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The Xiaoling lavas, erupted at ca. 110Ma in the Liaodong Peninsula, North China, provide vital constraints on the
thermochemical state of subcontinental lithospheric mantle (SCLM) during the destruction of the craton. The
Xiaoling lavas comprise basalt, andesite and dacite. They are characterized by depletion of high field strength
elements (HFSE), enrichment of large ion lithophile elements (LILE) and EM1-like Sr–Nd isotopic compositions
(εNd(t) = −8.7–−16.0; 87Sr/86Sri = 0.7046–0.7054), consistent with a derivation from the SCLM. With the
exception of TiO2, the studied samples have major element compositions similar to those of experimentally de-
termined partial melts of volatile-free Mid-Ocean-Ridge Basalt (MORB)-like eclogite at 3–5 GPa, but differ from
anhydrous peridotite-derivedmelts. The olivine phenocrysts of the basaltic samples have highNi and Fe/Mn, and
low Ca contents, which are typical of the olivines crystallized frommelts derived from a garnet pyroxenitic man-
tle source. This suggests that the Xiaoling lavas were derived from a pyroxenitic mantle source, which may have
been formed by the solid-state reaction between recycled crustal materials and their surrounding peridotites.
The presence of abundant amphibole phenocrysts in the Xiaoling lavas suggests a highly hydrated SCLM in
this region. The high Rb/Sr but low initial 87Sr/86Sr ratios of the Xiaoling samples require a recent metasomatism
in the mantle source, which is most likely related to the Pacific subduction. The genesis of the Xiaoling lavas
therefore highlights the important role of water and Pacific subduction in the destruction of the North China
Craton.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

It is generally accepted that the ancient (~2.5 Ga), refractory, thick
(N200 km) and cold (~40mW/m2) lithospheric keel beneath the eastern
North China Craton (NCC) was replaced by younger, fertile, thin
(b80 km) and hot (N60mW/m2) lithospheric mantle from theMesozoic
to the Cenozoic (Fig. 1a; Fan et al., 2000; Gao et al., 2002; Griffin et al.,
1998; Menzies et al., 1993; Menzies and Xu, 1998; Xu, 2001), although
the geodynamic controls of the lithospheric thinning (cratonic destruc-
tion) are still controversial (Gao et al., 2004; Menzies et al., 2007; Niu,
2005; Windley et al., 2010; Wu et al., 2008; Xu, 2001; Zhu et al.,
2012b). The destruction of the NCC significantly changed thermochem-
ical state and rheological property of its underlying subcontinental lith-
ospheric mantle (SCLM) (Wu et al., 2008; Xu, 2001; Xu et al., 2009; Zhu
et al., 2012b). For instance, Xu (2001) reported that the εNd(t) values of
86 20 8529261.
the late Jurassic to recent basalts increased from−20 to+8, consistent
with the transition from enriched mantle source to depleted mantle
appeared at about 90 to 80 Ma.

Mafic magmas are generated by partial melting of the upper mantle.
Their formation and composition are controlled by couples of factors,
such as source characteristics, degree of partial melting, mantle potential
temperature and lithospheric thickness (Xu et al., 2009). Lithospheric
mantle is mainly composed of peridotites (e.g., Yang et al., 2010; Zheng,
2009). Partial melting of peridotites (e.g., Guo et al., 2003) or the melt–
peridotite interaction (e.g., Zhang et al., 2002, 2003) has been interpreted
as the origin of Mesozoic mafic rocks in the NCC. However, recent geo-
chemical and petrological studies show that pyroxenite/eclogite source
may have played an important role in the formation of the Mesozoic to
Cenozoic basalts in the NCC as well (Hong et al., 2013; Liu et al., 2008;
Xu, 2014; Zeng et al., 2011). In particular, Liu et al. (2008) suggested
that the N110 Ma basalts were derived from orthopyroxene/garnet-rich
mantle source formed by peridotite–melt/fluid reaction, whereas the
b110 Ma basalts were products of clinopyroxene/garnet-rich mantle
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Fig. 1. Geological maps of the study area. (a) Tectonic blocks of China (after Zhu et al., 2012b) and major components of the North China Craton. The boundary between EM1 and EM2 is
after Xu et al. (2004). (b) Distribution of the Cretaceous volcano-sedimentary rocks in the Liaoning Province that is separated into the Liaodong Peninsula and the Liaoxi segment by the
Tan–Lu Fault Zone. Ages of the lavas, lamprophyre, kimberlite and mafic intrusion are from literatures (Jiang et al., 2005; Kuang et al., 2012; Pei et al., 2011;Wang et al., 2006, 2007; Wu
et al., 2006; Yang and Li, 2008; Yang et al., 2007b, 2010, 2012b; Zhang et al., 2003). Location and timing of the Liaonan andWaziyuMetamorphic Core Complex (MCC) are from Zhu et al.
(2012a). (c) The Xiaoling Formation and sample locations. (d) The lithology of the Xiaoling Formation (BGMR, 1989) and samples positions (see Fig. 3 for the Ar–Ar age).
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source resulted from solid-state mixing of peridotite and rutile-bearing
eclogite.

