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Mesozoic mafic dykes in western Shandong Province (Luxi), SE, the North China Craton (NCC) provide an
opportunity to examine the nature of their mantle source and the secular evolution of the Mesozoic
lithospheric mantle beneath SE NCC. Chronological, geochemical and Sr-Nd-Pb isotopic analyses were carried
out on two selected Mesozoic mafic dykes from Mengyin and Zichuan in western Shandong, respectively.
Detailed SHRIMP zircon U-Pb dating yields emplacement ages of 144 +2 Ma for the Mengyin mafic dykes and of
143 +2 Ma for the Zichuan mafic dykes. Both are enriched in LILE (Rb, Ba, Sr, Pb) and LREE without Eu anomalies,
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Keywords: but are depleted in HFSE (Nb, Ta and Ti). The dykes have relatively radiogenic Sr (37Sr/2Sr); (0.706 ~0.707) and
Mesozoic negative &yq(t) (6.5 to —4.4), but remarkably unradiogenic Pb (*°°Pb/?°*Pb=16.99-18.36). Both dykes
Mafic dykes may have experienced crystal fractionation of olivine and clinopyroxene. The Mengyin mafic dykes are

Sr-Nd-Pb isotopes
Geochemistry
Lithsopheric mantle
North China Craton

characterised by high MgO (9.66-17.97 wt.%), Mg” (66-74), Cr (809-1208 ppm) and Ni (171-390 ppm),
indicative of derivation from mantle-derived melts with minor fractionation. In contrast, the Zichuan mafic
dykes have relatively low MgO (3.38-4.14 wt.%), Cr (24-56 ppm) and Ni (14-24 ppm), suggesting that they
may have originated from an extremely evolved magma. There is evidence in support of multiple enrichment
events induced by hybridism of foundering lower crust at mantle depths. For example, phlogopite, amphibole
and rutile metasomatism may have affected the lithospheric mantle beneath Mengyin, whereas phlogopite
and carbonatite metasomatism modified the lithospheric mantle below Zichuan. This study sheds light also on
the geodynamic significance of the 144-143 Ma mafic dykes, for example, we propose that lithospheric
thinning underneath southeastern NCC of eastern China was caused by the removal of the lower lithosphere
(mantle and lower crust).

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Itis generally accepted that more than 100 km of ancient refractory
lithospheric mantle beneath eastern North China Craton (NCC) has
been removed and replaced by young and fertile mantle material in
the late Mesozoic between the late Jurassic and early Cretaceous
(Menzies et al., 1993; Griffin et al., 1998; Zheng and Lu, 1999; Fan et al.,
2000; Xu, 2001; Gao et al., 2002; Zhou et al., 2002; Guo et al., 2003;
Wau et al,, 2003a; Yang et al., 2003; Wilde et al., 2003; Zhang et al.,
2004). Such change is evidenced by the loss of physical integrity of the
NCC as a result of the Triassic collision between the NCC and the
Yangtze Block (Xu, 2001; Zhang et al., 2002). However, the exact
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timing of the lithospheric destruction beneath the NCC is poorly
constrained. A number of controversial mechanisms are given in
several hypotheses proposed for the lithosphere thinning beneath
NCC; these include extension, delamination or foundering and
thermal/chemical erosion (Zheng and Lu, 1999; Lu et al., 2000; Xu,
2001; Wu et al., 2003b; Gao et al., 2004).

Available isotopic data from late Mesozoic magmatic rocks in
southern NCC indicate that their mantle domains are heterogeneous,
including refractory lithosphere, EM1-like mantle to EM2-like mantle
(Zhang et al., 2004). The transformation of the lithospheric architec-
ture may be related to deep subduction of the Yangtze Craton and its
subsequent collision with NCC during the Triassic (240~220 Ma), as
suggested by seismic tomographic data and on mineralogical evidence
(Xu et al., 1992; Ye et al., 2000; Liu et al., 2001; Xu et al., 2001; Zhang
et al., 2002; Zhang et al., 2005a). Melts from the subducted crustal
materials fertilized the overlying lithospheric mantle beneath the
southern NCC, as reflected in the Mesozoic mantle-derived basaltic
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rocks and alkaline complexes (Zhang et al., 2002, 2004, 2005a,b; Liu
et al., 2006). Nevertheless, different opinions on the genesis and
spatial distribution of enriched mantle still exist within southern NCC
(e.g., Xu et al,, 2004a; Zhai et al., 2004). Furthermore, there is wide
debate relating to how the subduction of paleo-Pacific plate affected
magmatic activities and the lithospheric architecture within southern
NCC (e.g., Chen et al., 2004; Zhang et al., 2005b).

Consequently, systematic geochronological, geochemical and iso-
topic investigations of all the late Mesozoic lithospheric mantle
samples in NCC are needed. Age constraints and the geochemistry of
mantle xenoliths, gabbroic complexes and basalts in many localities of
NCC have been well documented (Xu et al., 1993, 2003; Chen et al.,
1997; Zheng et al., 1999; Fan et al., 2001; Guo et al., 2001; Qiu et al.,
2002; Zhang et al., 2002, 2003, 2004; Zhang and Sun, 2002; Xu et al.,
2001, 2003, 2004a; Yan et al., 2003a; Chen and Zhou, 2004, 2005).
However, because of a paucity of the Mesozoic mantle-derived
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samples in NCC, detailed age constraints and geochemistry are still
scarce (Yan et al., 2003a).

Mafic dykes of Mesozoic age are widespread in the NCC, occurring
as NE-NW-trending swarms. These mafic dykes formed as a result of
considerable extension of the continental lithosphere (Hall, 1982; Hall
and Fahrig, 1987; Tarney and Weaver, 1987; Zhao and McCulloch,
1993). Studies of these rift-related mafic dyke swarms are essential for
understanding generation of such extensive mafic magmatism, which
can provide valuable information about the Mesozoic lithospheric
evolution beneath the NCC (Liu et al., 2004, 2006). Some investiga-
tions on these mafic dykes have been carried out, and the available K-
Ar and Ar-Ar dates range from 230 Ma to 88 Ma (Shao and Zhang,
2002, and references therein; Liu et al., 2004, and references therein).
Mesozoic mafic dykes are widely distributed in Luxi and Jiaodong,
respectively (Liu et al., 2004, 2006). The published K-Ar ages for these
dykes vary from 143 Ma to 88 Ma in Luxi (Mengyin and Zichuan), and
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Fig. 1. a. Simplified tectonic map of eastern China (modified after Xu, 2002). b. The geological map of Luxi and the sampling localities of the Mengyin and Zichuan mafic dykes.
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from 170 Ma to 100 Ma in Jiaodong (Liu, 2004; Liu et al., 2004, and
references therein). Nevertheless, high precision dating is still lacking
for these rocks. In this study, we have selected the mafic dykes
distributed across the Luxi area in the southeastern part of the NCC to
carry out a detailed study of their geochronology and geochemistry.
We present new SHRIMP zircon U-Pb ages, petrography, major, trace
elemental and Sr-Nd-Pb isotopic data for the mafic dykes in this
region. Our aim was to: (1) constrain the emplacement age(s) of the
mafic dykes; (2) decipher their petrogenesis; and (3) understand the
evolution of the lithospheric mantle beneath the southern NCC.

2. Geological background and petrology

The North China Craton consists of two Archaean blocks, the
eastern and western blocks, separated by a 1.8 Ga Proterozoic N-S
trending orogenic belt (Zhao et al., 2001) (Fig. 1a). The basement of the
Archaean blocks consist predominantly of tonalite- trondhjemite -
granodiorite gneisses and greenschist to granulite facies metamorphic
rocks, overlain by Sinian to Ordovician marine carbonates and shales,
Carboniferous to Permian continental clastic rocks and Mesozoic basin
sedimentary rocks. Volcanism had been active in the eastern block
since Paleozoic times, whereas magmatic activity had been rare in the
western block.
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The Shandong area in east China is situated in the central part of
the eastern NCC and is divided into two parts by the Tanlu fault
(Fig. 1b). The eastern part is termed the Jiaodong, and the western part,
Luxi. Mesozoic strata in Luxi are unabridged, whereas in Jiaodong
Triassic and Jurassic strata are lacunal (Li and He, 1997).

