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The North China Craton is a classic case for the destruction of an ancient craton, in that it records the loss ofmore
than 100 kmof ancient refractory lithospheric mantle during the lateMesozoic and early Cenozoic. However, the
mechanisms for this lithospheric thinning remain controversial in large part due to the lack of any systematic in-
vestigations of the Mesozoic asthenospheric mantle via its derived mafic rocks, which are key to understand the
thinning processes. In this paper, we present detailed zircon U–Pb geochronology, elemental geochemistry, and
Sr–Nd–Hf isotopic data for lamprophyres and diabase-porphyries of the Jiaodong Peninsula, in the eastern North
China Craton in order to place constraints on models for lithospheric thinning. Our results show that the
lamprophyres and diabase-porphyries are derived from the convective asthenospheric mantle via different de-
grees of partial melting, and that this mantle source was previously modified by carbonatitic liquids. Zircon
LA-ICP-MS U–Pb dating suggests an emplacement age for these rocks of 123–121 Ma, the earliest evidence for
asthenospherically-derivedmelts in the Jiaodong Peninsula so far. This emplacement age indicates that the thick-
ness of the lithosphere in the Jiaodong Peninsula was relatively thin at that time. Co-occurrence of the astheno-
spheric and lithospheric mantle-derived mafic rocks as well as high-Mg adakites record a rapid transition from
lithospheric to asthenospheric mantle sources, indicating that the lithosphere beneath the Jiaodong Peninsula
was rapidly detached just prior to ca. 120 Ma. Lithospheric thinning of the North China Craton may have been
initiated from the Jiaodong Peninsula and Bohai Sea and then propagated towards the interior of the craton.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The North China Craton (NCC), one of the world's oldest cratons
with an Archean nucleus of 2.5–3.8 Ga (Liu et al., 1992; Zhai and
Santosh, 2011), underwent a dramatic lithospheric thinning during
late Mesozoic and early Cenozoic times (Menzies et al., 1993; Menzies
and Xu, 1998; Griffin et al., 1998; Fan et al., 2000; Xu, 2001; Xu et al.,
2004a; Gao et al., 2002, 2004; Zheng et al., 2006; Yang and Li, 2008;
Zhang et al., 2008a). This fundamental change in lithospheric architec-
ture has attracted considerable attention over the last three decades,
but the specific deep-level processes associated with the thinning of
the lithosphere are still being actively debated. Thermo-mechanical–
ological Processes and Mineral
loration of Strategic Mineral
f Geosciences, Wuhan 430074,
chemical erosion (e.g., Menzies et al., 1993; Griffin et al., 1998;
Menzies and Xu, 1998; Xu, 2001; Xu et al., 2004a; Zheng et al., 2006,
2007) and rapid lithospheric delamination (e.g., Wu et al., 2003,
2005a; Yang et al., 2003; Gao et al., 2004; Jiang et al., 2010; Ma et al.,
2014a) are two major hypotheses that have been suggested for the
mode of lithospheric thinning. The former represents a slow thinning
process lasting at least 100 Ma, whereas the latter marks a short event
lasting about 10 Ma (Menzies et al., 2007; Ma et al., 2014a).

The asthenospheric mantle-derived mafic rocks are important indi-
cators related to cratonic destruction, and study on these rocks can
help us to resolve the above questions of timing andmechanism of lith-
ospheric thinning. The thinning process is generally accompanied by
upwelling of the convective asthenosphere and modification of the
thermal structure of the lithosphere (Xu, 2006; Xu et al., 2009). During
lithospheric extension, the source of magmas can shift from the litho-
sphere (i.e., enriched mantle) to the asthenosphere (Wu et al., 2008;
Yang and Wu, 2009; Xu et al., 2009). Normally, the asthenosphere be-
neath an old craton cannot melt until the thickness of the lithosphere
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is markedly thinned (e.g., Mckenzie and Bickle, 1988). Two key ques-
tions in constraining the mechanism of lithospheric thinning beneath
the NCC are: (1) When did the magma source shift from lithospheric
to asthenospheric mantle? (2) Was this transition a relatively “slow”,
or a “rapid” process?

In this study, we combined detailed zircon U–Pb geochronology
with major and trace element geochemical and Sr–Nd–Hf isotopic
studies on diabase-porphyry and lamprophyre dikes emplaced in the
Jiaodong Peninsula. These results extend and complement our previous
work on lamprophyre dikes from this region (Ma et al., 2014a).
Whereas our previous work discussed the significance of essentially
simultaneously emplaced lithosphere and asthenosphere-derived
lamprophyres, we now focus on additional evidence from diabase por-
phyry dikes and their asthenospheric sources, and their relationship to
asthenospherically-derived lamprophyres. Thus the chief aims of this
study are: (1) to obtain the ages of these mafic rocks; (2) to interpret
the nature of mantle sources; (3) and to obtain additional information
on manner of lithospheric thinning beneath the NCC.

2. Geological setting and samples

The NCC is made upmainly of Neoarchean to Paleoproterozoic base-
ment rocks overlain byMesoproterozoic to Cenozoic unmetamorphosed
cover (Zhai and Santosh, 2011; Jiang et al., 2013). The tectonic architec-
ture of the NCC is defined by the Eastern Block, the Western Block
and the intervening Trans-North China Orogen (Fig. 1a), on the
base of age, lithological assemblage, tectonic evolution and meta-
morphic P-T-t paths (e.g., Zhao et al., 2001). It is bounded to the
north by the southernmargin of the late Paleozoic Central Asian Oro-
genic Belt and to the south by the Triassic Qingling–Dabie–Sulu UHP
Orogenic Belt. To the east, the Paleo-Pacific plate started to subduct
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Fig. 1. (a) Simplified geologicalmap showing eastern China andmajor tectonic units of theNorth
geology of the Jiaodong Peninsula (modified after Tang et al., 2006). (c) Geological map of the
Wangershan gold deposits.
beneath Eurasian continent before Jurassic (Maruyama et al., 1997;
Zhou and Li, 2000; Li and Li, 2007), and this subduction controlled
the major tectonic and magmatic activities in eastern China during
the Cretaceous (e.g., Sun et al., 2007). The present research focuses
on the Jiaodong Peninsula (Fig. 1b), which located on the southeast-
ern margin of the NCC and comprises two different terrains, the
southeastern Sulu orogenic belt and the northwestern Jiaobei
terrain, bounded by the Wulian–Mishan fault (Zhao et al., 2001).
The Sulu orogenic belt was formed by the Triassic subduction of the
Yangtze Block beneath the North China Block, and it contains the
largest outcrop of UHP metamorphic rocks on Earth (e.g., Li et al.,
1993; Jahn et al., 1996; Zheng et al., 2003). The Precambrian base-
ment in the Jiaobei terrane is mainly composed of the Neoarchaean
Jiaodong Group, the Paleoproterozoic Fenzishan and Jingshan groups,
and the Neoproterozoic Penglai Group (e.g., Zhang et al., 2003a; Tang
et al., 2007; Jahn et al., 2008). The Yanshanian granitoids intruded the
Precambrian basement and have been grouped into two main suites:
the Linglong granites (~160 Ma) and the Guojialing granodiorites
(~130 Ma) (e.g., Wang et al., 1998; Qiu et al., 2002; Zhang et al.,
2003a, 2010; Ma et al., 2013). Mafic to intermediate dikes, such as
lamprophyre, diabase and diorite, intruded the Yanshanian granitoids
and basement rocks. Available K–Ar, Ar–Ar and U–Pb ages for these
dikes range from 132 to 113 Ma, with an age peak at ~120 Ma (Yang
et al., 2004; Guo et al., 2004, 2005; Hu et al., 2007; Tan et al., 2008; Liu
et al., 2008, 2009; Li et al., 2010; Ma et al., 2014a).