Compared with peridotites, pyroxenites have lower solidus temper-
ature, and thus may significantly contribute to partial melting during
pressure release of the adiabatic mantle or thermal erosion of the litho-
spheric mantle (Herzberg, 2011; Hirschmann and Stolper, 1996; Xu,
2002). In fact, mantle melting may proceed via some combined mecha-
nisms. For example, the additionof volatiles (i.e., H2OandCO2), increasing
mantle temperature and adiabatic ascent of the asthenosphere subse-
quent to lithospheric extension can induce partial melting of the mantle
(DePaolo and Daley, 2000; McKenzie and Bickle, 1988; Xu et al., 2009).
Recent studies demonstrated at least some part of the Mesozoic SCLM
beneath the NCC was extremely hydrated with H2O N1000 ppm by
weight during the peak time (~120 Ma) of the NCC destruction (Xia
et al., 2013). Thus, the hydration of the SCLM, source characteristics and
regional tectonic factors may have controlled the destruction of the NCC.

Paleozoic kimberlites and Mesozoic to Cenozoic mafic magmatism
occurred in the Liaodong Peninsula, northeastern NCC (Fig. 1a–b),
thus providing vital information related to the evolution of the mantle
thermochemical state since the Paleozoic (Griffin et al., 1998; Jiang
et al., 2010; Kuang et al., 2012; Liu et al., 2008; Pei et al., 2011; Wang
et al., 2006, 2012; Wu et al., 2005a,b, 2006; Yang et al., 2007a,b,
2008b, 2010, 2012b). Studies on mantle xenoliths and mafic to felsic
intrusions suggested that the ancient lithospheric mantle had been
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replaced by a juvenile lithospheric mantle by ca. 210 Ma beneath this
region (Yang et al., 2007b, 2010, 2012b). However, geochemistry of
mafic rocks suggested an ancient, isotopically enriched lithospheric
mantle during 150–130Ma (Jiang et al., 2010; Pei et al., 2011), whereas
the depleted mantle source became a dominated reservoir since 80 Ma
(Kuang et al., 2012;Wang et al., 2006, 2007; Xu, 2014). Thus, it remains
ambiguous as to when and how the ancient, enriched mantle was
replaced by the young, depleted mantle in this region.

Early Cretaceous volcanic rocks are preserved in the Liaodong
Peninsula (Fig. 1b) and bear important information related to the
thermochemical evolution of the underlying SCLM. Although the Early
Cretaceous marks magmatic climax in the NCC (e.g., Wu et al., 2005a),
the genesis of contemporaneous lavas is poorly constrained. In this
study, we carried out geochronological, petrological, geochemical and
Sr–Nd isotopic analyses for the Early Cretaceous lavas from the Xiaoling
Formation in the Liaodong Peninsula, aiming to unravel their magma
source and by inference the nature of the SCLM.

2. Geological background and analytical methods

The NCC comprises theWestern and Eastern blocks separated by the
Trans-North China Orogen formed by the collision between the two
blocks during the Palaeoproterozoic (~1.85 Ga) (Fig. 1a; Zhao et al.,
2001). The NCC is bounded to the north by the Central Asian orogenic
belt and to the south and east by the Qinling–Dabie–Sulu orogenic
belt (Fig. 1a). The Central Asian orogenic belt was formed due to the
collision between the NCC and the Mongolian microcontinent during
the Devonian (Xu et al., 2013), whereas the Qinling–Dabie–Sulu orogenic
belt was built by the collision between the NCC and the Yangtze plate
during the Late Triassic (Li et al., 1993; Meng and Zhang, 1999).