The Mesozoic intrusive rocks in Luxi consist of monzonite, diorite,
gabbro, granite and alkaline complexes that are mainly distributed in
Jinan, Zouping, Laiwu, Mengyin, Yiyuan and Yinan area (Lin et al., 1996;
Wau et al,, 2003a,b,c; Guo et al.,, 2003; Zhang et al., 2005a; Yang et al.,
2006; Fig. 1b). The Mesozoic volcanic rocks in Luxi are dominantly
andesitic in composition (Qiu et al., 1997), and these are tectonically
located in the faulted basins, such as the Mengyin, Pinyi-Feixian,
Laiwu, Linyi and Yiyuan (Qiu et al., 2002; Fig. 1b). Field relationships
and available K-Ar, “°Ar->°Ar and zircon U-Pb ages suggest that the
magmatic activities occurred in the late Mesozoic (Tan and Lin, 1994;
Xu et al., 1993; Lin et al., 1996; Xu et al., 2004a,b,c; Zhang et al., 2002;
Zhang and Sun, 2002; Qiu et al., 1997,2002; Wu et al., 2003a,b,c; Guo et
al.,, 2003; Zhang et al., 2004, 2005a,b; Yang et al., 2006), with a period
during 185-130 Ma that was free of magmatic activity (Zhang et al.,
2005a).

Relatively abundant mafic dyke swarms also occur in the Jinan,
Zibo, Zichuan and Mengyin areas in the Luxi region, but data for these
are scarce (Liu, 2004). In addition, the available chronological data
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Fig. 2. Representative photomicrographs of mafic dykes from Mengyin and Zichuan. Cpx: clinopyroxene, Pl: plagioclase, Mt: magnetite, Chl: chlorite.
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(70-140 Ma) are principally determined by K-Ar dating method (Liu,
2004; Liu et al., 2004), and as such the K-Ar results may be affected by
either loss or enrichment of radiogenic?®Ar, that they yield younger
or older ages (Hebeda et al., 1973; Deckart et al., 1997). Here we
concentrate on two mafic dykes within Zichuan and Mengyin (Fig. 1b)
to provide precise ages, geochemical and isotopic data relevant to
lithosphere evolution beneath the southern NCC during the Mesozoic.

Mafic dyke swarms in Zichuan and Mengyin are both emplaced into
Precambrian basement and Cambrian-Ordovician strata, and in turn,
were overlain by the late Jurassic sedimentary rocks (Fig. 1). The
individual mafic dykes are vertical, and NW-SE-trending. They are
commonly 8~50 m wide and 4~5 km in length (Liu, 2004).
Representative photomicrographs of the mafic dikes from the Mengyin
and Zichuan are provided in Fig. 2. The dyke rocks are all diabases with a
diabasic texture. The diabases from Mengyin mainly contain 30-32%
intermediate-grained phenocrysts of clinopyroxene (2.0~4.0 mm) and
strip-shaped plagioclase (2.0-3.0 mm) within a 68-70% groundmass of
clinopyroxene (0.06-0.08 mm), plagioclase (0.03 ~0.06 mm) and minor
magnetite (~0.04 mm). In contrast, the diabases from Zichuan comprise
28-35% intermediate-coarse grained phenocrysts of clinopyroxene

(3.0-8.0 mm) and plagioclase (3.0-5.0 mm), in a 65-72% matrix of
clinopyroxene (0.06-0.1 mm), plagioclase (0.04~0.06 mm), minor
magnetite (0.03-0.05 mm) and chlorite (ZC5) (0.04~0.08 mm).

3. Analytical techniques
3.1. SHRIMP zircon U-Pb method

Zircons were separated from two >40 kg samples (SD2MY and
SD3ZC) from the Mengyin mafic dyke and the Zichuan mafic dyke
using conventional heavy liquid and magnetic techniques. Represen-
tative zircon grains were handpicked under a binocular microscope,
mounted in epoxy resin, and then polished and coated with gold
film. Zircons were documented with transmitted and reflected light
micrographs as well as cathodoluminescence (CL) images to reveal
their external and internal structures (Fig. 3). U-Pb isotopic analyses
were performed using the Sensitive High-Resolution lon Microprobe
(SHRIMP-II) at the Chinese Academy of Geological Sciences (Beijing)
(Table 1). The procedures were described in detail by Compston et al.
(1992), Williams (1998) and Song et al. (2002). Single crystals were

Fig. 3. Representative cathodoluminescence images of zircon grains from the Mengyin and Zichuan mafic dykes (SD2MY and SD3ZC). The numbers correspond to the spot analyses

given in Table 1.
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dated without air abrasion. The U-Pb isotope data were collected in
sets of five scans throughout the masses, and a reference zircon TEM
(417 Ma) was analyzed after every four samples. The uncertainties in
ages are cited as 10, and the weighted mean ages are quoted at the
95% confidence level (20).

3.2. Major, trace elemental and isotopic analyses

Fifteen samples were collected from two dyke swarms to carry out
major and trace element determination and Sr-Nd-Pb isotopic analyses.
Whole-rock samples were trimmed to remove rotten surfaces, were
cleaned with deionized water, crushed and then powdered with an
agate mill.

Major oxides were analyzed with a PANalytical Axios-advance
X-ray fluorescence spectrometer (XRF) at the State Key Laboratory of
Ore Deposit Geochemistry, Institute of Geochemistry, Chinese Acad-
emy of Science (IGCAS). Fused glass disks were used and the analytical
precision as determined on the Chinese National standard GSR-3 was
better than 5% (Table 2). Loss on ignition (LOI) was obtained using 1 g
powder heated up to 1100 °C for 1 h.

Trace elements were analyzed with a POEMS ICP-MS at the National
Research Center of Geoanalysis, Chinese Academy of Geosciences. Fifty
milligrams of powdered mafic sample were placed in a Polytetrafluor-
oethylene bomb. To each sample was added 1 ml of HF (38%) and 0.5 ml
of HNO3 (68%). The bombs were then placed on a hot plate, and the
solution evaporated to dryness to remove most of the silica. One
milliliter of HF and 0.5 ml of HNO3; were then added. The sealed
bombs were then placed in an electric oven and heated to 190 °C for
48 h (overnight). After cooling, the bombs were then opened, 1 ml of
1 pg mI™ " Rh solution was added as an internal standard and placed on a
hot plate (at about 150 °C), and the solutions evaporated to dryness. One
milliliter of HNO3 was added, evaporated to dryness and followed by a
second addition of HNO3 and evaporation to dryness. The final residue

Table 1
SHRIMP U-Pb isotopic data for zircons from the Mengyin and Zichuan mafic dikes

was re-dissolved by adding 8 ml of 40% HNOs, resealing the bombs and
returning them to the electric oven heated at 110 °C for a period of 6 h.
After cooling, the final solution was made up to a 100 ml by addition of
distilled de-ionized water (Qi et al., 2000). The discrepancy between the
triplicates is less than 5% for all the elements. Analyses of international
standards OU-6 and AMH-1 are in agreement with the recommended
values (Table 3).

For Rb-Sr and Sm-Nd isotope analyses, sample powders were
spiked with mixed isotope tracers, dissolved in Teflon capsules with
HF+HNOs5 acids, and separated by conventional cation-exchange
technique (Zhang et al., 2001). Isotopic measurement was performed
on the MAT-262 TIMS at Institute of Geology and Geophysics, Chinese
Academy of Sciences (IGGCAS). Procedural blanks were <100 pg for
Sm and Nd and <500 pg for Rb and Sr. The mass fractionation correc-
tions for Sr and Nd isotopic ratios were based on 26Sr/8Sr=0.1194 and
146Nd/*“Nd =0.7219, respectively. Analyses of standards during the
period of analysis are as follows: NBS987 gave 37Sr/%55r=0.710245 + 14
(2 0); La Jolla gave 3Nd/'**Nd=0.511861+9 (20).

Pb was separated and purified by conventional cation-exchange
technique (AG1x8, 200-400 resin) with diluted HBr as eluant. De-
tailed sample preparation and analytical procedure follow Zhang et al.
(2002). The Pb isotopic ratios were measured with the MAT-262 TIMS
at IGGCAS (Table 4), analyses of standard NBS981 during the period
of analysis yielded 2°*Pb/?°°Pb=0.0897 + 15, 2°7Pb/?°°Pb=0.91445 + 80,
and 2%8Pb/?°6Pb=2.16170+200.

