6

150 379 343 337 373 362
10.7 12.9 12.0 12.3 12.7 12.4

1450 1519 1049 1069 1049 1059
29.1 32.9 30.0 33.4 32.4 31.4
59.7 71.6 66.4 73.1 70.4 68.1
7.38 9.09 8.50 9.18 8.80 8.64

27.9 38.0 36.6 39.3 36.7 36.8
5.36 8.13 7.95 8.32 8.09 7.97
1.43 2.09 1.97 2.09 2.07 2.01
7.32 7.14 7.33 6.90 6.73 6.90
0.61 0.99 0.98 1.04 0.99 1.03
3.00 5.50 5.42 5.46 5.39 5.62
0.62 1.01 1.01 0.98 1.00 1.03
1.59 2.71 2.63 2.65 2.70 2.72
0.22 0.34 0.34 0.32 0.35 0.37
1.36 2.33 2.22 2.14 2.31 2.35
0.18 0.33 0.32 0.30 0.32 0.33
3.68 10.6 9.56 9.02 10.0 10.4
0.52 0.83 0.77 0.74 0.83 0.80
9.22 16.3 14.4 18.9 15.9 15.5
3.64 5.96 5.68 6.34 6.25 5.59
2.00 1.79 1.73 1.79 1.78 1.71
0.9 0.8 0.8 0.8 0.8 0.8

15.3 10.1 9.7 11.2 10.1 9.6



Table 3
Trace element compositions (in ppm) for the mafic dykes from NCC.
The values for GBPG-1 are from Thompson et al (2000), and for OU-6 from Potts and Kane

DSJ-8 DSJ-9 JCG-1 JCG-3 JCG-5 JCG-6 JC

181 170 161 189 169 143 15
464 457 13.2 15.1 16.1 20.6 1
397 384 5.58 7.67 7.39 6.07
16.2 15.9 17.9 16.2 15.3 16.1 1
91.4 87.6 28.1 24.9 20.6 33.4 3

596 619 774 822 518 381 28
27.0 26.9 28.2 23.1 22.5 23.3 2

354 342 92.5 81.2 76.8 80.5 7
12.1 12.2 4.69 3.60 3.83 4.35

1110 1049 260 297 258 361 37
31.5 30.9 21.1 17.1 15.8 16.8 1
68.6 66.6 41.8 32.2 31.4 32.7 3
8.79 8.34 5.18 3.92 3.93 4.07

37.3 35.9 21.2 16 15.6 17.2 1
7.97 7.86 4.83 3.71 3.72 3.94
2.07 2.03 1.62 1.22 1.26 1.33
6.95 4.56 3.81 3.66 3.93 3.56
0.98 0.95 0.78 0.64 0.64 0.62
5.36 5.24 4.56 3.65 3.69 3.74
0.99 0.99 1.05 0.89 0.85 0.88
2.64 2.58 3.13 2.41 2.36 2.48
0.34 0.34 0.46 0.37 0.35 0.37
2.24 2.28 3.12 2.38 2.47 2.52
0.33 0.31 0.50 0.38 0.38 0.41

10.0 9.65 2.37 2.1 1.98 2.01
0.80 0.75 0.25 0.21 0.21 0.23

15.1 14.1 10.6 9.3 10.2 15.8 1
5.75 5.09 4.23 3.50 3.18 3.27
1.73 1.55 1.34 0.92 1.02 1.21
0.9 0.8 1.1 1.0 1.0 1.0

10.1 9.7 4.9 5.2 4.6 4.8

Fig. 4. Classification of the mafic dykes from NCC based upon: (a) TAS diagram. All major
elemental data have been recalculated to 100% on a LOI-free basis (after Middlemost,
1994; Le Maitre, 2002). (b) K2O versus Na2O diagram. The alkaline association for JLH
and DSJ samples is shown to be shoshonitic, whereas JCG samples are calc-alkaline.
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5.2. Crustal contamination

Crustal contamination might cause a significant depletion in Nb–Ta
and enriched Sr–Nd isotopic signatures in basaltic rocks. The dolerites
are characterised by negative Nb–Ta anomalies, high Sr isotopic com-
position and negative εNd (t) (Table 3); this could imply a crustal com-
ponent in the magma genesis of the mafic dykes. Further support for
this is given in their low Nb/U ratios (2.4–11.03) (cf. Nb/U = 9.0–21
for crust, and Nb/U = 47 for primitive mantle), and Ta/La ratios
(0.013–0.026) (cf. Ta/La = 0.06 for primitive mantle). Moreover,
crustal assimilation would cause a significant variation in Sr–Nd iso-
topes, and result in a positive correlation between MgO and εNd (t)
values (−4.1 to −4.9); and features that are also observed in these
dolerites (Table 4; Figs. 7 and 9b). There is no correlation between
MgO and Sr isotopic rations (Fig. 9a); however this does not rule out
crustal contamination, because MgO contents are not solely associated
with crustal contamination, but also with fractionation of ferromagne-
sian phases during magma evolution. In summary, the geochemical
and isotopic signatures of the dolerites indicate that crustal contamina-
tion occurred.
5.3. Fractional crystallisation