The Liaodong Peninsula located in the eastern Liaoning Province is
separated from the Liaoxi segment (western Liaoning Province) by the
Tan–Lu Fault Zone (Fig. 1b). The Liaodong Peninsula consists of the
Archean Liaonan Block in the south, the Archean Liaobei Block with ca.
3.8 Ga crust (Liu et al., 1992) in the north, and the Palaeoproterozoic
orogenic belt in between (Fig. 1b;Wu et al., 2005b). The Late Triassic in-
trusions (dolerite, diorite and granite) sporadically spread (Fig. 1b), and
were interpreted tomark the onset of magmatism corresponding to the
destruction of the craton (Yang et al., 2007b, 2012b). Three stages of
granitic magmatism from the Late Triassic to the Early Cretaceous
(233–212 Ma; 180–156 Ma; 131–117 Ma) have been recognized in
this region, among which the Early Cretaceous magmatism was the
most important one (the so-called magmatic climax; Wu et al.,
2005a). The Jurassic mafic rocks are rare, with only one identified case
for lamprophyres in the Huaziyu area (155 Ma; Jiang et al., 2005,
2010). Mafic to ultramafic intrusive and volcanic rocks (BGMR, 1989;
Pei et al., 2011) mostly occurred during the Early Cretaceous, followed
by the latest Cretaceous to Eocene basalts (80–36 Ma; Fig. 1b; Kuang
et al., 2012; Wang et al., 2006, 2007). Metamorphic core complex of
ca. 125 Ma were also developed in the Liaoning Province, implying an
extensional setting during the Late Mesozoic (Fig. 1b; Zhu et al., 2012a
and references therein).

The studied Xiaoling Formation of 910–3000m thick outcrops in the
Liaobei Block (BGMR, 1989). It is dominated by andesite, along with
subordinate amounts of basalt, dacite, andesitic breccia and tuff, and
sandstone (Fig. 1d; BGMR, 1989). This formation overlies the Upper
Jurassic Xiaodonggou Formation and older strata on an angular uncon-
formity, and is underlain by the Upper Cretaceous Lishugou Formation
on a parallel unconformity (Fig. 1d; BGMR, 1989). It has been suggested
that the Xiaoling Formation was deposited during the Early Cretaceous
based on fossil assemblage (Acanthopteris gothani–Ruffordia goepperti)
(BGMR, 1989). Lava samples were collected along outcrops from the
lower to the upper parts of the Xiaoling Formation corresponding to
samples FS-5 to FS-53 (Fig. 1d).

Major and trace elements, Ar/Ar and Sr/Nd isotopic analyseswere car-
ried out in the State Key Laboratory of Isotope Geochemistry, Guangzhou
Institute of Geochemistry, Chinese Academy of Sciences, whereas major
element analyses ofmineralswere carried out in the Guangxi Key Labora-
tory of Hidden Metallic Ore Deposits Exploration, Guilin University of
Technology (see Appendix 1 for analytical methods and Tables A1–A6,
and Appendix 2 for supplementary Figures A1–A5).

3. Petrography

Samples include basalt, andesite and dacite, most of them are por-
phyritic (b15% phenocrysts). The phenocryst assemblage in basaltic
samples mainly comprises olivine, clinopyroxene, together with rare
plagioclase. Groundmass is dominated by microlitic clinopyroxene and
plagioclase, along with rare apatite and Fe–Ti oxides (Fig. 2). Most
olivine phenocrysts in the basaltic samples (i.e., FS-24 and FS-48)
are partly altered, whereas fresh olivine phenocrysts are mostly
euhedral to subhedral, ranging from 0.1 to 0.6 mm in size (Fig. 2a, c).
Some olivine crystals were completely altered but preserved as pseudo-
morph of olivine (Fig. 2a). Clinopyroxene phenocrysts are present as
single crystals or aggregates, and are from 0.07 to 0.8 mm in length
(Fig. 2d). Common inclusions in clinopyroxene are microlitic apatite
and Fe–Ti oxides (Fig. 2d).

The phenocryst assemblage in andesitic samples is composed of
clinopyroxene (and amphibole), along with rare plagioclase and quartz
(Fig. 2b). The groundmass mainly consists of microlitic plagioclase and
clinopyroxene. Zoned clinopyroxene phenocrysts are present in some
andesitic samples, and comprise a partly altered, euhedral to anhedral
grzy core and a darker grzy rim. Amphibole occurs asmajor phenocrysts
in some andesitic samples, and is euhedral with a grain size of 0.1 to
0.4 mm. They are generally surrounded by an opacitized or partly
altered rim of variable thickness (Fig. 2b). In addition, quartz pheno-
crysts occasionally occur in some andesitic samples, and are always
embayed (Fig. 2b).