4. Results
4.1. Zircon U-Pb age
Euhedral zircon grains in SD2MY and SD3ZC are clean and show

prismatic behavior with magmatic oscillatory zoning (Fig. 3). Twelve
grains from sample SD2MY yielded a mean 2°°Pb/?28U age of 144+

Spot  ***Pb*%pb(%) **PbC(%) U (ppm) Th(ppm) *°Th/?U 2°Pb (ppm) >°°Pb/*U(Ma) **'Pb [**Pb +%

207ph 25y 1% 2%%Pbh 28U 1% STEM(Ma) MTEM(Ma)

SD2MY-Mengyin

11 3.5E-4 0.65 555 331 0.62 111 148.0+3.4
21 6.0E-4 111 322 303 0.97 6.3 144.7+3.4
31 2.8E-3 5.19 178 104 0.60 3.5 139.2+3.8
41 11E-3 1.99 282 161 0.59 5.5 1411+£34
51 3.2E-4 0.59 592 499 0.87 11.8 1472+34
6.1 2.7E-4 0.49 245 125 0.53 13.2 388.6+£8.8
7.1 1.7E-4 0.32 578 349 0.62 114 145.6+3.3
8.1 5.8E-4 1.07 210 146 0.72 41 143.1£35
9.1 2.3E-4 0.43 1190 243 0.21 26.8 165.9+3.7
10.1 5.6E-5 0.10 4653 1887 0.42 97.0 154.4+34
111 8.1E-4 1.50 434 328 0.78 8.4 140.6+3.3
121 74E-4 1.36 492 397 0.83 9.6 143.3+33
131 9.4E-4 173 210 102 0.50 4.0 139.7+£3.7
141 3.1E-4 0.57 539 494 0.95 10.6 144433
151 43E-4 0.79 608 182 0.31 13.5 163.5+3.8
SD3ZC-Zichuan

11 9.5E-4 1.76 572 402 0.73 10.3 131.8+3.2
21 ISIESS) 2.08 180 136 0.78 3.5 142.8+3.7
31 7.6E-4 141 301 229 0.79 6.0 146.3+3.6
41 5.1E-4 0.94 625 498 0.82 12.5 1475+3.4
51 3.1E-4 0.57 323 261 0.83 6.4 146.2+3.5
6.1 5.7E-4 1.05 434 292 0.70 8.6 145.0£3.4
71  9.5E-4 1.75 307 253 0.85 6.1 144.2+3.5
8.1 5.7E-4 1.06 454 339 0.77 8.5 137.8+3.2
9.1 1.5E-4 0.28 863 934 112 16.7 143.0+3.2
10.1 4.7E-4 0.87 402 374 0.96 7.7 140.1£3.3
111 5.1E-4 0.93 574 284 0.51 11.2 143.2+33
121 6.5E-4 121 464 246 0.55 8.7 137.6+3.2

417 416+4.3
0.0485 3.6 016 4.3 0.0232 23
0.0487 71 015 7.5 0.0227 24
0.0506 216 0.15 21.8 0.0218 2.8
0.0439 101 013 104 0.0221 24 417 416+4.3
0.0502 3.6 0.16 4.2 0.0231 23
0.0640 2.7 0.55 3.5 0.0621 23
0.0517 2.7 0.16 3.6 0.0228 23
0.0580 46 018 52 0.0225 25 417 415+3.1
0.0492 24 018 3.3 0.0261 23
0.0492 1.0 0.16 2.5 0.0242 2.2
0.0490 6.7 0.15 71 0.0221 24
0.0466 64 0.14 6.8 0.0225 24 417 413+4.3
0.0513 173 0.15 175 0.0219 2.7
0.0507 3.0 016 3.8 0.0227 2.3
0.0474 51 017 5.6 0.0257 23

417 415£3.7
0.0472 101 013 104 0.0206 25
0.0439 13.0 0.14 133 0.0224 2.6
0.0496 78 0.16 8.2 0.0230 23
0.0474 52 015 5.7 0.0231 24
0.0580 49 018 5.5 0.0229 24 417 414+4.6
0.0518 56 0.16 6.1 0.0227 24
0.0457 91 014 9.4 0.0226 2.4
0.0481 59 0.14 6.4 0.0216 24
0.0491 26 0.15 3.5 0.0224 23 417 412+4.8
0.0485 6.5 0.15 6.9 0.0220 2.4
0.0472 6.7 0.15 71 0.0225 23
0.0455 71 014 74 0.0216 24 417 420+6.9

Errors are 10; Pbc and Pb* indicate the common and radiogenic portions, respectively. S"™™: standard values; M™": measured values.
Error in standard calibration was 1.29% (not included in above errors but required when comparing data from different mounts).

Common Pb corrected using measured 2%4Pb.



Table 2

Major oxides (wt.%) and CIPW minerals of the Mengyin and Zichuan mafic dikes

Sample no. MY1 MY2 MY3 MY4 MY6 MY7 MY8 MY9 ZC1 C2 zC3 ZC4 ZC5 ZC6 GSR-3  GSR-3
Rock type diabase diabase diabase diabase diabase diabase diabase diabase diabase diabase diabase diabase diabase diabase

Locality Mengyin Mengyin Mengyin Mengyin Mengyin Mengyin Mengyin Mengyin Zichuan Zichuan Zichuan Zichuan Zichuan Zichuan RV* MV*
Latitude N36°40'03” N36°39'46” N36°39'33” N36°39'19” N36°39'06” N36°38'52” N36°38'36” N36°38'23” N35°41'27" N35°41'11" N35°40'43” N35°40'22” N35°40'05" N35°39'48"

Longitude E118°3'46”  E118°4'07”  E118°4’33”  E118°4’58”  E118°5'22”  E118°5'48”  E118°6'08”  E118°6'15" E118°2/13”  E118°2'35”  E118°2’57”  E118°3’12”  E118°3'34”  E118°3'57"

Si0, 48.54 48.36 49.68 51.78 48.63 51.16 48.25 47.95 51.53 50.97 51.29 51.27 50.39 51.42 4464 4445
TiO, 0.75 0.55 0.53 0.76 0.65 0.56 0.59 0.92 0.86 0.95 0.87 0.86 0.93 0.89 237 2.28
Al,03 9.81 8.16 12.36 14.43 12.09 W2.7/5) 11.69 12.44 72 16.92 16.86 16.26 16.59 16.98 13.83  14.68
Fe,03T 12.28 12.63 10.57 9.98 13.01 10.52 12.04 12.50 9.84 10.01 9.76 0155 10.26 9.57 134 13.06
MnO 0.21 0.21 0.19 0.19 0.23 0.20 0.23 0.23 0.16 0.18 0.17 0.15 0.14 0.17 0.17 0.16
MgO 14.46 17.97 13.39 9.66 13.92 12.92 13.95 12.42 338 3.96 3.59 3.89 4.14 3.47 7.77 7.58
Ca0 11.80 10.28 9.68 8.98 9.90 9.30 11.40 10.83 6.83 712 710 741 7.74 6.98 8.81 8.72
Na,O 1.05 115 1.95 2.88 1.45 1.98 0.78 1.40 3.63 3.50 342 4.00 3.83 343 3.38 3.39
K;0 0.70 0.50 0.46 0.62 0.76 0.48 0.53 0.49 249 236 230 2.59 294 3.23 232 2.29
P05 0.03 0.04 0.06 0.21 0.11 0.06 0.02 0.16 0.79 1.07 0.98 0.95 1.01 1.02 0.95 0.95
LOI 0.35 0.20 1.10 0.64 0.05 0.03 0.59 0.63 212 2.05 2.87 235 136 224 224 2.28
Total 99.99 100.05 99.97 100.11 100.79 99.99 100.07 99.97 98.83 99.08 99.21 99.28 99.33 99.40 99.88 99.84
Mg# 70.0 73.8 715 65.7 67.9 70.9 69.6 66.3 40.5 439 421 44.6 444 41.8

Q 1.16 0 114 3.55 0.72 3.26 2.81 2.28 4.67 447 5.95 1.56 0 3.23

or 4.16 2.96 2.75 3.69 4.46 2.84 3.15 292 15.23 14.38 14.12 15.8 17.75 19.66

ab 8.91 9.73 16.67 24.47 12.16 16.74 6.63 11.91 31.72 30.48 30 34.88 33.04 29.84

an 20.03 15.63 23.85 24.71 24.02 24.57 26.94 26.35 24.03 24.16 24.72 19.31 19.75 21.97

Di 29.98 2739 18.95 14.65 18.74 16.52 2318 20.84 4.84 45 4.58 10 10.43 5.85

Hy 224 27.24 25.08 17.49 25.87 24.66 2433 21.61 6.5 8.12 72 5.4 4.01 6.22

ol 0 BI55) 0 0 0 0 0 0 0 0 0 0 1.21 0

mt 0.69 0.69 0.63 0.62 0.75 0.65 0.76 0.76 0.54 0.61 0.58 0.51 0.47 0.57

he 11.85 12.18 10.26 9.6 12.4 10.07 11.58 12.06 9.8 9.9 9.73 9.5 10.15 9.46

ap 0.07 0.09 0.13 0.46 0.24 0.13 0.04 0.35 1.78 241 222 214 225 229

LOI=Loss on Ignition. Q, or, ab, an, Di, Hy, Ol, mt, he and ap, respectively represents quartz, orthoclase, albite, anorthite, diopside, Hypersthene, Olivine, magnetite, hematite and apatite. Few olivine normative minerals exist in these rocks. RV*:
recommended values; MV*: measured values; The values for GSR-3 from Wang et al. (2003).
Mg*#=100*Mg/(Mg+Y Fe) atomic ratio.
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Table 3
Trace elements concentrations (ppm) in the Mengyin and Zichuan mafic dikes
Sample MY1 MY2 MY3 MY4 MY6 MY7 MY8 MY9 ZC1 ZC2 ZC3 ZC4 ZC5 ZC6 OU-6 AMH-1 OU-6 AMH-1