The diabase-porphyry and lamprophyre dikes in this studywere col-
lected from drill cores and underground shafts of the Jiaojia, Sizhuang,
and Wangershan gold deposits, which are located in the NNE- to NE-
trending Jiaojia-Xincheng fault zone in the northwestern part of the
Jiaobei terrain. The diabase-porphyry rocks are melanocratic with typi-
cal ophitic texture and massive structure. The phenocrysts of the
i sea

Mesozoic
volcanics

Triassic
alkaline rocks

UHPM rocks

Fenzishan
(Paleoproterozoic)

Group

Jiaodong
(Archaean)

Group

Jurassic/
grantoids

Cretaceous

Jingshan Group
(Paleoproterozoic)

Penglai Group
(Neoproterozoic)

°121E

Rongcheng

Penglai

Yantai

hao

Qingdao

Weihai

W
ulia

n-Y
an

ta
i F

au
lt

50km250

°321E°221E°021E

°
5

3
N

°
7

3
N

°
6

3
N

°
8

3
N

Rushan

Jiaojia

1Km

Sizhuang

c

Gold lode

Linglong
granite
Archean
amphibolite

Fault

Mafic dikes

Wangershan

China Craton (modified after Zhao et al., 2001 and Zeng et al., 2011). (b) Sketchmapof the
Jiaojia-Xincheng gold camp, with location of mafic dikes from the Jiaojia, Sizhuang, and



3L. Ma et al. / Chemical Geology 432 (2016) 1–15
diabase-porphyry consist dominantly of coarse, euhedral to subhedral
clinopyroxene (~15%; by volume) and euhedral plagioclase (~10%).
Rare olivine phenocrysts (~5%) are present in some samples, which
are generally altered to serpentine and talc. Their groundmass consists
of plagioclase (~35%), clinopyroxene (~25%), amphibole (~5%) and
biotite (~5%) (Fig. 2a). Accessory minerals in the groundmass of
the diabase-porphyry include apatite, zircon and magnetite. The
lamprophyres are holocrystalline rocks with porphyritic texture, classi-
fied as spessartite according to the classification scheme of Woolley
et al. (1996). The phenocrysts of lamprophyre contain mainly euhedral
to subhedral clinopyroxene (~15%), olivine (~5%) and orthopyroxene
(~5%), which are generally fresh, and the groundmass consists of
amphibole (~35%), plagioclase (~30%), carbonate (~5%) and quartz
(0–5%) (Fig. 2b). Accessoryminerals in the groundmass of lamprophyre
are magnetite, ilmenite, zircon and apatite. After petrographic exam-
ination, fifteen freshest samples (ten diabase-porphyries and five
lamprophyres) were selected for elemental and Sr–Nd isotopic anal-
yses. On two of the diabase-porphyry samples we conducted zircon
U–Pb dating and in-situ Lu–Hf isotopic analyses.

3. Analytical methods

Measurements of whole-rock major and trace element abundances
were conducted at the State Key Laboratory for Mineral Deposits Re-
search, Nanjing University. Major elements were analyzed using a
Jobin Yvon 38S ICP–AES, with analytical uncertainties better than 0.5%.
For trace element analyses, about 50 mg of powdered sample was dis-
solved in high-pressure Teflon bombs using a HF + HNO3 mixture. Rh
was used as an internal standard to monitor signal drift during ICP-MS
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Fig. 2. Petrographic characteristics of the mafic dikes: (a) diabase-porphyries, mainly
composed of plagioclase, clinopyroxene, orthopyroxene, olivine and amphibole;
(b) lamprophyres, mainly composed of olivine, clinopyroxene, plagioclase and
amphibole. Ol–olivine; Cpx–clinopyroxenes; Pl–plagioclase; Am–amphibole.
measurement. The trace elementswere analyzed on a Finnigan Element
II high-resolution inductively coupled plasma mass spectrometer (HR-
ICP–MS), at an analytical precision of better than 10%. The USGS rock
standards (GSP-1 andAGV-2)were used as calibration standards during
the measurements. Our detailed analytical procedures for trace
elements followed those of Gao et al. (2003). Sr andNd isotopic analyses
were performed using a Finnigan Triton TI thermal ionization mass
spectrometer (TIMS) at the State Key Laboratory for Mineral Deposits
Research, Nanjing University, following the procedures of Pu et al.
(2004, 2005). About 100 mg powder of each sample was dissolved in
Teflon beakers with HF + HNO3 mixture acid. Complete separation of
Sr was achieved by a combination of cation-exchange chromatography
in H+ form and pyridinium form with the DCTA complex. Nd was
then separated from the REE fractions by cation-exchange resin using
HIBA as eluent. The separated Sr sample was dissolved in 1 μl of 1 M
HCl and then loaded with a TaF5 solution onto W filament. The
separatedNd sample was dissolved in 1 μl of 1 M HCl and then loaded
with H3PO4 solution onto a Re double filament assembly. Sr–Nd iso-
topic compositions were normalized to 86Sr/88Sr = 0.1194 and
146Nd/144Nd = 0.7219, respectively. Measurements of NBS987 Sr
standard yielded 87Sr/86Sr = 0.710255 ± 0.000011 (2σ), and JNdi-
1 Nd standard yielded 143Nd/144Nd = 0.512122 ± 0.000009 (2σ).

Zircon LA-ICP-MS U–Pb analyses were carried out using an Agilent
7500 ICP-MS equipped with a New Wave Research 213 nm laser abla-
tion system at State Key Laboratory forMineral Deposits Research, Nan-
jing University. Helium was used as carrier gas to transport the ablated
sample to the ICP-MS. During the analyses, a beam spot size of 30 μm, a
laser frequency of 5 Hz and an energy of 10 to 20 J/cm2 were used. Each
run comprised of 10 unknown sample spot analyses, bracketed by four
GJ-1 and twoMudTank zircon standards. Detailed analytical procedures
are similar to those summarized by Jackson et al. (2004). The raw ICP-
MS data were exported in ASCII format and processed using GLITTER.
Common Pb contents were evaluated using the method described by
Andersen (2002). The age calculations and plotting of Concordia
diagramsweremade using Isoplot v. 3.23 (Ludwig, 2003). In-situ zircon
Hf isotope analysis was carried out using a New Wave UP213 laser-
ablation system, attached to a Neptune multi-collector ICP-MS at
Institute of Mineral Resources, Chinese Academy of Geological Sciences,
Beijing. Instrumental conditions and data acquisition were comprehen-
sively described byHou et al. (2007a). A stationary spotwas used for the
present analyses, with a beam diameter of 55 μm. Helium was used as
carrier gas to transport the ablated sample from the laser-ablation cell
into the ICP-MS torch via a mixing chamber where it was mixed with
Argon. In order to correct the isobaric interferences of 176Lu and 176Yb
on 176Hf, 176Lu/175Lu = 0.02658 and 176Yb/173Yb = 0.796218 ratios
were determined, after Chu et al. (2002). For instrumental mass bias
correction Yb isotope ratios were normalized to 172Yb/173Yb =
1.35274 (Chu et al., 2002) and Hf isotope ratios to 179Hf/177Hf =
0.7325 using an exponential law. The mass bias behavior of Lu was
assumed to follow that of Yb, mass bias correction protocols details
were described by Hou et al. (2007a). Zircon GJ1 was used as the ref-
erence standard, with a weighted mean 176Hf/177Hf ratio of
0.282009± 0.000011 (2σ, n = 10) during the period of sample anal-
yses. It is not distinguishable from a weighted mean 176Hf/177Hf ratio
of 0.282013 ± 0.000019 (2σ) from in-situ analysis by Elhlou et al.
(2006).

4. Results

4.1. Whole-rock geochemistry

The results of whole-rockmajor and trace element concentrations as
well as Sr–Nd isotope analyses for the lamprophyres and diabase-
porphyries are listed in Table 1. Data for lamprophyre samples JJHT-1
to JJHT-10 were previously published by Ma et al. (2014a) but are also
included here for the readers' convenience and completeness. Major



Table 1
Whole-rock geochemistry of the diabase-porphyry and lamprophyre in the Jiaodong Peninsula.