The phenocryst assemblage in dacitic samples mainly consists of
amphibole, plagioclase, together with a few clinopyroxene and quartz.
Plagioclase phenocrysts is present as single crystals or aggregates varying
from 0.1 to N0.5 mm in length. Amphibole phenocrysts are generally
euhedral, and are 0.5 to 1mm in grain size. Quartz phenocrysts common-
ly occur in dacitic samples, and are embayed in shape with a grain size of
0.1 to 0.8 mm.

4. Analytical results

4.1. Ar–Ar geochronology

As shown in Fig. 3, 40Ar/39Ar dating results of two samples (FS-5 and
FS-50) are plotted as age spectrum and 40Ar/36Ar–39Ar/36Ar isotope cor-
relation diagrams. Details of results are present in Table A1. All errors
are reported at the 2σ level. Sample FS-5 collected from the lower part
of the Xiaoling Formation (Fig. 1d) yields a weighted plateau age of
110.5 ± 1.1 Ma (MSWD = 1.33), corresponding to 62% of total released
39Ar (Fig. 3). The isochron diagram shows that the initial 40Ar/36Ar ratio is
276.2 ± 12.9, close to the present atmospheric 40Ar/36Ar ratio (295.5),
implying that the excess argon is insignificant. Furthermore, the normal
isochron age of sample FS-5 is 111.1± 1.2Ma (MSWD=0.16), identical
with its weighted plateau age within error. Therefore, the plateau age
(110.5 ± 1.1 Ma) is interpreted to be the eruption age for the lower
part of the Xiaoling Formation.

Sample FS-50 collected the upper part of the Xiaoling Formation
(Fig. 1d) has a weighted plateau age of 110.4 ± 0.7 Ma (MSWD =
3.68), corresponding to 80% of total released 39Ar (Fig. 3). The initial
40Ar/36Ar ratio is of 335± 107, consistentwith the present atmospheric
40Ar/36Ar ratio (295.5) within error. The normal isochron age of sample
FS-50 is 108.8± 4.3Ma (MSWD=3.61), close to the weighted plateau
age. Collectively, the Xiaoling lavas were erupted at about 110Ma, con-
sistent with the bio-stratigraphic data.



Fig. 2. Photograph of thin sections in selected samples. (a) Olivine (Ol) phenocrysts in FS-24. (b) Amphibole (Amp) and Quartz (Q) in FS-29. (c) Plagioclase (Pl) and zone olivine in FS-48.
(d) Clinopyroxene (Cpx) with Apatite (Apt) inclusions, and plagioclase in FS-50.
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4.2. Major and trace elements

Most of the Xiaoling lavas have relatively low LOI values of b3.0wt.%
(Table A2). According to the nomenclature of Le Bas et al. (1986), the
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and alkaline series according to geochemical classification do not show
any significant petrographic distinction. Samples have a wide range of
SiO2 (45.4–62.0 wt.%), MgO (1.2–9.2 wt.%), and Fe2O3

t (4.6–12.9 wt.%),
with Mg# from 33 to 64 [Mg# = 100 × Mg/(Mg + Fe2+) atomic ratio]
(Table A2). They are characterized by higher Al2O3 (14.8–17.3 wt.%) but
lower TiO2 (0.66–1.52 wt.%) relative to those of Cenozoic basalts in the
NCC (not shown). Samples show a medium-K to shoshonitic affinity
with K2O contents ranging from 0.55 to 3.42 wt.% (Table A2; Fig. 5). As
shown in Fig. 5, samples display negative correlations of TiO2, Fe2O3

t ,
MgO, CaO and MnO with SiO2, but positive correlations of Na2O, K2O,
and Al2O3. P2O5 contents firstly increase until SiO2 = 53 wt.%, but de-
crease with increasing of SiO2 (Fig. 5).