RV* RV* MV*  MV*

Sc 48.4 39.5 314 28.5 32.0 304 40.5 377 19.0 220 225 214 254 21.8 221 135 221 14.1
Cs 0.47 1.03 0.78 0.45 0.43 0.76 0.67 0.20 1.31 0.54 0.56 0.74 0.69 0.64 8.02 0.24 837 0.28
Cr 1118 1702 1208 841 1295 1184 1040 809 322 56.0 56.0 45.1 243 53.8 70.8 40.9 753 56.4
Co 64.2 781 57.0 44.1 63.9 53.7 58.8 55.4 25.1 289 29.5 285 32.8 25.6 29.1 18.7 28.7 20.9
Ni 257 390 275 189 283 256 220 171 14.0 24.0 24.0 20.0 23.8 241 39.8 324 39.7 40.6
Cu 19.0 20.0 25.1 9.7 443 36.2 54.1 243 188 210 205 207 923 108 39.6 30.2 53.6 29.8
Zn 91.8 116 89.0 894 106 96.2 90.9 98.5 101 94.1 99.9 86.9 98.9 949 111 66.9 109 674
Ga 13.5 11.6 14.6 17.6 15.6 14.9 14.6 15.9 20.2 20.0 20.5 204 20.1 20.1 243 20.5 244 20.1
Ba 175 241 341 549 238 319 113 210 1161 866 862 848 991 873 477 322 496 329
Rb 19.9 13.7 9.2 14.1 19.6 9.7 203 11.8 113 624 57.7 72.6 43.2 62.7 120 183 123 204
Sr 300 264 514 531 423 526 454 467 1136 970 936 1068 846 951 131 545 136 543
Y 16.5 13.9 115 14.2 133 10.7 13.0 15.1 16.0 144 14.8 14.5 19.7 16.5 274 16.4 26.9 15.6
Zr 29.5 38.7 25.5 29.2 275 20.9 17.6 18.2 118 104 109 107 109 108 174 146 181 148
Hf 1.10 1.28 0.89 0.98 0.96 0.74 0.70 0.71 2.96 2.61 2.72 2.71 2.68 2.68 4.70 3.70 4.78 3.69
Nb 1.16 145 1.67 2.53 14 0.6 0.5 1.6 5.83 5.44 5.47 5.64 5.48 556 14.8 83 14.7 8.0
Ta 0.10 0.11 0.07 0.16 0.09 0.06 0.05 0.10 0.38 0.35 0.34 0.35 0.28 0.32 1.06 0.64 1.01 0.54
Th 0.28 0.33 0.44 0.34 0.30 0.31 0.09 0.07 5.61 4.97 5.04 5.07 1.58 513 115 2.6 11.9 2.78
8] 0.14 0.33 0.16 0.14 0.14 0.20 0.12 0.05 1.75 1.50 1.53 1.55 0.51 1.68 1.96 0.89 2.15 0.92
Pb 233 6.44 6.04 6.71 3.61 5.91 2.51 2.50 19.0 15.5 211 13.9 770 134 282 9.9 312 9.82
La 5.39 6.57 7.03 131 7.21 6.43 3.18 6.98 265 227 24.0 236 26.9 243 33.0 15.9 329 16.1
Ce 14.6 16.4 15.2 271 17.7 13.6 9.4 17.2 52.8 44.8 479 47.0 59.7 49.8 74.4 33.0 75.6 333
Pr 2.45 2.48 2.18 3.60 2.60 1.94 1.62 2.70 6.43 5.51 5.86 5.80 8.07 5.75 7.80 4.21 7.98 4.23
Nd 12.8 12.2 10.3 16.5 128 9.59 951 138 26.1 2238 239 23.6 349 232 29.0 17.7 315 18.0
Sm 341 3.14 2.49 3.57 297 245 2.78 348 432 3.84 3.91 3.86 5.75 4.76 5.92 3.68 5.94 3.69
Eu 1.00 0.87 0.95 1.22 1.07 0.90 0.82 1.22 1.64 1.38 1.44 141 1.87 143 1.36 1.16 1.40 1.19
Gd 3.56 319 2.59 332 2.94 2.31 2.81 3.51 4.04 3.58 3.86 3.86 5.31 3.88 5.27 3.34 5.32 3.68
Tb 0.54 0.47 0.38 0.47 0.45 0.34 0.41 0.51 0.57 0.51 0.53 0.52 0.72 0.54 0.85 0.51 0.88 0.53
Dy 3.26 2.83 2.32 2.83 2.68 213 2.65 2.97 2.88 2.60 2.63 2.63 3.62 2.83 4.99 2.84 5.15 2.99
Ho 0.59 0.50 0.43 0.53 0.49 0.40 0.49 0.57 0.51 0.47 0.50 0.49 0.66 0.56 1.01 0.57 1.02 0.55
Er 1.66 141 122 145 140 113 141 1.58 1.57 144 147 146 1.95 1.54 2.98 1.52 2.99 1.53
Tm 0.21 0.18 0.17 0.20 0.19 0.15 0.19 0.20 0.20 0.18 0.19 0.20 0.24 0.23 0.44 0.21 0.46 0.22
Yb 139 1.23 1.09 134 122 1.03 114 1.29 1.39 1.25 131 1.29 1.59 1.32 3.00 1.37 3.01 143
Lu 0.20 0.19 0.17 0.19 0.18 0.15 0.17 0.19 0.21 0.18 0.20 0.20 023 0.22 0.45 0.21 0.48 0.21
Nb/Ta 12.2 13.0 24.7 15.4 15.0 10.9 9.3 15.9 15.3 15.5 16.1 16.1 19.6 174
Zr[Hf 26.9 303 28.7 299 28.8 283 25.2 25.6 39.9 39.8 40.1 39.5 40.7 40.3
Rb/Sr 0.07 0.05 0.02 0.03 0.05 0.02 0.04 0.03 0.10 0.06 0.06 0.07 0.05 0.07

RV*: recommended values; MV*: measured values; the values for AMH-1 from Thompson et al. (2000), and OU-6 from Potts and Kane (2005).

2Ma (20) (Table 1 and Fig. 4a), apart from two analyses of slightly
older grains (spots 9.1 and 15.1) due to large analytical uncertainties
and one analysis of an inherited zircon grain (spot 6.1). Eleven
grains from sample SD3ZC have 2°°Pb/?38U ages that clustered bet-
ween 137 to 147 Ma and gave a weighted mean age of 143+2 Ma (20)
(Table 1 and Fig. 4b), with the exception of one slightly young grain
(spot 1.1).

4.2. Major and trace elements

The Mengyin dykes have a wider range SiO, from 47 to 52 wt.%
than that of the Zichuan dykes (50 to 52 wt.%) (Table 2). In addition,
the Mengyin dykes have high MgO (9.66-17.97 wt.%) with Mg* 65-74.
The Zichuan dykes contain relatively high K,0 (2.3-2.9 wt.%), Na,0
(3.5-4.0 wt.%), Al,03 (16.2-17.2 wt.%) and P,0s (0.8-1.1 wt.%) but

Table 4

Sr-Nd-Pb isotopic raios for the Mengyin and Zichuan mafic dikes

Sample 7Sm/4INd “3Nd/“Nd(20) (143Nd/14“Nd)i eNd(t) S7Rb/E°Sr S7Sr/*Sr(20)  (¥7Sr/*%Sr) 2°Pb/2Pb 207pb/2%ph 208Phy204ph (206pb204ph) (27Pby2%4Ph), (2°5Pb/24Pb)
MY  0.1604 0512347¢13 0512197 —50 01920  0.70758+13 0.70719 18449 15583 37798  18.364 15.579 37.742
MY3 01467 051231629  0.512179 -54 00518 0.706532+14 0.70643

MY4 01303 0512243+12 0512121 -65 00768 0.707198+11 070704 17.687 15462  37.728 17.658 15.460 37.705
MY6 01398 0512269411 0512137 -65 01149 0.706585+13 0.70635

MY7 01538 0512319411  0.512175 -54 00534 0706597+11 0.70649 17.955 15529 38033  17.640 15.459 37.704
MYS 01768 0512338+10 0512173 -55 01291 0.707526+13 0.70726