Sample Diabase-porphyrite

DP-1 DP-2 DP-3 DP-4 DP-5 DP-6 DP-7 DP-8 DP-9 DP-10

Location 37°24′28.8″ 37°23′52.8″ 37°23′53.1″ 37°24′27.5″ 37°24′1.2″ 37°24′28.8″ 37°24′28.8″ 37°24′28.8″ 37°23′52.8″ 37°23′52.8″
120°8′39.5″ 120°8′1.8″ 120°8′1.9″ 120°8′39.3″ 120°8′8.6″ 120°8′39.5″ 120°8′39.5″ 120°8′39.5″ 120°8′1.8″ 120°8′1.8″

Depth 345 m 131 m 59 m 360 m 264 m 317 m 187 m 147 m 195 m 258 m
SiO2 48.50 47.47 49.21 48.27 46.91 47.74 48.23 48.47 47.34 47.84
TiO2 2.21 2.20 2.19 2.73 2.11 2.49 2.51 2.61 2.36 2.34
Al2O3 14.87 15.36 14.45 16.92 14.28 16.03 16.14 15.98 15.77 16.52
TFe2O3 11.78 13.27 11.69 12.99 12.74 12.22 12.23 12.19 11.90 11.58
FeO 6.88 6.22 5.51 7.84 7.81 6.42 6.59 5.57 7.11 7.13
Fe2O3 4.13 6.36 5.57 4.28 4.06 5.09 4.90 6.01 3.99 3.65
MnO 0.21 0.18 0.18 0.18 0.22 0.17 0.20 0.22 0.19 0.17
MgO 6.81 5.97 7.37 3.92 8.26 5.18 3.86 4.38 4.86 4.68
CaO 9.09 8.71 7.85 7.64 9.54 8.06 9.18 8.82 8.43 8.48
Na2O 3.25 3.21 3.06 4.07 3.14 3.69 3.12 3.62 3.75 3.16
K2O 1.10 1.01 1.10 1.91 1.00 1.60 1.60 1.69 1.32 1.43
P2O5 0.54 0.45 0.52 0.64 0.43 0.51 0.52 0.67 0.44 0.51
LOI 2.28 2.78 3.06 1.82 2.12 2.94 3.25 2.16 4.28 3.82
Total 99.9 99.9 100.1 100.2 99.9 99.9 100.1 100.2 99.9 99.7
Mg# 54 47 56 38 56 46 39 42 45 45
La 29.1 27.6 32.2 31.6 31.9 36.7 36.6 38.4 33.6 33.4
Ce 75.7 74.7 70.8 87.5 63.3 76.6 80.8 82.5 74.1 67.7
Pr 6.87 6.95 8.70 8.10 8.39 9.23 9.50 9.37 8.91 8.23
Nd 29.60 29.31 34.93 33.91 35.46 38.81 39.36 38.13 38.79 30.81
Sm 6.18 5.78 7.56 6.59 7.07 7.68 7.64 8.15 7.66 6.95
Eu 2.10 2.10 2.41 2.23 2.23 2.41 2.38 2.39 2.48 2.06
Gd 5.28 5.82 7.04 6.44 6.55 7.12 6.99 6.97 7.34 6.41
Tb 0.84 0.88 0.91 0.94 0.83 0.94 0.94 0.94 0.95 0.85
Dy 5.36 5.35 5.35 5.66 5.14 5.63 5.50 5.67 5.89 4.46
Ho 0.91 0.90 1.06 0.94 0.96 1.06 1.02 1.13 1.07 0.86
Er 2.56 2.42 2.55 2.49 2.50 2.57 2.53 2.72 2.62 2.24
Tm 0.37 0.34 0.34 0.39 0.31 0.34 0.34 0.34 0.35 0.31
Yb 1.81 1.81 2.04 2.01 1.93 2.08 2.10 2.14 2.10 1.97
Lu 0.29 0.28 0.30 0.31 0.28 0.31 0.30 0.31 0.30 0.23
Rb 20.91 15.37 20.43 31.17 15.17 30.88 27.87 29.93 22.24 31.14
Ba 465 381 484 597 320 478 455 556 407 489
Th 3.10 2.77 3.61 3.80 3.22 4.55 4.74 4.18 3.89 4.66
U 1.42 1.33 1.24 1.73 0.77 1.00 1.01 1.35 0.84 1.04
Nb 75.5 73.0 45.3 92.5 39.8 48.2 48.9 52.6 44.4 53.9
Ta 2.06 2.14 3.16 2.70 3.26 3.49 3.31 3.68 3.08 2.58
K 9277 8548 9350 15,973 8395 13,591 13,592 14,177 11,383 12,311
Pb 3.76 3.34 4.04 4.32 3.21 3.61 5.45 3.29 3.36 6.11
Sr 958 1490 1220 1367 815 1023 1232 1377 868 1809
P 2396 2015 2326 2802 1906 2279 2305 2947 2012 2297
Zr 200 208 236 226 226 248 260 240 256 220
Hf 5.06 4.71 4.73 5.26 4.76 5.00 5.20 4.91 5.19 4.41
Ti 11,806 12,323 13,273 15,662 13,429 14,932 15,043 15,261 13,278 12,943
Y 23.13 23.84 26.70 25.67 25.84 27.38 27.23 28.93 28.58 25.71
V 201 185 213 220 200 222 212 226 200 200
Cr 176 194 188 27 313 41 44 36 71 44
Co 38.01 42.64 42.30 37.37 54.40 33.68 38.18 31.20 39.54 36.70
Ni 76.86 110.55 87.36 29.00 151.70 29.45 33.19 30.60 34.34
∑REE 167 164 176 189 167 192 196 199 186 166
Eu/Eu* 1.10 1.09 0.99 1.03 0.98 0.98 0.98 0.95 0.99 0.93
(La/Yb)n 8.96 8.48 8.77 8.73 9.18 9.81 9.68 9.97 8.88 9.45
87Rb/86Sr 0.0631257 0.029866 0.0484768 0.066006 0.0538877 0.087328 0.065463
87Sr/86Sr 0.707152 0.708319 0.7076545 0.708030 0.706084 0.706911 0.707936
2σ 9 9 4 8 7 9 9
ISr 0.707044 0.7082768 0.707562 0.7079217 0.705992 0.706762 0.707824
147Sm/144Nd 0.126222 0.119120 0.130744 0.117420 0.1204215 0.1195879 0.117312
143Nd/144Nd 0.5127435 0.5128799 0.512724 0.5127219 0.512691 0.512742 0.512721
2σ 6 7 2 1 2 5 3
εNd(t) 2.97 4.33 2.69 2.80 2.20 3.21 2.84
2σ 0.12 0.14 0.04 0.02 0.04 0.10 0.06

Sample

Lamprophyre

LM-1 LM-2 LM-3 LM-4 LM-5 JJHT-1 JJHT-2 JJHT-3 JJHT-4

Location 37°24′28.8″ 37°23′52.8″ 37°24′28.8″ 37°23′52.8″ 37°24′28.8″ 37°23′52.8″ 37°23′52.8″ 37°23′52.8″ 37°23′52.8″
120°8′39.5″ 120°8′1.8″ 120°8′39.5″ 120°8′1.8″ 120°8′39.5″ 120°8′1.8″ 120°8′1.8″ 120°8′1.8″ 120°8′1.8″

Depth 331 m 415 m 127 m 163 m 295 m 432 m 245 m 112 m 239 m
SiO2 46.35 45.67 50.07 47.12 44.69 46.57 46.36 45.98 47.06
TiO2 1.76 1.93 1.83 2.37 2.09 2.10 2.16 2.22 2.07
Al2O3 15.60 16.54 13.03 16.05 15.49 16.48 14.29 14.07 15.84
TFe2O3 10.48 11.16 9.54 11.17 10.71 9.80 11.81 12.13 10.60
FeO 6.70 6.56 5.57 6.84 5.42 5.33 6.66 6.45 5.27
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Table 1 (continued)