Samples have a wide range of Ni (1.7–181.4 ppm) and Cr (7.4–
322.5 ppm) contents, negatively correlating with SiO2 (Table A2;
Fig. A1). Niobium (Nb) concentration varies from 9.63 to 20.14 ppm
(Table A2; Fig. A1). Scandium (Sc) concentration varies from 5.52 to
24.66 ppm negatively correlating with SiO2 (Table A2; Fig. A1). All
samples exhibit similar chondrite-normalized rare earth element (REE)
patterns, with enrichment of light REE (LREE) over heavy REE (HREE)
((La/Yb)N = 8.7–38.42; Fig. 6), without significant Eu anomalies
(Eu/Eu* = 0.97–1.21; Fig. 6). In primitive mantle-normalized trace
element patterns (Fig. 6), samples all show enrichment in large ion
lithophile elements (LILE, such as Rb, Ba, K, Pb and Sr), but depletion
in high field strength elements (HFSE, such as Nb, Ta, Ti, Zr and Hf) rel-
ative to neighboring elements, comparedwith those of ~130Ma basalts
in the Luxi area in the interior of the NCC (Fig. 6; Guo et al., 2003).
4.3. Sr–Nd isotopes

The Xiaoling lavas have variable εNd(t) values, varying from−8.7
to−16.0, but relatively uniform initial 87Sr/86Sr ratios, ranging from
0.7046–0.7054 (Table 1). In εNd(t) vs. 87Sr/86Srinitial diagram (Fig. 7),
all samples are plotted within the EM1 field (enriched mantle compo-
nent with low 143Nd/144Nd and intermediate 87Sr/86Sr ratios; Zindler
and Hart, 1986), similar to those of the ~130 Ma gabbros and basalts
in the Luxi area (Figs. 1a, 7; Guo et al., 2001, 2003; Huang et al., 2012).
However, Sr–Nd isotopic compositions of our samples are distinguishable
from those of the Jurassic lamprophyres (87Sr/86Sri = 0.7075–0.7121,
εNd(t)=−14.3–−––1.9; Jiang et al., 2010), and Triassic mafic intrusions
(87Sr/86Sri = 0.7063–0.7160, εNd(t)=−14.8–−1.3; Yang et al., 2007b)
and Cretaceous mafic intrusions (87Sr/86Sri = 0.7056–0.7111,
εNd(t) = −20–−5.5; Pei et al., 2011) in the Liaodong Peninsula
(Fig. 7). They are also different from those of the 80–36 Ma basalts in
the Liaodong Peninsula and the ca. 100 Ma basalts in the Liaoxi region
(Figs. 1b and 7; Kuang et al., 2012; Wang et al., 2006, 2007; Zhang
et al., 2003).
4.4. Mineral compositions

4.4.1. Olivine
Olivine phenocrysts in high-Mg samples (i.e., FS-24 and FS-48) have

awide range of Fo values [Fo=100 ×Mg/(Mg+ Fe), cation ratio] vary-
ing from 58.9 to 87.3 (Table A3; Fig. 8a). MnO and CaO contents are neg-
atively correlated with Fo values, whereas NiO content is positively
correlated with Fo values. All olivine phenocrysts have higher CaO con-
tents (0.1–0.47 wt.%) than those of mantle xenoliths (typically CaO
b0.1 wt.%; Table A3; Thompson and Gibson, 2000; Xu and Bodinier,
2004). Most olivine phenocrysts of FS-48 are zoned, whereas zoned oliv-
ines are rare in FS-24 (Figs. 2, 8b–c). These zoned olivines commonly
have decreasing Fo values and NiO contents, but increasing FeOt contents
from the core to the rim (Fig. 8d). MnO and CaO contents generally in-
crease with decreasing Fo values from the core via the mantle to the
rim in the zoned olivine phenocrysts of FS-48.
4.4.2. Clinopyroxene
Chemical compositions of the analyzed clinopyroxenes (Cpx) are

presented on Table A4. Cations were calculated on a six-oxygen basis
following the program of Sturm (2002), and ferric iron was calculated
using the charge balance method. A few Cpx phenocrysts in high-SiO2

(N54 wt.%) samples show oscillatory zoning and compositional varia-
tions (such as MgO, Al2O3 and FeOt) from the core to the rim (not
shown). Although complex zoning in some Cpx phenocrysts, all the
analyses in cores and rims fall in the diopside to Mg-augite field in
terms of En-Fs-Wo nomenclature with end-member compositions of
En36–48Fs9.9–18.2Wo40.6–48.6 (Fig. 9). All clinopyroxenes are plottedwith-
in the Ca–Mg–Fe pyroxene (Quad area) field in the Q–J diagram (Fig. 9).
Their Mg# values range from 67.5 to 83.2. FeOt contents of Cpx pheno-
crysts correlate negatively with Mg#, whereas SiO2, TiO2, Al2O3, CaO,
Na2O, and MnO do not systematically correlate with Mg# (Fig. A2).
4.4.3. Amphibole
Amphiboles were not observed in low-SiO2 (b54 wt.%) samples,