MY9 01518 0512369412 0512227 -44 00731 0.706607+10 0.70646 17.017 15498 37814 16.988 15.497 37.801
ZC1 01001 0512185+13  0.512091 -71 02875 0.710295+13 070971 17719 15503  37.863 17.590 15.497 37.729
722 01018 0512201+14 0512105 -68 01859 0.709069+14 0.70869 17.988 15.571 38170 17.851 15.565 38.022
Z2C3  0.0989 0512205416 0.512112 -67 01782  0708977+13 070861 17.048 15540  37.950 17.885 15.566 38.060
Z2C4  0.0989 0512103+13  0.512110 -67 01965 0.709258+14 0.70886 17528 15558  37.962 17.372 15.551 37.795
Z2C6 01240 0512231+13 0512115 -65 01905 0.709239+13 0.70885  17.992 15467 38124 17.816 15.458 37.948

Chondrite Uniform Reservoir (CHUR) values (3’Rb/%6Sr=0.0847, 87Sr/%6Sr=0.7045, ¥Sm/**Nd=0.1967 **Nd/***Nd=0.512638) were used for the initial Sr and Nd isotope calculation.
Arp=142x10"" year™! (Steiger and Jager, 1977); Asm=6.54x10""? year™' (Lugmair and Harti, 1978). (2°6Pb/2%4Pb); = 208Pb/2%4Pb-232Th2%4Pb x (e 232~ 1); (207Pb/294Pb);=207Pb/?*4Pb-2*U/
204phx (eM235_1) and (°°Pb/2%4Pb);=2%Pb/2*Pb-238U/294Ph x (eN"2*8-1) were used for the initial Pb isotope calculation. A,3s=1.55125x107"0 year™'; Ayp35=9.8485x107'0 year™!
and Aryp32=4.9475%x1071° year™! (Steiger and Jiger, 1977). U, Th and Pb contents were gained by ICP-MS. Initial Sr, Nd and Pb isotope ratios were obtained by assuming 144 Ma for the
Mengyin mafic dikes and 143 Ma for the Zichuan mafic dikes.
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Fig. 4. SHRIMP zircon U-Pb concordia diagram for the mafic dykes (a) from Mengyin
and (b) from Zichuan.

relatively low MgO (3.4-4.1 wt.%) with Mg* 40-45. All samples from
Zichuan fall within the alkaline field on the total alkali-silica (TAS)
diagram with two exceptions (Fig. 5), distinct from those for the
Mengyin dykes.

The Mengyin dykes have clearly higher Cr (809-1208 ppm),
Co (44-78 ppm) and Ni (171-390 ppm) contents than those of the
Zichuan dykes with Cr (24-56 ppm), Co (25-33 ppm) and Ni (14—
24 ppm) (Table 3). For all samples, positive correlations of MgO vs.
Fe,03T, CaO and Ni, and negative correlations of MgO vs. Sr and Al,05
are observed (Fig. 6b, ¢, e, g and j), but there are no correlations with
MgO vs. TiO, (Fig. 6d). In addition, positive correlations of MgO vs. Cr
exist in the Mengyin mafic dykes (Fig. 6h) and negative correlations of
MgO vs. Zr and K0 respectively are observed in the Zichuan and
Mengyin mafic dykes (Fig. 6i).

The Mengyin show moderate enrichment in light rare earth ele-
ments (LREE) and large ion lithophile elements (LILE, such as Ba, Sr,
Pb and K), while the Zichuan display strong enrichment in both LREE
and LILE (Fig. 7). All samples exhibit relatively high contents of heavy
rare earth elements (HREE), no clear Eu anomaly, distinctive negative
high field strength elements (HFSE, such as Nb, Ta and Ti) anomalies
and positive Pb anomalies. The mafic dykes with negative HFSE
anomalies are completely distinguishable from many volcanic rocks
like MORB, OIB and kimberlites, that usually show no or insignificant
HFSE anomalies (Sun and McDonough, 1989). Additionally, the mafic
dykes have substantially higher Ba/Nb and La/Nb ratios than those of

MORB and OIB, but are similar to arc volcanics defined by the early
Cretaceous mafic-ultramafic intrusions in the north Dabie complex
(Jahn et al., 1999) (Fig. 8).

4.3. Sr-Nd-Pb isotope

The Zichuan mafic dykes have slightly radiogenic Sr and higher
ena(t) values ((87Sr/®%Sr);=0.709 and eyy(t)=—6.8) than those of the
Mengyin ((87Sr/%6Sr);=0.706~0.707 and &yq(t)=-6.5~-4.4). In a plot
of eng(t) vs. (B7Sr/25Sr); (Fig. 9), the data for mafic dykes from both
Mengyin and Zichuan, all lie in the enriched extension despite rela-
tively large variations among the mafic dykes from Zichuan. In
addition, the Sr-Nd isotopic compositions of 144 Ma mafic dykes
from Mengyin are comparable with those of the mafic rocks from
Yangtze Craton (Fig. 9).

The Pb isotope ratios in the studied dykes are characterised by
(206pb/294),=17.0~18.4, (>°’Pb/2°*);=15.4 and (*°%Pb/?°*);>37.7 from
Mengyin, whereas (?°°Pb/20%);=17.3~17.9, (?°’Pb/?°*);>15.4 and
(298pb/204),>37.7 from Zichuan (Table 4). The Pb isotope ratios display
large unradiogenic Pb variations either among the mafic dykes from
the two areas or within individual mafic dykes (Fig. 10a,b). The Pb
isotopic ratios of the mafic dykes from Mengyin and Zichuan are
different from those of the mafic rocks from NCC (Zhang et al., 2004;
Xie et al., 2006) (Fig. 10b). However, they are similar to those in mafic
dykes from Shandong Province (Yang et al., 2004; Liu et al., 2006), the
Cenozoic basalts from NCC (Chung, 1999) and mafic rocks from the
Yangtze Craton (Yan et al., 2003b) (Fig. 10a,b).

5. Discussion
5.1. Petrogenesis

5.1.1. Fractional crystallization

The Mengyin mafic dykes resulted from a very low-degree frac-
tional magma as evidenced by high MgO and compatible elements
like Cr, Co and Ni contents; whereas the Zichuan samples contain
lower MgO, Cr, Ni and Co contents than those from Mengyin (Tables 2
and 3), indicating they were derived from a more evolved magma. The
positive correlations between MgO and Fe,0sT, CaO, K,0, Cr and Ni
(Fig. 6b, e, f, h and j) suggest olivine and clinopyroxene fractionation,
whereas the negative correlations between MgO and Al,O5; and Sr
(Fig. 6¢,g) demonstrate that plagioclase was not a major fractional
phase for the mafic dykes, which is further supported by the absence
of a negative Eu anomaly. The absence of covariation of MgO with TiO,
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Fig. 5. Classification of Luxi mafic dykes. Alkali vs.SiO, diagram (after Le Bas et al., 1986).
Symbols and data sources in other figures are the same as in Fig. 3.
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Fig. 6. Variation diagrams for major oxides and trace elements vs. MgO contents for the Mesozoic mafic dykes from Mengyin and Zichuan.

contents in these mafic dykes (Fig. 6d) indicates insignificant fraction-
ation of Fe-Ti oxides, such as rutile or ilmenite.

5.1.2. Crustal assimilation
Since the mafic dykes were emplaced into a continental environ-
ment, there is general agreement that these mafic mantle-derived

magmas experienced some degree of crustal contamination during
ascent and/or residence within crustal magma chambers (Mohr, 1987).
It is necessary, therefore, to evaluate the extent of crustal contamina-
tion. Geochemical characteristics, including significant depletion in
Nb-Ta, high Srisotopic composition and negative gnq(t), suggest a role
of a continental component in the magma genesis of the mafic dykes



338 S. Liu et al. / Chemical Geology 255 (2008) 329-345

200 rT—T T T T T T T T T T T

100

EEET |

Rock/Chondrite
Rock/Chondrite

S S Y Y N
La Ce PrNdSmEuGdTb DyHo ErTmYb Lu

(c) 1

Mengyin

10

T T Ty
1 anul

Rock/Primative Mantle

| T 1 1 v |

1
Rb Th K Nb Ce Pr Nd Hf Eu Gd Dy HoTm Lu
Ba U TalLa Pb SrZr SmTi Tb Y Er Yb

20T T T T T T T T T T T T

100

10

1 | 1 1 | 1 | | 1 1 | 1 1 1 1
La Ce PrNdASmEuGdTb DyHo ErTmYb Lu

SOO-IIIIIIIIIIIIIIIIIIIIIIIIII

(d)

11

1

Zichuan

LR
1l

10

L} |'||'||'
r1nul

Rock/Primative Mantle

LI | |'|]|'I
sl

Y T A A
Rb Th K Nb Ce Pr Nd Hf Eu Gd Dy HoTm Lu
Ba U Tala Pb SrZrSmTi Tb Y Er Yb

Fig. 7. Chondrite-normalized rare earth element patterns and primitive-mantle- normalized spider diagrams for the Mengyin and Zichuan mafic dykes. REE abundances for
chondrites and trace element abundances for primitive mantle are after Sun and McDonough (1989).