Sample

Lamprophyre

LM-1 LM-2 LM-3 LM-4 LM-5 JJHT-1 JJHT-2 JJHT-3 JJHT-4

Fe2O3 3.03 3.87 3.34 3.57 4.69 3.88 4.41 4.96 4.74
MnO 0.17 0.21 0.24 0.30 0.18 0.14 0.20 0.21 0.15
MgO 6.70 7.64 7.61 4.96 5.97 5.33 6.65 6.59 6.03
CaO 8.20 7.04 7.94 7.68 8.96 8.17 7.11 7.07 8.04
Na2O 3.10 3.09 3.30 3.62 4.62 4.03 3.79 3.55 3.19
K2O 2.51 2.54 2.22 2.78 3.04 2.85 2.84 3.10 2.89
P2O5 0.70 0.74 0.89 0.94 1.01 0.96 0.84 0.91 1.00
LOI 4.87 4.23 3.72 3.57 4.08 3.83 4.58 4.78 3.61
Total 99.7 100.1 99.8 99.8 100.2 99.7 99.9 99.9 99.9
Mg# 56 58 61 47 53 52 53 52 53
La 55.3 52.1 49.2 57.9 64.3 55.3 62.0 62.4 60.0
Ce 139.8 131.4 93.5 120.0 121.0 144.2 153.9 153.1 119.8
Pr 12.37 11.54 10.28 13.65 13.31 12.15 13.33 13.47 13.65
Nd 49.75 47.12 36.27 55.82 52.50 47.61 53.04 53.57 50.56
Sm 8.43 8.00 7.11 9.84 9.72 8.50 9.02 9.40 9.26
Eu 2.53 2.39 2.16 3.91 3.12 2.82 2.88 2.89 2.93
Gd 7.54 7.21 6.70 8.90 10.09 7.48 8.73 8.53 8.03
Tb 1.09 1.04 0.89 1.15 1.23 1.08 1.22 1.25 1.05
Dy 6.41 6.10 4.53 7.18 6.46 6.49 6.88 6.72 5.95
Ho 1.06 1.02 0.87 1.32 1.17 1.11 1.16 1.13 1.17
Er 3.11 2.96 2.30 3.33 3.14 3.05 3.31 3.26 2.93
Tm 0.44 0.42 0.30 0.47 0.40 0.45 0.48 0.43 0.40
Yb 2.60 2.42 1.96 2.98 2.58 2.52 2.75 2.59 2.48
Lu 0.36 0.38 0.28 0.42 0.38 0.38 0.39 0.41 0.38
Rb 92.20 116.38 83.42 90.38 86.46 74.83 97.98 114.36 75.23
Ba 956 693 483 484 1099 905 1002 1083 893
Th 7.33 7.12 7.76 9.46 10.19 7.53 8.76 8.65 8.07
U 3.14 3.15 1.72 2.96 2.83 3.29 4.04 3.80 2.55
Nb 168.4 165.8 87.9 99.5 105.9 172.7 190.4 206.6 101.0
Ta 4.88 4.78 4.18 7.36 6.05 5.26 5.64 5.72 6.78
K 21,823 21,783 19,083 23,798 26,045 23,151 23,318 25,453 23,236
Pb 5.28 6.31 9.60 4.47 11.34 4.04 3.99 4.58 4.11
Sr 1608 901 911 495 4225 1453 1451 1708 1449
P 3182 3351 4007 4223 4553 4104 3668 3973 4279
Zr 301 282 213 303 332 298 316 352 314
Hf 6.12 5.63 4.70 5.68 7.90 6.22 6.53 6.43 5.70
Ti 12,224 12,523 8406 13,355 12,588 12,360 12,960 13,320 12,180
Y 30.60 29.15 22.99 33.72 25.64 30.10 32.00 32.37 31.87
V 166 145 109 151 181 156 169 153 153
Cr 128 102 84 107 114 115 96 76 110
Co 36.29 26.74 31.12 40.06 35.83 33.26 35.90 33.04 33.35
Ni 114.03 104.51 90.08 136.79 83.03 104.10 73.14 69.39 115.10
∑REE 291 274 216 287 289 293 319 319 279
Eu/Eu* 0.95 0.94 0.94 1.25 0.94 1.06 0.97 0.97 1.02
(La/Yb)n 11.81 11.96 13.94 10.78 13.87 12.19 12.53 13.39 13.45
87Rb/86Sr 0.1659655 0.2650105 0.528311 0.0592216 0.1490659 0.195380 0.150231
87Sr/86Sr 0.7071988 0.7089897 0.7071325 0.707181 0.707084 0.706062 0.707455
2σ 8 12 5 9 5 8 3
ISr 0.7069105 0.7084545 0.706224 0.707080 0.706830 0.7057329 0.707199
147Sm/144Nd 0.102363 0.1184436 0.1065545 0.1118107 0.107872 0.1027436 0.110659
143Nd/144Nd 0.512553 0.5125985 0.5127698 0.5126436 0.5126215 0.512654 0.512577
2σ 2 2 8 16 3 3 5
εNd(t) −0.21 0.16 2.55 1.26 0.91 1.75 0.13
2σ 0.04 0.04 0.16 0.31 0.06 0.06 0.10

Sample JJHT-5 JJHT-6 JJHT-7 JJHT-8 JJHT-9 JJHT-10

Location 37°23′52.8″ 37°23′52.8″ 37°23′52.8″ 37°23′52.8″ 37°23′52.8″ 37°23′52.8″
120°8′1.8″ 120°8′1.8″ 120°8′1.8″ 120°8′1.8″ 120°8′1.8″ 120°8′1.8″

Depth 405 m 279 m 310 m 233 m 135 m 195 m
SiO2 46.43 45.91 46.97 46.03 45.22 45.41
TiO2 2.26 2.32 1.97 2.35 2.23 2.19
Al2O3 15.96 15.18 14.95 15.40 15.19 14.74
TFe2O3 11.25 12.05 10.55 11.62 11.05 11.01
FeO 6.28 5.84 5.33 6.75 6.55 7.20
Fe2O3 4.27 5.56 4.63 4.12 3.77 3.01
MnO 0.20 0.21 0.18 0.20 0.19 0.19
MgO 6.65 6.25 5.94 7.53 6.22 7.58
CaO 8.33 7.82 9.25 8.16 7.68 8.10
Na2O 3.74 3.48 2.40 4.04 4.03 3.76
K2O 2.84 3.29 2.89 2.75 2.69 2.52
P2O5 0.89 1.02 0.95 0.72 1.12 0.85
LOI 2.19 3.10 4.65 2.16 4.93 4.11
Total 100.0 100.0 100.1 100.2 99.8 99.7

(continued on next page)
(continued on next page)
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Table 1 (continued)

Sample JJHT-5 JJHT-6 JJHT-7 JJHT-8 JJHT-9 JJHT-10

Mg# 54 51 53 56 53 58
La 60.5 68.6 60.3 58.0 57.2 60.1
Ce 119.3 135.5 114.0 116.8 145.2 106.2
Pr 12.81 13.84 12.50 13.08 12.64 11.78
Nd 49.14 54.37 48.89 52.41 51.58 44.01
Sm 9.29 9.86 9.23 9.81 9.05 8.67
Eu 2.89 3.33 2.85 3.14 3.03 2.76
Gd 7.99 9.45 7.98 8.64 8.37 7.92
Tb 1.02 1.23 0.97 1.10 1.18 1.05
Dy 6.04 6.80 5.39 6.42 6.56 5.56
Ho 1.14 1.30 1.01 1.15 1.17 1.06
Er 2.97 3.31 2.54 3.08 3.17 2.76
Tm 0.40 0.44 0.36 0.40 0.46 0.38
Yb 2.52 2.84 2.26 2.52 2.64 2.53
Lu 0.38 0.41 0.35 0.38 0.38 0.34
Rb 75.22 90.99 77.77 85.42 89.70 72.64
Ba 1004 982 907 964 929 959
Th 8.36 10.25 8.02 9.42 8.57 9.70
U 2.77 3.25 2.65 2.05 3.53 2.11
Nb 101.8 117.7 97.9 90.5 182.1 109.9
Ta 6.81 8.16 6.62 6.75 5.86 5.43
K 22,579 26,192 22,497 21,840 22,086 20,911
Pb 4.71 3.59 4.27 5.71 4.38 5.62
Sr 1648 2076 1175 2652 1502 2605
P 3755 4323 3930 3056 4890 3711
Zr 309 340 290 317 331 275
Hf 5.36 6.42 5.22 5.60 6.63 5.66
Ti 13,140 13,500 11,220 13,620 13,380 13,140
Y 32.52 33.26 29.83 32.77 32.41 30.18
V 174 150 133 174 158 169
Cr 97 78 95 111 89 111
Co 36.00 33.07 30.93 38.45 32.44 36.10
Ni 111.10 72.10 109.14 125.73 69.44 112.83
∑REE 276 311 269 277 303 255
Eu/Eu* 1.01 1.03 1.00 1.02 1.04 1.00
(La/Yb)n 13.34 13.43 14.82 12.79 12.04 13.21
87Rb/86Sr 0.132073 0.1268325 0.1915219 0.093191 0.1728106
87Sr/86Sr 0.705940 0.705681 0.706042 0.7065656 0.705824
2σ 8 10 4 4 4
ISr 0.7057215 0.7054765 0.7057215 0.7064397 0.7055329
147Sm/144Nd 0.1142326 0.109573 0.1140769 0.113094 0.106011
143Nd/144Nd 0.5125985 0.5126216 0.512532 0.51259 0.512641
2σ 7 2 3 2 4
εNd(t) 0.23 0.91 −0.80 0.40 1.45
2σ 0.14 0.04 0.0 0.0 0.08