whereas they are abundant in high-SiO2 (N54 wt.%) samples. They are
rich in MgO (13–15 wt.%), FeOt (10.8–13.3 wt.%), CaO (10.6–11.6 wt.%)
and Al2O3 (10–13 wt.%) with minor amounts of TiO2 (0.5–3.3 wt.%),
Na2O (2.5–3.2 wt.%) and K2O (0.6–0.8 wt.%), compared with those of
amphiboles in calc-alkaline magma (Table A5; Fig. 10a–c; Ridolfi et al.,
2010). TiO2 contents concentrate at 0.52–0.85 wt.% and 1.88–3.26 wt.%.
According to Leake et al. (1997), these amphiboles can be classified
as magnesiohastingsite (one edenite). Amphiboles have low Al#
[Al# = Alvi/(Alvi + Aliv) ≤0.21] resembling those of amphiboles in
calc-alkaline magma (Fig. 10d; Ridolfi et al., 2010). The calculated
temperatures of magma are from 902 to 968 °C (±22 °C), and water
contents of the equilibrated melt (H2Omelt) are between 3.9 and
6.5 wt.% (±0.6 and ± 1.0 wt.%, respectively; Fig. 10e–f) using amphi-
bole thermobarometer of Ridolfi et al. (2010).
4.4.4. Feldspar
Plagioclases presented as phenocrysts and microlitic phases were

analyzed (Table A6). Plagioclases in low-SiO2 sample (FS-48) have
high Al2O3 (27.3–29.6 wt.%) and CaO (10.4–13.4 wt.%), low Na2O
(4.4–4.8 wt.%) contents, whereas those in high-SiO2 sample (FS-46)
have high Na2O (10.7–11.2 wt.%), medium Al2O3 (19.1–19.4 wt.%),
low CaO (0.1–0.3 wt.%) contents. Thus, plagioclases in low-SiO2 sample
can be classified as labradorite (An53.5–61.9Ab36.8–44.5Or1.4–2.0), whereas
those in high-SiO2 sample are albite (An0.4–1.4Ab98.2–99.2Or0.15–0.38).
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5. Discussion

5.1. Effects of alteration and crystal fractionation

In order to reveal the characteristics of the parental magma source,
we examine possible effects of alteration, crustal contamination
and crystal fractionation on whole-rock geochemical composition.
Measured samples of the Xiaoling lavas have relatively low LOI
(b3.0 wt.%; Table A2), although the alteration of phenocrysts or
groundmass can be observed (Fig. 2). Negative correlation between
K2O and LOI implies that K was possibly mobile during alteration
(Fig. A3), whereas the lack of correlation between LOI and other
major elements indicates that they were essentially immobilized.

Zirconium (Zr) is suggested to be immobile during low-grade meta-
somatism and alteration, and can be used as an alteration-independent
index of geochemical variation for basaltic rocks (Polat et al., 2002;
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Wang et al., 2008, 2010). Thus, bivariate plots of Zr vs. selected trace
elements can be used to evaluate mobility of such elements during
alteration. For the Xiaoling lavas, REE, HFSE (Nb, Ta, Ti and Hf), Lu, Rb,
Th, U, Ni, Cr and Sc correlate with Zr (Fig. A4), implying that these ele-
ments were essentially immobile during alteration (Wang et al.,
2008). Consistency of trace elements and isotopic compositions
(Figs. 6, 7), together with lack of secondary minerals also excludes
significant alteration. In summary, alteration only played minor roles
in whole-rock chemical compositions of the Xiaoling lavas.