600F (]
= Arc Volcanics o -
gl [m|
100F ~Granulites ~
C  clastcssdiment ]
o L average ]
= i . .
E _ -
OIB
cc
10 E Primitive o 0¢ =
1 L P ool
0.1 1 10 20

La/Nb
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crust and Clastic sediment average (Condie, 1993); MORB, OIB and Dupal OIB (Le Roux,
1986).

(Guo et al.,, 2003). Such continental signature may be introduced
by contamination during magma ascent or may reflect the character
of a metasomatized mantle source. The mafic dykes are characterized
by depletion in Th and U relative to La in the primitive mantle-
normalized diagrams (Fig. 7c,d), eliminating the possibility of signifi-
cant upper-middle crustal contamination (Taylor and McLennan,
1985). Therefore, a likely candidate for the contamination might be
lower crust; accordingly, the Sr content in the melts would decrease
following magma differentiation due to the lower Sr abundance of
lower crust rocks (e.g., 350 ppm, Rudnick and Fountain, 1995). How-
ever, negative correlation between MgO and Sr is evident in the
magma differentiation trend (Fig. 6g). Moreover, random or no corre-
lations between MgO and ®7Sr/®6Sr(;) and eyq(t) have been observed
(Fig. 11a,b) that is inconsistent with extensive crustal contamination.
In summary, magma evolution of the mafic dykes is not significantly
affected by crustal contamination and the geochemical and isotopic
signatures of the mafic dykes were mainly inherited from enriched
mantle sources.

5.1.3. Nature of Source and petrogenesis

Low SiO, contents (47.95-51.42 wt.%) suggest that the mafic dykes
were derived from an ultramafic source. This is also supported by high
concentrations of MgO (9.66-17.97 wt.%), Mg* (66-74), Cr (809-1208
ppm) and Ni (171-390 ppm) in the mafic dykes from Mengyin. Crustal
rocks can be ruled out as possible sources because experimental evi-
dence shows that partial melting of any of the older, exposed crustal
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rocks (e.g., Hirajima et al., 1990; Yang et al., 1993; Zhang et al., 1994,
1995; Kato et al., 1997) and lower crustal intermediate granulites (Gao
et al., 1998a,b) in the deep crust would produce high-Si (i.e., granitoid
liquids; Rapp et al., 2003). Therefore, these mafic dykes originated
directly in the mantle. In addition, the Mengyin and Zichuan mafic
dykes possess high (87Sr/%6Sr); and low eng(t) values (Table 4; Fig. 9)
implying that these originated from a lithospheric mantle- rather than
an asthenospheric mantle-source with a depleted Sr-Nd isotopic
composition like MORB. Otherwise, the relatively high HREE abun-
dances observed in these mafic dykes indicate a garnet-free source;
hence, the parental magmas were derived from partial mantle melts
within the spinel stability field.

In primitive mantle normalized diagrams (e.g., Fig. 7) all the rocks
reveal very distinctive negative anomalies for Nb, Ta and Ti, and
positive anomalies for Pb. HFSE-depletion indicates the involvement
of components from the proto-Tethyan oceanic or ancient continental
crust (Zhang et al., 2005a). In addition, the relatively uniform La/Nb
ratios (about 4-5) and higher Ba/Nb ratios (15-200) in those mafic
dykes differ from those of most intra-plate volcanic rocks, including
N-MORB, OIB, alkali basalts and kimberlites, with La/Nb ratios of 2.5 to
0.5 and much lower Ba/Nb ratios of 20 to 1 (Fig. 8). Accordingly, the
above observations suggest that clear continental materials (grani-
toids, granulites, sediments, etc.) were involved in the development of
these mantle-derived magmas (Jahn et al., 1999).

Furthermore, some mafic dykes share common Sr, Nd (Chen et al.,
2001; Li et al,, 2004) and Pb (Chen et al., 2001; Yan et al., 2003a,b,
2005) isotopic characteristics with the Yangtze craton lithosphere
(Table 4; Figs. 9 and 10b), suggesting an involvement of Yangtze Craton
crust. Possibly, this is further supported by the enrichment in
incompatible and mobile elements, such as K, Rb, Pb and the LREEs,
and depletion in the HFSE. If the above interpretations are correct,
we propose the subducted Yangtze Craton lower crust as the best
candidate for crustal contaminant, because of the apparent absence of
old upper crust in the Yangtze Craton (Chen and Jahn, 1998). Thus, the
mafic dykes were most probably derived through partial melting of an

enriched lithospheric mantle source slightly modified by melts from
subducted Yangtze Craton lower crust materials, prior to magma
generation. These melts could cause metasomatism of the overriding
lithospheric mantle in terms of geochemical compositions (Schreyer
et al., 1987; Zhang et al., 2005a). Post-collision lithosphere extension
then resulted in extensive melting of the lithospheric mantle (high
(87Sr/86sr); and low eng(t)), which consequently produced the wide-
spread mafic dykes (Liu, 2004; Liu et al., 2004, 2006; this study),
alkaline intrusions (Zhang et al., 2005a) as well as the voluminous
volcanic rocks of the Qingshan Formation (Qiu et al., 2002) in the
southern NCC. Nevertheless, the high 2°°Pb/29“Pb ratios overlap with
those of the asthenosphere- or juvenile lithospheric mantle-derived
Cenozoic basalts emplaced in the NCC (Chung, 1999) (Fig. 11). Thus,
Yang et al. (2004) suggested that the Pb-isotopic differences observed
in the NCC Early Cretaceous mafic rocks are not related to the
subducted Yangtze lithosphere, but result from the contribution made
by the ascending asthenospheric mantle following Late Mesozoic
lithospheric thinning (200-120 Ma). This also can be used to interpret
the origin of the early Cretaceous mafic rocks from Dabie terrain
(Huang et al., 2003). In addition, evidence from C and O stable isotope
geochemistry of the HP-UHP rocks in the Dabie-Sulu belt suggest that
volatiles may not escape from the rock series during the rapid
subduction of the subducting Yangtze continental crust (Zheng et al.,
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2003; Zheng, 2005), therefore, the enriched mantle beneath Luxi
cannot be formed by addition of melts or melts and water from a
subducting Yangtze crust. Consequently, we suggest that the Sr, Nd
and Pb isotopic compositions of the mafic dykes from Mengyin and
Zichuan is not due to the involvement of subducted Yangtze
lithosphere, but essentially caused by upwelling of asthenospheric
mantle following foundering of lower crustal materials during the
Late Triassic (<200 Ma) and Early Cretaceous (120 Ma) (Gao et al.,
2004).

Alternatively, the Jurassic-Cretaceous and Cretaceous-Tertiary sub-
duction of the paleo-Pacific (Izanagi) Plate (e.g., Chen et al., 2004)
have been proposed to account for the petrogenesis of the Mesozoic
magmatism of eastern North China and even Taihang Mountain. The
melts from subducted Pacific plate metasomatized and modified the
lithospheric mantle beneath eastern North China (Chen et al., 2004).
The subduction of Pacific plate caused the extension of the continental
lithosphere beneath eastern China (Tian et al.,, 1992). Lithosphere
extension then induced decompression melting of the lithospheric
mantle beneath eastern China, which produced the Mesozoic intense
magmatism of eastern North China. However, there has no evidence
up to now suggesting the contribution of paleo-Pacific Plate to
the Mesozoic magmatic activities of eastern North China (Zhang
et al., 2005b). In addition, the late Mesozoic was a period when the
Izanagi plate primarily moved toward the north or north-northeast
(Maruyama and Send, 1986; Kimura et al., 1990), and the westward
motion and subduction of the Izanagi plate started at 135 to 145 Ma
(Engebreson et al., 1985), thus giving little chance for inducing broad

back arc extension in this region. Therefore, this geodynamic model
is inconsistent with the new ages, though it might be used to account
for the origin of the young mafic dykes from Luxi and Jiaodong (Liu
et al., 2006). Overall, we rule out the effect of the subduction of the
Pacific Plate on the mafic magmatic activities in Mengyin and Zichuan.