Mg# = 100 × molar Mg/(Mg + Fe).
λRb = 1.393 × 10−11 year−1 (Nebel et al., 2011); λSm = 6.54 × 10−12 year−1 (Lugmair and Marti, 1978); λU238 = 1.55125 × 10−10 year−1; λU235 = 9.8485 × 10−10 year−1; λTh232 =
4.9475 × 10−11 year−1 (Steiger and Jäger, 1977).
(147Sm/144Nd)CHUR = 0.1967 (Jacobsen and Wasserburg, 1980); (143Nd/144Nd)CHUR = 0.512638 (Goldstein et al., 1984).
(143Nd/144Nd)DM = 0.513151, (147Sm/144Nd)DM = 0.2136 (Liew and Hofmann, 1988).
Samples JJHT-1 to −10 are from Ma et al. (2014a).
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element contents are normalized to 100% on LOI (loss on ignition)-free
basis in all related diagrams.

The lamprophyres and diabase-porphyries have similar SiO2

(46.2–51.8 wt.%), Al2O3 (13.5–17.2 wt.%) and CaO (7.3–9.7 wt.%)
contents. The lamprophyres have total alkali (Na2O + K2O) contents
of 5.5–7.9 wt.%, and are classified as tephrite to trachybasalt, with
only one sample plotting in the area of basaltic trachyandesite
(Middlemost, 1994) (Fig. 3a). In contrast, the diabase-porphyries
have relatively low total alkali contents of 4.2–6 wt.%, plotting in
the fields of trachybasalt to basalt. The lamprophyres show high
K2O (2.3–3.4 wt.%) and K2O/Na2O (0.7–1.2 wt.%) and generally be-
long to the shoshonitic series, whereas the diabase-porphyries
(K2O = 1–1.9 wt.%; K2O/Na2O = 0.3–0.5 wt.%) are mainly calc-
alkaline to high-K calc-alkaline rocks (Fig. 3b and c). Both types of
rocks have high TiO2 (1.8–2.5 wt.%) and total Fe2O3 (9.9–13.6 wt.%)
contents (Fig. 3d).

In chondrite-normalized REE patterns (Fig. 4a), both the
lamprophyres and diabase-porphyries are characterized by amoder-
ate light rare-earth element (LREE) enrichment [(La/Yb)N =
8.5–13.9], without significant Eu anomalies (Eu/Eu* = 0.94–1.18).
But the lamprophyres exhibit somewhat higher ΣREE contents and
(La/Yb)N ratios than those of diabase-porphyries. Normalized trace
element patterns of the lamprophyres resemble those of the
diabase-porphyries, but the lamprophyres have higher incompatible
element contents (Fig. 4b). Both rock types exhibit typical ocean is-
land basalts (OIB) characteristics in terms of enrichment in Nb and
Ta, and depletion in K and Pb, relative to LREE, except for two
lamprophyre samples showing slight positive Pb anomalies. Howev-
er, they also show negative Zr, Hf, and Ti anomalies (Hf/Hf* =
0.61–0.94, Ti/Ti* = 0.43–0.85) and positive Sr anomalies as well as
superchondritic Zr/Hf ratios [39.6–57.6; compared with the chon-
dritic Zr/Hf = 38 (Anders and Grevesse, 1989)].

As shown in the 87Sr/86Sr(t) vs. εNd(t) diagram (Fig. 5), the
lamprophyres have variable initial 87Sr/86Sr ratios of 0.705465 to
0.708445 and uniform εNd(t) values of −0.8 to 2.6. The diabase-
porphyries show similar Sr–Nd isotopic compositions to the
lamprophyres, exhibiting initial 87Sr/86Sr = 0.705992–0.708268
and εNd(t) = 2.2–4.3.
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4.2. Zircon U–Pb age and Hf isotope

The diabase-porphyry samples DP-2 and DP-5 were selected for zir-
con U–Pb dating. The data are listed in Table 2. Zircon CL images and U–
Pb concordia diagrams are shown in Fig. 6. Zircon grains from these two
samples are generally euhedral, long-prismatic and range in size from
70 to 130 μm, with length to width ratios of about 1.5:1 to 2.5:1.
Based on CL images, magmatic oscillatory zoning is generally weak,
with some of the zircon grains not showing any oscillatory zoning,
which is quite different from the zircon in the host Linglong granite
(160–157Ma;Ma et al., 2013), but is typical of the zircon grains crystal-
lized frommaficmagma. Also no residual cores are observed in the crys-
tals. The zircon grains exhibit large ranges of Th (118–1256 ppm) and U
(137–1336 ppm) contents, with Th/U ratios varying from 0.32 to 1.78,
suggesting a magmatic origin. The measured 206Pb/238U ages for the
two diabase-porphyry samples are identical within analytical precision,
yielding aweightedmean age of 122.4± 3.1Ma (2σ, MSWD=2.9, n=
9) for sample DP-2 and 122.6 ± 3.3 Ma (2σ, MSWD = 3.8, n = 9) for
sample DP-5, respectively. We note in particular that there is no sign
of any inherited zircon ages, either from the Precambrian basement or
from the 160–157 Ma host granite. Thus the Early Cretaceous age of
123–122 Ma is interpreted to be the age of emplacement of the
diabase-porphyry. The zircon U–Pb age of 122–121 Ma for the
lamprophyre has previously been reported byMa et al. (2014a). Within
their limits of uncertainty, the diabase-porphyry and lamprophyre zir-
cons have identical ages.
In-situ zircon Lu–Hf isotopes were also determined for the two
diabase-porphyry samples DP-2 and DP-5 with corresponding U–Pb
dating of the same domains. Analytical results are listed in Table 3,
and the Hf isotopic histograms are also illustrated in Fig. 6. The
εHf(t) values have been calculated at 120 Ma. Measured 176Hf/177Hf
ratios for sample DP-2 are 0.282693 to 0.282761. Calculated
εHf(t) values vary from −0.2 to 2.2 with a weighted mean of 1.3 ± 0.4
(2σ, MSWD = 0.9, n = 9), corresponding to TDM2 ages ranging from
1.04 Ga to 1.19 Ga. Sample DP-5 yielded 176Hf/177Hf ratios of 0.282675
to 0.282775. Calculated εHf(t) values vary from −0.9 to 2.7 with a
mean εHf(t) of 1.4 ± 0.8 (2σ, MSWD = 2.5, n = 9). Overall, the Lu–Hf
isotopic composition of two samples of the diabase-porphyry are in
good agreement within the analytical precision, with both samples
showing mostly positive εHf(t) values. The diabase-porphyry and
lamprophyre also have the similar εHf(t) values (Ma et al., 2014a).