All samples are characterized by relatively high SiO2 (45.4–62wt.%),
but low MgO (1.2–9.2 wt.%), Cr (7.4–322.5 ppm) and Ni (1.7–
181.4 ppm) contents. Although bothmantlemelting and fractional crys-
tallization processes could cause such variations, the depletion of MgO,
Ni and Cr in the studied samples suggests that they are not in equilibri-
umwithmantle peridotites (Wang et al., 2012, 2014) andmay have ex-
perienced fractional crystallization. Negative correlations between
MgO, CaO, Ni, Cr, Sc and SiO2 (Figs. 5, A1) indicate that the fractionation
of olivine and clinopyroxene played an important role in magma evolu-
tion. Besides, negative correlations between TiO2, Fe2O3

t , P2O5 and SiO2

(Fig. 5) are attributable to the fractionation of Ti–Fe minerals and apa-
tite. The fractionation of apatite is consistent with slightly negative P
anomaly (Fig. 6) and the positive correlation between Sr and MREE (Tb
and Dy) (not shown). Lack of Eu anomaly (Fig. 6) implies that the frac-
tionation of plagioclase is insignificant. Therefore, the parental magma
of the Xiaoling lavas underwent the fractionation of olivine,
clinopyroxene, Ti–Fe minerals and apatite.

5.2. Crustal contamination

Crustal contamination is inevitable for mantle-derived melts
when they ascend through continental crust (DePaolo, 1981; Spera
and Bohrson, 2001) and can be identified by the correlation between in-
dices of fractionation and chemical/isotopic data (Wang et al., 2008,
2013). High-SiO2 samples have nearly constant 87Sr/86Srinitial ratios
Table 1
Sr–Nd isotopic compositions of the Xiaoling lavas.

Sample 87Rb/86Sr 87Sr/86Sr (2σ) (87Sr/86Sr)i 147Sm/144Nd

FS-5 0.1466 0.705273±4 0.7050 0.0995
FS-16 0.0746 0.704707±4 0.7046 0.0969
FS-18 0.1244 0.705330±7 0.7051 0.0895
FS-23 0.0728 0.705318±5 0.7052 0.0938
FS-24 0.1020 0.705286±5 0.7051 0.0895
FS-28 0.1326 0.705587±5 0.7054 0.0853
FS-46 0.4356 0.705563±4 0.7049 0.0874
FS-48 0.0746 0.705182±4 0.7051 0.1148
FS-53 0.3343 0.705884±4 0.7054 0.0860
FS-50 0.0602 0.705140±17 0.7050 0.0977

All errors are 2σ internal precision at the last significant digit. The initial isotopic ratios are calc
and εNd(t) values, and have no significant correlation between SiO2,
Mg#, Th/La and εNd(t) values (Figs. 11, A5), ruling out significant crustal
contamination during magma ascending. In contrast, low-SiO2 samples
show negative correlations of εNd(t) with SiO2 and Th/La, and positive
correlation ofMg#withNb/La (Figs. 11, A5), implying that they had un-
dergone crustal contamination. These low-SiO2 lavas have low
87Sr/86Srinitial ratios and negative εNd(t) values (Fig. 7), showing a
trend toward those of ancient lower crust of the NCC (e.g., Jahn, et al.,
1999). In addition, they are relatively depleted in Th and U, especially
samples FS-24 and FS-48 (Fig. 6).We therefore suggest that crustal con-
taminated agent is most likely to be ancient lower crust of the NCC,
rather than the upper crust.

The Mesozoic mafic rocks in the Luxi area in the interior of
the NCC have 87Sr/86Sr(110 Ma) of 0.7040–0.7065, and εNd(110 Ma)
of −4.2–−16.4 (Fig. 7), typical characteristics of those derived from
the enriched SCLM (Guo et al., 2001, 2003; Huang et al., 2012; Zhang
et al., 2004). The Sr–Nd isotopic compositions of the Xiaoling lavas are
identical to those of the Luxi mafic rocks (Fig. 7; Table 1). Moreover,
both the less-evolved Xiaoling lavas (e.g., FS-48 with MgO = 9.2 wt.%)
and the Luxi mafic rocks have similar trace element compositions
(enrichment of LILE and depletion of HFSE; Fig. 6). These imply that
theymight have been derived from similarmantle sources. The correla-
tion between SiO2, Th/La, Nb/La and εNd(t) also points to an end-
member component with elevated 143Nd/144Nd and Nb/La, but low
Th/La values similar to those of mantle source represented by the Luxi
mafic rocks (Figs. 7, 11). It is thus reasonable to assume a source compo-
nent with 87Sr/86Sr of 0.7040 and 143Nd/144Nd of 0.5122 (εNd = −6;
Fig. 7) to represent the primary magmas of the Xiaoling lavas.