Foundering of continental lower crust into underlying convecting
mantle has been proposed to play a role in plume magmatism, crustal
evolution and formation of chemical heterogeneities within the
mantle (Arndt and Goldstein, 1989; Kay and Kay, 1991; Rudnick and
Fountain, 1995; Jull and Kelemen, 2001; Escrig et al., 2004; Gao et al.,
2004, 2008; Elkins-Tanton, 2005; Lustrino, 2005; Anderson, 2006).
This is due to the unique chemical and physical properties of eclogite
formed by high to ultrahigh pressure metamorphism of basaltic rocks.
Accordingly, we prefer a more likely model advocated by Gao et al.
(2008) to interpret the petrogenesis of mafic dykes and other mantle-
derived rocks from western Shandong Province, eastern NCC. In this
model, as the eclogites formed at the base of thickened continental
crust they have a higher density than that of lithospheric mantle
peridotite by 0.2-0.4 g cm™> (Rudnick and Fountain, 1995; Jull and
Kelemen, 2001; Levander et al., 2006; Anderson, 2006), as such these
can be recycled into the mantle (Arndt and Goldstein, 1989; Kay
and Kay, 1991; Jull and Kelemen, 2001; Gao et al., 2004). On the other
hand, eclogites have lower melting temperatures than mantle
peridotites (Yaxley and Green, 1998; Yaxley, 2000; Rapp et al., 1999;
Kogiso et al., 2003; Sobolev et al., 2005, 2007), and as foundered,
silica-saturated eclogites heat up, they will produce silicic melts
(tonalite to trondhjemite) that may variably hybridize overlying man-
tle peridotite. Subsequently, decompressional melting of the hybri-
dized mantle will generate basaltic melts (Kogiso et al., 2003; Sobolev
et al., 2005, 2007; Herzberg, 2006; Herzberg et al., 2007; Gao et al.,
2008). Likewise, the lithospheric mantle beneath southeast NCC was
progressively enriched due to successive hybridism of foundered
lower crust. This is evidenced by the voluminous magmatic activities
as observered in southeast NCC (Zhang et al, 2005a,b and the
references therein; Liu et al., 2004, 2006). Otherwise, the residual
eclogitic lower crusts were heated up in lithospheric mantle, and
produced the adakitic lavas in Luxi (Liu et al., in press).

Zircon in general should not be saturated in mafic magmas such as
the mafic dykes of the study area (e.g., Watson and Harrison, 1983),
however, when the SiO, content in a melt increase, the zircon satu-
ration can be enhanced due to the equation of ZrO; meit+SiO2 melt, =
Z1SiOy4 crustal. Accordingly, silicic melts from melting of silica-saturated
eclogites would increase zircon saturation in the source of the mafic
dykes. Furthermore, when the mafic magma derived from melting
of the hybridized mantle ascends, the crystallization of HSFE-poor
minerals such as olivine and pyroxene could induce progressive Zr
enrichment in residual melts (Zheng et al., 2008), zircon thus would
crystallise.

5.1.4. Mantle metasomatism

As outlined above, geochemical features of the studied mafic dykes
suggest a LILE- and LREE-enriched mantle source modified through
metasomatism. Volatile-bearing minerals (amphibole, mica and
apatite) may play a major role in creating lithospheric sources
enriched in incompatible lithophile elements. Comparatively, amphi-
bole and phlogopite are most common volatile-bearing minerals in
mantle rocks (e.g., lonov et al., 1997; Grégoire et al., 2000). Apatite has
rarely been identified in mantle rocks, though it may be more
common than reported (O'Reilly and Zhang, 1995). The significant LILE
in the mafic dykes suggested that phlogophite and amphibole are the
major repositories for LILE in lithospheric mantle (e.g., Foley et al.,
1996; lonov et al.,, 1997; Grégoire et al., 2000). When phlogopite and
amphibole coexist in mantle rocks, the former is a much more
important host for K, Rb and Ba (lonov et al., 1997). Since Rb/Sr ratios
in amphiboles are lower than or close to the Rb/Sr ratio (~0.03) in the
primitive mantle their presence cannot yield whole-rock Rb/Sr ratios
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higher than the Primative Mantle (PM) value (~0.03) (Ionov et al.,
1997). The Rb/Sr ratio is much higher in phlogopite (0.13-60) (lonov
et al., 1997) and as such our data (Tabel 3) strongly suggest that
phlogopite and amphibole both are essential components in litho-
spheric mantle domains underneath Mengyin and Zichuan (Fig. 12).
The high Rb/Sr ratios (>0.03 with the exception of one sample) in
the mafic dykes from Zichuan, however, indicate a predominance of
phlogopite rather than amphibole in the melt source (Fig. 12).

Since Nb and Ta together with Zr and Hf display similar geo-
chemical behaviors owing to behaviour (Jochum et al., 1986, 1989),
Nb/Ta and Zr/Hf ratios are hardly affected by magmatic processes;
Zr/Hf and Nb/Ta fractionation probably imply an unusual metasomatic
assemblage during the formation of the mantle source (Guo et al.,
2004). It has been suggested that Nb/Ta ratio is barely affected by
magmatic process unless a significant volume of rutile or low-Mg
amphibole is involved in the mantle source (Rudnick et al., 2000; Foley
et al., 2002; Xiong et al., 2005). Rutile is the major phase to produce
superchondritic Nb/Ta ratios in the melt whereas low-Mg amphibole is
the dominant phase to generate low Nb/Ta and high Zr/Hf ratios in the
melt (Rudnick et al., 2000; Tiepolo et al., 2000; Foley et al., 2002; Jérg
et al., 2007). The chondrite has Nb/Ta ratio of 19.9+0.6 (Miinker et al.,
2003). In this case, the superchondritic Nb/Ta ratios (24.7) in one
sample (MY3) may support the presence of rutile metasomatism in
the melting source while the subchondritic Nb/Ta ratios (9.3-17.4)
(Table 3) in other dykes tend to suggest the possibility of low-Mg
amphibole metasomatism in the source. Furthermore, the presence of
1-2% rutile in the mantle pyroxenite xenoliths from Paleozoic Mengyin
kimberlites proposed by Zheng et al. (2005) provides additional evi-
dence of rutile-rich metasomatism.

Similarly, Zr/Hf ratio remains constant during petrogenetic pro-
cesses with perhaps the exception of fluid-related metasomatism
(Dupuy et al., 1992; Rudnick et al., 1993), crystallization of clinopyr-
oxene (David et al., 2000, Beier et al., 2006), or fractionation of minor
amounts of Ti-bearing phases (rutile, ilmenite, titanite) (Jorg et al.,
2007; Marks et al., submitted for publication). The Mengyin dykes
appear to be unusual and have low Zr/Hf ratios (25-31). This cannot
simply be explained by analytical error, but probably imply an unusual
metasomatic assemblage (e.g., rutile) during the formation of the
mantle source (Xiong et al., 2005), coupled with very low-degrees of
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Fig. 12. Rb vs. Rb/Sr diagram of mafic dykes from Mengyin and Zichuan in Luxi,
suggesting metasomatism of phlogophite and amphibole in the source. PM. Primitive
mantle and N-MORB after Hofmann (1988); OIB after Sun and McDonough (1989); IAB,
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fractional crystallization during magma ascent, as evidenced by high
MgO (Mg#) and compatible elements like Cr, Co and Ni contents. In
contrast, the Zr/Hf ratios in Zichuan samples are superchondritic and
range from 39 to 41 (chondritic ratio: 34.3+0.3, Miinker et al., 2003),
which may indicate small-volume carbonatite and low-Mg amphibole
metasomatism in the mantle source (Dupuy et al., 1992; Rudnick et al.,
1993; Furman and Graham, 1999; Tiepolo et al., 2000; Jorg et al.,
2007), together with extensive fractionation of clinopyroxene, rutile
and ilmenite. Moreover, the mafic dykes from Zichuan show sig-
nificant enrichment in REE relative to HFSE (e.g., Eu/Ti, Fig. 7d). All of
these signatures are characteristics of carbonatite metasomatism
(Dupuy et al., 1992; Rudnick et al., 1993) and suggest that the source
region for the mafic dykes have been metasomatised by carbonate-
rich magmas or fluids (Furman and Graham, 1999).