5. Discussion

5.1. Crustal contamination and fractional crystallization

Before trying to assess themantle source characteristics andmelting
histories of the mafic rocks, we must consider the possible effects of
crustal contamination during magma ascent. The lamprophyres and
diabase-porphyries display “OIB-like” elemental and isotopic features,
e.g., positive Nb and Ta anomalies, negative Pb anomalies and depleted
Sr–Nd–Hf isotopes, all indicating negligible crustal contamination. The
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Table 2
LA-ICP-MS U–Pb isotopic data for the zircons from the diabase-porphyry in the Jiaodong Peninsula.

Spot Th U Th/U 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 208Pb/232Th 1σ 207Pb/206Pb 1σ 207Pb/235U 1σ 206Pb/238U 1σ 208Pb/232Th 1σ

DP-2
1 220 339 0.65 0.05233 0.00229 0.13959 0.00589 0.01935 0.00035 0.00594 0.0003 300 63 133 5 124 2 120 6
2 170 294 0.58 0.04997 0.00286 0.13389 0.00739 0.01944 0.0004 0.00616 0.00038 194 90 128 7 124 3 124 8
3 118 238 0.50 0.04986 0.0041 0.12948 0.01028 0.01883 0.00048 0.00593 0.00053 188 132 124 9 120 3 120 11
4 145 298 0.49 0.04947 0.00347 0.13137 0.00889 0.01926 0.00044 0.00618 0.00048 170 112 125 8 123 3 125 10
5 282 551 0.51 0.04871 0.00476 0.13025 0.01222 0.0194 0.0006 0.00638 0.00065 134 152 124 11 124 4 129 13
6 160 500 0.32 0.05157 0.00155 0.13553 0.00355 0.01906 0.00028 0.00599 0.00009 266 71 129 3 122 2 121 2
7 383 771 0.50 0.04605 0.00238 0.12798 0.00637 0.02016 0.00029 0.00672 0.00132 112 122 6 129 2 135 27
8 243 137 1.78 0.04844 0.00399 0.12109 0.00981 0.01813 0.00036 0.00598 0.00054 121 144 116 9 116 2 121 11
9 246 379 0.65 0.04861 0.00195 0.12668 0.00505 0.0189 0.00031 0.00613 0.00316 129 63 121 5 121 2 124 63

DP-5
.00465 0.01834 0.00031 0.00545 0.00024 361 47 129 4 117 2 110 5
.00866 0.01853 0.00044 0.00539 0.00034 267 107 126 8 118 3 109 7
.00456 0.01956 0.00032 0.00613 0.00025 320 44 135 4 125 2 124 5
.007 0.01967 0.0004 0.00542 0.00033 71 83 123 6 126 3 109 7
.00179 0.01837 0.00025 0.00583 0.0002 245 14 124 2 117 2 117 4
.00383 0.01927 0.0003 0.00591 0.00027 328 34 134 3 123 2 119 5
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1 801 860 0.93 0.05377 0.00191 0.13594 0
2 398 430 0.93 0.05158 0.00353 0.13175 0
3 369 437 0.84 0.05279 0.00175 0.14234 0
4 265 403 0.66 0.04744 0.00267 0.12862 0
5 669 805 0.83 0.05109 0.0007 0.12935 0
6 416 920 0.45 0.05299 0.00149 0.14077 0

7 627 432 1.45 0.04849 0.0018 0.13259 0.00478 0.01983 0.00033 0.0061 0.00023 123 54 126 4 127 2 123 5
8 143 301 0.47 0.05224 0.00227 0.14379 0.00604 0.01996 0.00036 0.00656 0.00037 296 63 136 5 127 2 132 7
9 1256 1336 0.94 0.04947 0.00347 0.13137 0.00889 0.01926 0.00044 0.00618 0.00048 170 112 125 8 123 3 125 10
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Hofmann, 2003), significantly higher than the value for average conti-
nental crust and arc volcanic rocks (Taylor and McLennan, 1985). As
shown in Fig. 7a, our lamprophyres and diabase-porphyries have Nb/U
ratios of 44.3 ± 10.6, typical of oceanic basalts, but significantly higher
than those of the host granite (Nb/U= 9 ± 5; Ma et al., 2013), indicat-
ing that contamination, if it occurred at all, was generally insignificant.
We also note in particular that there is no sign of any inherited zircon
ages, either from the Precambrian basement or from the 160–157 Ma
Table 3
Zircon Hf isotopic compositions of the diabase-porphyry in the Jiaodong Peninsula.

Spot 176Yb/177Hf 176Lu/177Hf 176Hf/177Hf 2σ

DP-2
1 0.019093 0.000886 0.282732 0.000014
2 0.020195 0.000898 0.282725 0.000014
3 0.015117 0.000677 0.282748 0.000013
4 0.025915 0.001130 0.282761 0.000014
5 0.025925 0.001112 0.282733 0.000016
6 0.025192 0.001156 0.282731 0.000027
7 0.024835 0.001081 0.282720 0.000015
8 0.018997 0.000843 0.282741 0.000021
9 0.023856 0.000951 0.282693 0.000037

DP-5
1 0.017811 0.000805 0.282733 0.000017
2 0.029558 0.001344 0.282675 0.000027
3 0.017128 0.000784 0.282775 0.000014
4 0.025498 0.001164 0.282722 0.000014
5 0.048893 0.002004 0.282715 0.000016
6 0.021641 0.000965 0.282768 0.000016
7 0.032004 0.001308 0.282740 0.000022
8 0.055246 0.002327 0.282753 0.000020
9 0.035722 0.001838 0.282747 0.000020

eHf(t) = 10,000{[(176Hf / 177Hf)S − (176Lu / 177Hf)S × (elt − 1)] / [(176Hf / 177Hf)CHUR,0 − (176L
TDM1 = 1/l × ln{1 + (176Hf / 177Hf)S − (176Hf / 177Hf)DM] / [(176Lu / 177Hf)S − (176Lu / 177Hf)D
TDM2 = 1/l × ln{1 + [(176Hf / 177Hf)S,t − (176Hf / 177Hf)DM,t] / [(176Lu / 177Hf)C − (176Lu / 177Hf
The 176Hf/177Hf and 176Lu/177Hf ratios of chondrite and depleted mantle at the present are 0.28
0.28325 and 0.0384, respectively (Blichert-Toft and Albarede, 1997; Griffin et al., 2000). l = 1.
(Söderlund et al., 2004) (176Lu / 177Hf)C = 0.015 (Griffin et al., 2002).
host granite. Thus, the effect of crustal contamination did not play a
significant role on magma evolution of the lamprophyres and diabase-
porphyries.

Fractional crystallization would be very difficult to detect in the
lamprophyres and diabase-porphyries, because no obvious correlation
is observed between MgO and most oxides, except for Al2O3 vs. MgO,
and TiO2 vs. MgO. The negative correlations between MgO and Al2O3

(Fig. 7b) and absence of Eu anomalies in the chondrite-normalized
εHf(0) εHf(t) 2σ tDM1 tDM2 fLu/Hf

−1.4 1.1 0.5 735 1102 −0.97
−1.6 0.9 0.5 744 1117 −0.97
−0.9 1.7 0.5 708 1065 −0.98
−0.4 2.2 0.5 698 1038 −0.97
−1.4 1.2 0.6 738 1102 −0.97
−1.4 1.1 0.9 741 1105 −0.97
−1.9 0.7 0.5 756 1131 −0.97
−1.1 1.5 0.7 721 1082 −0.97
−2.8 −0.2 1.3 791 1190 −0.97

−1.4 1.2 0.6 731 1099 −0.98
−3.4 −0.9 0.9 824 1231 −0.96

0.1 2.7 0.5 672 1005 −0.98
−1.8 0.8 0.5 754 1125 −0.96
−2.0 0.5 0.6 78 1145 −0.94
−0.1 2.4 0.6 685 1021 −0.97
−1.1 1.4 0.8 732 1087 −0.96
−0.7 1.8 0.7 733 1062 −0.93
−0.9 1.6 0.7 732 1074 −0.94

u / 177Hf)CHUR × (elt − 1)]–1}.
M]}.
)DM]} + t.
2772 and 0.0332.
867∗10–11a–1.
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REE patterns (Fig. 4a) argue against significant fractionation of plagio-
clase. Likewise, fractionation of accessory minerals such as Fe–Ti oxides
is insignificant as suggested by the clearly negative correlation between
TiO2 and MgO (Fig. 7c). However, in a plot of Ni vs. Cr (Fig. 7d), the
lamprophyres and diabase-porphyries display two separate positive
linear correlations with different slopes. In the diabase-porphyries,
bothNi and Cr are strongly correlatedwithMgO (not shown), indicating
that olivine fractionationwith chromite coprecipitation (a phenomenon
commonly observed in Hawaiian basalts) was important in this suite. In
the lamprophyres no such correlations are apparent, Ni does not corre-
late withMgO, and the observed correlation between Ni and Cr remains
enigmatic. Overall, it is clear, however, that the two type rocks do not
represent fractionation products of a common parental magma.