For the studied rocks, JLH1-10 and DSJ19 mafic dyke samples
have high Mg# (55–70) (Table 2), which is inconsistent with signif-
icant fractionation. However, the JCG1-7 samples contain lower
MgO (b 4.0 wt.%), Cr (b21 ppm) and Ni (b8.0 ppm) (Tables 1 and
2; Fig. 5d), implying that they were derived by fractional
crystallisation. Furthermore, SiO2 shows a negative correlation
with TiO2, Fe2O3, and MgO for all rocks (Fig. 5a, c, and d), indicating
that the mafic dykes were likely the result of olivine, pyroxene-
dominated and Ti-bearing phase (rutile, ilmenite, titanite) fraction-
ation of a more mafic parental magma. Similarly, the separation of
plagioclase and Ti-bearing phases could account for the observed
(2005).

G-7 OU-6(RV*) OU-6(MV*) GBPG-1(RV*) GBPG-1(MV*)

9 129 131 96.5 103
7.1 70.8 73.5 181 187
7.50 39.8 42.5 59.6 60.6
4.8 24.3 26.5 18.6 20.9
5.2 120 122 56.2 61.4
6 131 136 364 377
2.0 27.4 26.2 18.0 17.2
2.8 174 183 232 224
4.50 14.8 15.3 9.93 8.74
6 477 486 908 921
5.3 33.0 33 53.0 51
1.3 74.4 78 103 105
3.84 7.80 8.1 11.5 11.6
5.8 29.0 30.6 43.3 42.4
3.82 5.92 5.99 6.79 6.63
1.02 1.36 1.35 1.79 1.69
5.27 5.50 4.74 4.47
0.62 0.85 0.83 0.60 0.59
3.7 4.99 5.06 3.26 3.17
0.85 1.01 1.02 0.69 0.66
2.45 2.98 3.07 2.01 2.02
0.36 0.44 0.45 0.30 0.29
2.51 3.00 3.09 2.03 2.03
0.38 0.45 0.47 0.31 0.31
1.95 4.70 4.86 6.07 5.93
0.20 1.06 1.02 0.40 0.46
1.8 28.2 32.7 14.1 14.5
3.11 11.5 13.9 11.2 11.4
0.77 1.96 2.19 0.90 0.99
0.8
4.4

image of Fig.�4


Fig. 5. Selected variation diagrams of major element oxides versus SiO2 (in wt.%) for the mafic dykes from the NCC, China.

Fig. 6. a) Chondrite-normalised rare earth element (REEs) diagram and b) primitive
mantle-normalised incompatible element distribution diagrams for the investigated
mafic dykes from the NCC, China.
The normalisation values are from Sun and McDonough (1989).
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negative Eu, Nb and Ta anomalies in chondrite-normalised REE
patterns and primitive-mantle-normalised trace element patterns
(Fig. 6a and b). Additionally, in EuN/Eu* vs. Sr and Ba related
plots (online Appendix), the dolerites show a combined vector of
K-feldspar and plagioclase fractionation, however, this also indicates
that plagioclase fractionation was more important than K-feldspar in
controlling Sr and Ba abundances (Table 3).
Fig. 7. Initial 87Sr/86Sr vs. ε Nd (t) diagram for the studied mafic dykes from the NCC,
China. The field for early Palaeozoic mafic rocks from the NCC (after Yan, 2005;
Zhang, 2010) is plotted for comparison. The investigated NCC mafic dykes fall within
this field, indicating an enriched mantle source.
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Fig. 8. Histograms of zircon εHf (t) values (a to c) and two-stage Hf model ages (d to f) for the mafic dykes in the NCC, China.

Fig. 9. Plots of: (a) initial 87Sr/86Sr ratio and (b) εNd (t) value versus MgO for the mafic
dykes from the NCC, China. Fig. 10. Plots of (a) La vs. La/Sm and (b) K2O vs. Ce/Yb for the studied mafic dykes.
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5.4. Genetic mechanism and model