5.2. Geodynamic significance

5.2.1. Lithospheric evolution beneath the southern NCC

Palaeozoic lithospheric mantle is characteristically refractory with
respect to major elements, while at the same time being moderately
enriched trace elements, in addition to Sr-Nd isotopic ratios, as
documented by the Palaeozoic kimberlite-bearing mantle peridotites
(Griffin et al.,, 1992; Menzies et al., 1993; Zheng and Lu, 1999; Wang
and Gasparik, 2001). It is generally accepted that Mesozoic litho-
spheric mantle was inherited from Palaeozoic lithospheric mantle.
Integration of available isotopic data indicates that the Mesozoic
lithosphere beneath southeastern NCC was progressively enriched
(from slightly enriched, EM1 to highly enriched, EM2) due to melt
addition from 190 Ma to ca.120 Ma induced by the collision between
NCC and Yangtze Craton (Zhang et al., 2005a). On the basis of above
discussions, however, we suggest that the progressive enrichment of
lithospheric mantle was induced by sequential hybridization of
foundered lower crust. Magmatism between 185 Ma and ~130 Ma
has not been reported in southern portion of eastern NCC. Therefore,
the occurrence of the 144 Ma-143 Ma mafic dykes of Mengyin and
Zichuan suggests that significant magmatic activity and lithosphere
extension did occur in southern NCC at this time. In addition, the
143 Ma mafic magmas from Zichuan have similar Sr-Nd isotopic
compositions (Table 4) to those of the lithospheric mantle at 185 Ma,
as evidenced by the intrusion of the Tongshi complex (Zhang et al.,
2005a), demonstrating that the degrees of lithospheric composition
has not changed greatly from 185 Ma to 143 Ma. We, thus, propose
that the lithospheric mantle beneath southern NCC may have been
rapidly enriched between 143 Ma and ~120 Ma. The 144 Ma Mengyin
mafic dykes hold uniform Sr-Nd isotopic compositions to those of
Palaeozoic lithospheric mantle beneath eastern NCC (Zheng and Lu,
1999; Table 4; Fig. 9) and the 120 Ma Mengyin mafic dykes (Liu et al.,
2006). This implies that the mantle source for the Mesozoic Mengyin
dykes mostly retained the isotopic characteristics of the ancient
lithospheric mantle without significant modification. This is consis-
tent with the suggestion that ancient lithospheric mantle source may
be preserved beneath Mengyin (e.g., Griffin et al., 1998).

5.2.2. Lithosphere thinning beneath the southern NCC

There is no direct way to constrain the time of lithospheric thin-
ning in eastern NCC. Previous investigations demonstrated that
lithosphere removal probably occurred in the late Mesozoic (Menzies
et al., 1993; Griffin et al., 1998; Zheng and Lu, 1999; Fan et al., 2000; Xu,
2001; Gao et al,, 2002; Zhou et al., 2002; Guo et al., 2003; Wu et al.,
2003a,b; Yang et al., 2003; Zhang et al, 2004, 2005a). However, the
time of initiation, quiescence and peak still remain unanswered.
Theoretically, lithospheric thinning would result in voluminous
magmatic activities, giant mineralization (Yang and Zhou, 2001) and
induce the transformation of lithosphere mantle source (e.g., from
enrichment to depletion) (Perry et al., 1988; Dalfy and Depalol, 1992;
Wau et al., 2003b). The NCC remained stable until the early Palaeozoic
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(460 Ma), the occurrence of the Ordovician diamond-bearing
kimberlite (Chi and Lu, 1996) indicates a reactivation of the NCC.
Subsequently, magmatic activity ceased and the area remained a-
magmatic for more than 200 million years. Owing to a catastrophic
disturbance that occurred during the collision between the Yangtze
Craton and NCC during the Triassic (240~220 Ma) (Fig. 13a), the
architecture and integrity of the southern NCC was destroyed (Li et al.,
2000). Thus, the collision may indicate commencement of lithospheric
thinning beneath the southern NCC (Zhang et al., 2005a). The collision
between the NCC and Yangtze Craton resulted in a thick crust and
induced eclogitization of lower thickened crust. At around ~185 Ma,
foundering of eclogites from the lower thickened crust occurred
beneath southeast NCC, which triggered lithospheric thinning and
asthenospheric upwelling. The formation of the 185 Ma -Tongshi
alkaline complex, the first post-collision magmatic activity (Fig. 13b),
suggests that the lithosphere beneath Tongshi had been thinned to
less than 100-80 km (Zhang et al., 2005a). Subsequently, another
period of magmatic quiescence (~50 Ma) reigned until 144-143 Ma
when the Mengyin and Zichuan mafic dykes were emplaced (Fig. 13c).
Consequentially, the extraction of extension-related magma from the
lithosphere could lead to further thinning of the lithosphere (Shao and
Zhang, 2002; Liu et al.,, 2006). The presence of amphibole in the
melting source of the 144-143 Ma mafic dykes indicates that a shallow
lithospheric source exists beneath the Mengyin and Zichuan (Olafsson
and Eggler, 1983; Guo et al., 2004). Theoretically, lithospheric
foundering would result in lithospheric thinning and coeval magma-
tism (Kay and Kay, 1993). Magmatism in southeastern NCC became
intense between 144 Ma and 115 Ma (Fig. 13d), such as the large-scale
mafic dyke swarms (Liu et al., 2004, 2006), several mafic-intermediate
plutons (Guo et al., 2001), alkaline complex (Zhang et al., 2004),
voluminous Qingshan Formation volcanic rocks (Guo, 1999) and
adakitic volcanic rocks (Liu et al., in press) in extensional basins above
lithosphere less than 80 km in thickness (Zhang et al., 2005a), we thus
suggest that 144-115 Ma is a dominant period for the lithosphere
removal beneath eastern NCC. After 115 Ma, there was no magmatic
activity before the eruption of 85-65 Ma basaltic magmas derived
from the asthenospheric mantle, when the lithosphere beneath south-
ern NCC had been thinned to less than 65 km (Yan et al., 2003a).

Mechanisms in several hypotheses proposed for the lithosphere
thinning beneath NCC, such as extension, delamination or foundering
and thermal/chemical erosion (Wu et al., 2003b; Gao et al., 2004; Xu,
2001; Zheng and Lu, 1999; Lu et al., 2000), are controversial. The
limited effect of tectonic extension on the lithosphere thickness
beneath NCC has been explored by a numerical approach (Lin et al.,
2004). Thermo-chemical erosion of the Archean lithospheric mantle
by upwelling asthenosphere (Menzies et al., 1993, 2007; Griffin et al.,
1998) or transformation of lithospheric to asthenospheric mantle by
addition of melts (Zhang et al.,, 2007) or melts and water from a
subducting slab (Niu, 2005) are two mechanisms deciphering the
destruction of the NCC Archean keel. None of these processes,
however, can explain the production of adakitic lavas from foundered
lower crust, as observed in Luxi (Liu et al., in press). Thus, we propose
that lithospheric thinning underneath southeastern NCC of eastern
China was caused by the removal of the lower lithosphere (mantle and
lower crust).

6. Conclusions

Our geochronological, geochemical and Sr-Nd-Pb isotopic studies
of the Mengyin and Zichuan mafic dykes led us to the following
conclusions:

(1) SHRIMP zircon U-Pb dating has illustrated that the Mengyin
and Zichuan mafic dykes were intruded at 144 Ma and 143 Ma,
respectively. The mafic dykes are all enriched in LREE and LILE
(Rb, Ba, Sr, Pb), depleted in HFSE (Nb, Ta and Ti), and lacking in
Eu anomalies.

(2) The mafic dykes from Mengyin and Zichuan all show relatively
high radiogenic Sr (87Sr/2Sr); (0.706 ~0.707), remarkably unra-
diogenic Pb (2°°Pb/?°4Pb=16.99-18.36) and negative &yq(t)
(-6.5 to —4.4), suggesting origination from an enriched mantle
hybridized by foundering lower crust.

(3) Geochemical features of the mafic diyes indicate that the man-
tle source had been metasomatised by amphibole, phlogopite
and rutile beneath Mengyin, and that the lithospheric mantle
had been primarily modified by phlogopite and carbonatite
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removed through foundering for density instability and fell into the underlying hot lithospheric mantle, at the same time, inducing upwelling of hot asthenosphere and emplacement
of Tongshi alkaline complex at ~185 Ma. Subsequently, the silicic melts originated by melting of silica-saturated eclogites will hybridize the overlying mantle; (c) Lithospheric
foundering resulted in lithospheric extension and asthenospheric upwelling. Decompressional melting of the hybridised lithospheric mantle produce pristine basaltic melts,
subsequently, mafic dykes were formed by the fractionation of basaltic magma; (d) sequential hybridism of foundering lower crust result in progressive enrichment of lithosphere
mantle underneath southeast NCC, partial melting of the enriched mantle generated voluminous magmatism. In addition, partial melting of residual ecologitic lower crust produced

the adakitic rocks in Luxi (Liu et al., in press).
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metasomatism below Zichuan. The Zichuan mafic dykes under-
went extensive fractionation during magma ascent, whereas
the Mengyin mafic dykes hardly experienced any fractionation.
Based on this study, we propose that the Mesozoic lithosphere
beneath southern NCC was rapidly enriched between 144 Ma
and ca.120 Ma due to the progressive hybridization by melts of
foundered lower crust, and might have been significantly
thinned between 144 Ma and 115 Ma due to the removal of the
lower lithosphere (mantle and lower crust).
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