5.2. Nature of mantle sources

The lamprophyres and diabase-porphyries show geochemical and
isotopic features that are distinct from those of widespread lithospheric
mantle-derived mafic rocks in the Jiaodong Peninsula. They are charac-
terized by relatively high Ti and total Fe contents, and they resemble
the field defined by experimental melts of fertile peridotite (Falloon
et al., 1988), indicating that they are derived from a fertile mantle source
(Fig. 3c). The trace element patternswith positiveNb–Ta andnegative Pb
anomalies are typical of normal ocean island basalts (Hofmann, 1997).
Furthermore, these rocks also display typical OIB-like Sr–Nd and Hf iso-
topic compositions, indicating that they were derived from a convecting
mantle. In the 87Sr/86Sr(t) vs. εNd(t) diagram (Fig. 5), our studied Creta-
ceous mafic dikes show more radiogenic Sr and slightly less radiogenic
Nd isotopic compositions than those of Cenozoic basalts in the Jiaodong
Peninsula (e.g., Zeng et al., 2011; Sakuyama et al., 2013), suggesting that
more enriched components (EM2-type) had been incorporated into the
mantle source of the lamprophyres and diabase-porphyries.

Because a similar asthenospheric origin with negligible crustal
contamination has been inferred by the above discussion, the main
differences in elemental geochemistry between the lamprophyres and
diabase-porphyries are likely to result fromdifferent degrees ofmelting.
REE inversemodeling calculation shows that variable degrees (2–5%) of
batch melting of a hypothetical mantle source in the garnet stability
field can generate the La/Sm–Sm/Yb compositions of the lamprophyres
and diabase-porphyries (Fig. 8a). Specifically, the lamprophyres were
generated by lower degree of melting (~2%) than the diabase-
porphyries (~5%). These melting estimates are consistent with the dif-
ferent trace element features of the two rock types. The lamprophyres
with lower degrees of melting have higher incompatible elements
contents and (La/Yb)N ratios relative to the diabase-porphyries. Thus,
the lamprophyres and diabase-porphyries were probably derived from
partial melting of a fertile and convective asthenospheric mantle in
the garnet stability field by different melting degrees.
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5.3. A carbonated peridotite source?

Both the lamprophyres and diabase-porphyries exhibit negative Zr,
Hf, and Ti anomalies relative to middle REEs and strongly elevated Zr/
Hf ratios relative to chondritic value (see Fig. 4), suggesting that dry
garnet peridotite is not a suitable source, because the bulk partition co-
efficients for Zr, Hf, and Ti between garnet peridotite and silicate melt
are similar to those of middle REEs (Sm, Eu, and Gd) and also the peri-
dotite has similar partition coefficients for Zr and Hf (Salters et al.,
2002; Zeng et al., 2010). Previous studies on oceanic and continental
carbonatites suggested that carbonatites are enriched in most incom-
patible elements except for K, Zr, Hf, and Ti, as well as having extremely
high Zr/Hf and Ca/Al ratios (e.g., Hoernle and Tilton, 2002; Bizimis et al.,
2003).Melting of a carbonatedmantlewill produce enrichedmeltswith
negative K, Zr, Hf, and Ti anomalies and supra-chondritic Zr/Hf ratios
(Zeng et al., 2010). As shown in the plot of Na2O + K2O vs. TiO2

(Fig. 8b), the lamprophyres and diabase-porphyries plot in the field of
(K2O + Na2O)/TiO2 N 1, and define a well-correlated positive array
that both Ti and total alkalis contents increase with decreasing degrees
of melting. As the melting degrees decreased, the total alkalis contents
increased much fast than the TiO2 contents that are different from
those of hornblendite and eclogite melt trend, but similar to those of
carbonated peridotite melt trend (as reviewed by Zeng et al., 2010),
indicating that carbonated peridotite may be the main source rock of
the lamprophyres and diabase-porphyries.

The evidence for carbonated peridotite sources is somewhat equivo-
cal, however, because the rather low CaO/Al2O3 ratios, which average
0.55 ± 0.06 and 0.52 ± 0.05, respectively, for the diabase-porphyry
and the lamprophyre samples, whereas normally, one would expect
significantly higher CaO and CaO/Al2O3 ratios in melts formed from
carbonated peridotite sources. Another unexplained feature is the
consistently positive Sr anomalies found in both rock types. Thus Sr/
Nd ratios average 36 ± 12 in the diabase-porphyry dikes and 35 ± 17
(1 sigma std. deviation) in the lamprophyres, both of which are signifi-
cantly higher than primitive-mantle values of Sr/Nd= 16 (McDonough
and Sun, 1995). The uniformity of this Sr anomaly indicates that it is
most likely intrinsic to the source rock rather than a product of unusual
partitioning during partial melting. Positive Sr anomalies are not com-
monly observed in carbonatites, and experimentally determined peri-
dotite carbonatite partition coefficients do not favor their formation
during carbonate melting (e.g. Dasgupta et al., 2009). Nevertheless,
some carbonatites found in China do have significant positive Sr
anomalies. Among these are the carbonatites from Daluxiang and
Maoniuping located at the western edge of the South China Block (Xu
et al., 2010). High Sr/Nd has also been found in Cape Verde carbonatites
by Doucelancea et al. (2010), where it appears that nearly all samples
analyzed have Sr/Nd at least twice the primitive-mantle value. It
seems likely that this Sr excess is a feature of the original carbonate,
which may ultimately have been injected into the mantle by subduc-
tion. The Sr/Ca ratios of marine carbonates vary greatly, depending on
whether the carbonate was precipitated as calcite or aragonite. Specifi-
cally, aragonite may have Sr contents of up to several thousand ppm
(Coggon et al., 2004). Subduction of aragonite-dominated carbonate
may therefore be the ultimate source of positive Sr anomalies in
carbonatites and silicate melts derived from carbonated peridotite. We
offer this as an admittedly speculative possibility. A recent report of
sediment-derived carbonatite melt pockets in mantle xenoliths from
Dalihu (northern China) by Liu et al. (2015) also shows distinct positive
Sr anomalies and is thus consistent with the above speculation.

5.4. A possible lithospheric thinning model

It is well established that the lithosphere beneath the eastern NCC
had been considerably thinned during lateMesozoic and early Cenozoic
times (e.g., Menzies et al., 1993; Menzies and Xu, 1998; Griffin et al.,
1998; Fan et al., 2000; Gao et al., 2002). However, the timing and man-
ner of ancient lithosphere removal still remain controversial (Menzies
et al., 2007; Wu et al., 2008; Xu et al., 2009; Zhu et al., 2011; Huang
et al., 2012). The mechanism of lithospheric thinning has been
interpreted in terms of either thermo-mechanical erosion or lithospher-
ic delamination. These two models have different definitions and char-
acteristics of magmatic activity. The thermo-mechanical–chemical
erosion model suggests that the lowermost lithosphere is warmed
conductively by the heat transported by upwelling asthenosphere and
thusweakened and softened, so that it is then prone to be removedme-
chanically by lateral shear stresses in the asthenosphere. Progressive re-
moval would ultimately result in lithospheric thinning (Jiang et al.,
2010). Magmatism related to thermo-mechanical–chemical erosion is
characterized by consumption of lithosphere at the beginning of litho-
spheric thinning. When the lithosphere has thinned to less than about
100 km, partial melting of the asthenosphere is initiated, generating
asthenosphere derived magmas (Xu, 2001; Xu et al., 2004a, 2004b;
Xu, 2006; Xu et al., 2009). In contrast, the lithospheric delamination
model assumes that the thickened lower crust foundered together
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with the subcrustal lithosphere and entered the underlying convecting
mantle, thus causing much more rapid lithospheric thinning than in
the lithospheric erosion model (Jiang et al., 2010). Magmatism related
to lithospheric delamination would be rapid and short, and would be
characterized by co-occurrence of lithospheric and asthenospheric
mantle-derived magmas as well as crust-derived/mantle–crust mixed
felsic magmas (Deng et al., 2007; Wu et al., 2008). The debate about
these contrastingmodels has continued as towhether themafic igneous
activitywas instantaneous andmarked by rapid delamination lastingno
more than 10Myr, or whether it was part of a more protracted 100Myr
long transformation of the lithospheric keel (Menzies et al., 2007; Ma
et al., 2014a).