The mafic dykes in this study have similar characteristics in terms
of geochemistry and isotopes (Sr–Nd–Hf), implying that they have a
similar source region. However, they do not result from the same
Fig. 11. Schematic models for block collision and the origin of the NCC mafic dykes. (a) Prior
to the Ordovician, whereby NCC and the south Qinling Block came together along the Shan
the collisional belt. (c) After collision, the study area underwent extension and thinning, lea
lithosphere. These partial melts are the parental magmas to the NCC, Shaanxi Province mafi
episode of magmatism due to different ages. On plots of La vs. La/
Sm and K2O vs. Ce/Yb related plots (Fig. 10) presented, all samples
distribute along the partial melting trend line, indicating that the
mafic dykes were derived from partial melting of the enriched
mantle.
to collision between the NCC and the south Qinling blocks. (b) Collision occurred prior
g-Dan suture, resulting in crustal shortening, deformation and metamorphism within
ding to asthenospheric upwelling, local raised geotherms and partial melting of mantle
c dyke swarms.
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Based on the above discussion, the mafic dykes in this study are
derived through the partial melting of an enriched mantle source. A
dynamic model, however, is required to decipher the origin of these
mafic dykes. At least two competing mechanisms can be envisaged:
(1) the contribution of the subducting Yangtze Block; (2) the action
of subducted ancient Pacific Plate (i.e., Izanagi Plate). However, it is
generally believed that the final collision between NCC and Yangtze
Block occurred during the Triassic (Meng and Zhang, 1999; Zhang et
al., 2005), and there was no west-trending subduction of an ancient
Pacific Plate towards the NCC before the early Cretaceous (Xu et al.,
1993). As the investigated dykes were emplaced during the early
Paleozoic, it is unlikely that their petrogenesis relates to either
subducting Yangtze lithosphere or the ancient Pacific Plate. An alter-
native model, therefore, is required to account for how the mafic
dykes were formed.

The study area lies to the north of the Shang-Dan suture that sep-
arates the NCC and south Qinling Block. During the early Paleozoic
(Cambrian), significant collision occurred between the NCC and
south Qinling Block (Meng and Zhang, 1999). Following the terminal
phase of collision, this boundary underwent extension and gravita-
tional collapse, that resulted in the formation of many extensional ba-
sins in this region (e.g., the An'Kang-Ziyang and Wudu-Dibu basins),
and also led to alkaline magmatism, and the emplacement of swarms
of mafic dyke. We propose, therefore, the following genetic model to
account for the presence of the investigated Shaanxi Province mafic
dykes: a) prior to collision, the NCC and south Qinling were two
independent crustal blocks (Fig. 11a, b) Prior to the Ordovician
(>500 Ma), collision between the NCC and south Qiling Block oc-
curred resulting in the formation of the Shang-Dan suture. Crustal
shortening and collision resulted in thickening of the lithospheric
mantle beneath both the NCC and south Qinling Block. The thickened
lithosphere led to deformation and regional metamorphism, at the
same time in the zone of collision, supracrustal rocks underwent
transformation to produce ophiolite (Fig. 11b, c) Density differences
in this mélange resulted in gravitational imbalance, leading to the
foundering of denser crustal units into asthenosphere.

Following the terminal stage of collision between the two crustal
blocks, relaxation and lithospheric extension occurred (Fig. 11c).
Lithospheric extension allowed for buoyant upwelling of hot as-
thenosphere, which locally raised geothermal gradients, causing
partial melting of the lithospheric mantle beneath both the NCC
and south Qinling Block. These partial melts represent the parental
mafic magmas to the investigated Shaanxi Province dykes.

Foundering of denser crustal units into asthenosphere is supported,
moreover, by the voluminous coeval magmatism (Shaanxi Province
Bureau of Geology and Mineral Resources, 1989), large-scale min-
eralization (e.g., Shaanxi Province Bureau of Geology and Mineral
Resources, 1989), and the 453 Ma adakitic rocks observed in adjacent
areas (e.g., Gujiagou, Nangou and Chenjiagou,), as lithospheric founder-
ing would result in all of these features.

6. Conclusions

Based upon geochronological, geochemical, and Sr–Nd and Hf
isotopic studies, the following conclusions have been drawn:

1. U–Pb zircon dating indicates that the studied Shaanxi Province
mafic dykes formed between 448.1 ± 1.2 and 489.6 ± 0.9 Ma
(i.e., they are late Cambrian–Ordovician).

2. The mafic dykes are derived from an enriched mantle source, with
parental magmas originating through the partial melting of the
enriched mantle lithosphere beneath both the southern part of
the NCC and the south Qinling Block, in response to lithospheric
thinning/extension. The parental magmas to the mafic dyke
swarms underwent crustal contamination and crystal fractionation
during ascent that included the following mineral phases: olivine,
pyroxene, plagioclase and Ti-bearing phases (rutile, ilmenite, and
titanite).

3. The studied mafic dykes were derived in an extensional setting
after the collision between NCC and south Qinling Block.

Supplementary data to this article can be found online at http://
dx.doi.org/10.1016/j.lithos.2013.04.020.
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