The appearance of asthenosphere derived magmas and the magma
source transition from lithospheric to asthenospheric mantle sources
are considered to be two important signs of lithospheric thinning
(Wu et al., 2008; Xu et al., 2009). However, the occurrences of
asthenosphere-derived magmas during the Mesozoic in the NCC are
extremely limited. Late Triassic dike swarms intruding the Liaodong
Peninsula, northeastern China, have been interpreted to be derived
from asthenospheric sources (Yang et al., 2007). However, although
the isotopic compositions of these dikes resemble those of the Creta-
ceous lamprophyres discussed here, their trace element signatures are
intermediate between clearly defined lithospheric and asthenospheric
characteristics. Thus, the diagnostic trace element ratios of the Triassic
“Group 1” rocks from Liaodong Peninsula average Nb/U = 31 ± 5 and
Ce/Pb = 11 ± 3 and are thus significantly lower than the canonical
mantle values of Nb/U = 47 ± 10 and Ce/Pb = 25 ± 6 (Hofmann
et al., 1986). Yang et al. (2007) interpret these ratios as having been
lowered from normal asthenospheric mantle values by crustal contam-
ination. Although this is a reasonable interpretation, the involvement of
a source with more lithospheric character seems equally likely, and in
this sense the geochemical signals from the Triassic rocks are not clearly
diagnostic. Three other places have been found recording the transition
in magma source from a lithospheric to an asthenospheric mantle,
including the Fuxin basalts (107–97 Ma) in the western Liaoning
Province (Zhang et al., 2003b), the Daxizhuang alkali basalts (73 Ma)
and Pishikou mafic dikes (86–78 Ma) in the Jiaodong Peninsula (Yan
et al., 2003; Zhang et al., 2008b). Recently, we reported on earlier
(122–121 Ma) asthenospheric mantle-derived lamprophyres in the
Jiaodong Peninsula, clearly demonstrating the asthenosphere mantle
melting during the Early Cretaceous (Ma et al., 2014a). Here, we have
shown that the diabase dikes, which were generated by somewhat dif-
ferent degrees of melting and from slightly different asthenospheric
source rocks, emplaced at the same time. Thus the more widespread
eruption of asthenospheric magmas 123 to 121 Ma ago marks more
clearly the end of lithosphere thinning of the NCC. As discussed earlier,
normal asthenosphere unlikely to melt until the thickness of the
lithosphere is considerably thinned, possibly to as much as 80 km
(Mckenzie and Bickle, 1988). We note, however, that thinning to less
than 80 km seems unlikely because all the asthenospheric melts have
sufficiently steep HREE patterns to indicate that they were formed in
the garnet peridotite stability field. In any case, the lamprophyres and
diabase-porphyries represent the earliest asthenosphere-derived
magma in the Jiaodong Peninsula, implying that lithospheric thinning
beneath the Jiaodong Peninsula took place just prior to ~120 Ma.

The time and speed of the transition in magma sources (from litho-
spheric to asthenospheric mantle sources) are the two key questions in
understanding the mechanisms for lithospheric thinning beneath the
NCC. As shown in Fig. 9, the collision of the Yangtze Craton with the
NCC took place in the Triassic (Li et al., 1993; Jahn et al., 1996; Zheng
et al., 2003). The few Late Triassic syenite and mafic dikes in eastern
Jiaodong are generally thought to represent a post-orogenic extensional
regime resulting from such a collision (Yang et al., 2005; Zhao et al.,
2012). The Palaeo-Pacific plate was subducted beneath the Eurasian
continent before Jurassic time (Maruyama et al., 1997; Zhou and Li,
2000; Li and Li, 2007) This resulted in crustal thickening in eastern
China and partial melting of pre-existing ancient crust (Wu et al.,
2005b), and the formation of low-Mg adakitic granites in the Jiaodong
Peninsula such as the Linglong and Kunyushan granites (Hou et al.,
2007b; Zhang et al., 2010; Yang et al., 2012; Ma et al., 2013). During
the Early Cretaceous, large-scale magmatism occurred within a short
period, including both lithospheric and asthenospheric mantle-derived
mafic rocks as well as high-Mg adakites (Yang et al., 2004; Guo et al.,
2004; Tan et al., 2008; Liu et al., 2008, 2009; Ma et al., 2013, 2014a,
2014b). After this period, all magmas were sourced in the astheno-
sphere, and magmatism within the lithosphere became nearly extinct
(Yan et al., 2003; Zhang et al., 2003b; Zhang et al., 2008b; Kuang et al.,
2009; Li et al., 2014). Thus, the transition from lithospheric to astheno-
spheric mantle sources took place about 120Ma ago, and this transition
was a relatively rapid process, in ~10 Myr. Thus, the NCC probably
experienced a catastrophic lithospheric thinning event at ca.120 Ma.
Geophysical data show that the lithosphere today is very thin
(60–100 km) beneath the Jiaodong Peninsula and Bohai Sea, but that
it is 100–150 km thick in the surrounding areas (Huang and Zhao,
2004; Xu and Zhao, 2009; Chen et al., 2009; Tian et al., 2009). Coinciden-
tally, Mesozoic asthenospheric mantle-derived mafic rocks are exclu-
sively distributed in the Jiaodong Peninsula and on the northern
margin of the Bohai Sea. It therefore appears that the Jiaodong and
Bohai areas were the center of lithospheric thinning beneath the NCC.
If true, the rapid lithospheric delamination of the Jiaodong Peninsula
and Bohai Sea would have induced decompressional melting of upwell-
ing asthenospheric mantle to generate asthenospheric mantle-derived
magmas, while the subcontinental lithospheric mantle was heated by
the underlying convective asthenosphere and underwent partial melt-
ing to generate lithospheric mantle-derived magmas. Underplating of
these hot mafic magmas would result in remelting of the lower crust
and magma mixing to generate the high-Mg adakites. The rapid litho-
spheric delamination of the Jiaodong Peninsula and Bohai Sea would
thus induce thermo-mechanical erosion of surrounding area of the
NCC. Thus, the large-scale lithospheric thinning of the NCC may have
been initiated beneath the Jiaodong Peninsula and Bohai Sea and then
propagated towards the interior of the continent (Fig. 10).

6. Conclusions

(1) The lamprophyres and diabase-porphyries in the JiaodongPenin-
sula were derived by partial melting of the asthenospheric man-
tle in the garnet stability field at different extents of melting.
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Their mantle source had undergone enrichment with
carbonatitic liquids, and the source rocks were mainly carbonat-
ed peridotite.

(2) Zircon LA-ICP-MS U–Pb dating indicates that these rocks were
intruded at 123–121 Ma, and this makes them the earliest
asthenosphere-derived magmas in the Jiaodong Peninsula.

(3) The co-occurrence of the asthenospheric and lithospheric
mantle-derivedmafic rocks aswell as the high-Mg adakites indi-
cates that the lithosphere beneath the Jiaodong Peninsula was
rapidly delaminated just prior to ca. 120 Ma.

(4) Lithospheric thinning of the NCC may have been initiated from
the Jiaodong Peninsula and Bohai Sea and then propagated to-
wards the continental interiors.
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