The Energy-Constrained AFC model (EC-AFC) (Bohrson and Spera,
2001; Spera and Bohrson, 2001) was applied to further investigate
the thermal, isotopic and chemical relationship between the crust
materials, the assumed primary magma and the Xiaoling lavas. Sr
and Nd concentrations for the NCC lower crust (87Sr/86Sr = 0.710;
143Nd/144Nd = 0.511) are 300 ppm and 24 ppm, respectively, as
143Nd/144Nd (2σ) (143Nd/144Nd)i εNd(t) TDM (Ma)

0.511894±7.2 0.5118 −13.1 1682
0.511826±9.0 0.5118 −14.4 1732
0.511892±8.8 0.5118 −13.0 1548
0.511866±7.8 0.5118 −13.6 1637
0.512026±9.2 0.5120 −10.4 1384
0.511770±9.6 0.5117 −15.4 1643
0.511825±8.2 0.5118 −14.3 1604
0.512132±6.8 0.5120 −8.7 1574
0.511792±7.8 0.5117 −14.9 1626
0.511744±10 0.5117 −16.0 1853

ulated at 110 Ma, using relevant element concentration measured by ICP-MS.
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87Sr/86Sr Sr (ppm) εNd Nd (ppm) Reference

Asthenospheric source 0.7034 21 4.78 1.35 Huang et al. (2012)
Nushan granulite 0.705 1250 −30 60 Huang et al. (2012)
Lower crust of NCC 0.710 300 −30 24 Jahn et al. (1999)
Upper crust of NCC 0.720 350 −10 26 Jahn et al. (1999)
Liaodong Basement 0.7214 531 −22 16 Wu et al. (2005b)

Table 2
Physical and chemical parameters of EC-AFC modeling.

Sr Nd

Compositional paremeters
Magma isotope ratios 0.704 0.5122
Magma trace element partition coefficient 1.5 0.25
Assimilant initial concentrations (ppm) 300 24
Assimilant isotope ratios 0.71 0.511
Assimilant trace element partition coefficient 1.5 0.25
Source 1
Magma initial concentrations (ppm) 650 12
Source 2
Magma initial concentrations (ppm) 500 15
Source 3
Magma initial concentrations (ppm) 450 19
Source 4
Magma initial concentrations (ppm) 350 27

Thermal parameters
Magma liquid temperature, Tlm (°C) 1300
Magma initial temperature, Tm0 (°C) 1300
Assimilant liquids temperature, Tla (°C) 1000
Assimilant initial temperature, Ta0 (°C) 300
Solidus temperature, Ts (°C) 850
Equilibration temperature, Teq (°C) 930
Isobaric specific heat of magma, Cp,m (J/Kg per K) 1484
Isobaric specific heat of assimilant, Cp,a (J/Kg per K) 1388
Crystallization enthalpy, Δhcry (J/Kg) 396,000
Fusion enthalpy, Δhfus (J/Kg) 354,000
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suggested by Jahn, et al. (1999). Variable Sr and Nd contents exhibited
by the Luxi mafic rocks and the Xiaoling lavas are examined to fit the
wide range of Nd concentrations. The physical and thermal parameters
for themagma–wallrock system are close to those of Bohrson and Spera
(2001) (Table 2). The best fit models indicate that the involvement ra-
tios of lower crustal materials in magma body were less than 0.175
(mostly ≤0.117, total mass of melted wallrock normalized to original
mass of magma body; Fig. 11e–f). In particular, the melted crustal mate-
rials in parental magma of FS-48 could be between 0.015 and 0.039,
whereas b0.063 for FS-24 (Fig. 11e–f), implying insignificant crustal
contamination.

As mentioned above, the Xiaoling lavas consist of basalt, andesite
and dacite, showing no bimodal feature. All samples were collected
from a continuously exposed outcrop, where basaltic and dacitic rocks
are interbedded with andesitic rocks. The Ar–Ar geochronological re-
sults constrain that the Xiaoling lavas were emplaced in a relatively
short geological interval. Basaltic samples are characterized by un-
dersaturated silicate contents (SiO2 = 45–53.6 wt.%), relatively
high TiO2 (1.2–1.5 wt.%), MgO (4.0–8.9 wt.%), CaO (5.1–10 wt.%),
Ni (28–181 ppm), and Cr (31–322.5 ppm) contents (Table A2), consis-
tent with those of partial melts derived from amantle source. Andesitic
and dacitic samples exhibit saturated to oversaturated silica contents,
and are depleted in CaO (1.8–6.4 wt.%), MgO (1.2–5.5 wt.%), TiO2

(0.66–1.1 wt.%), Ni (1.7–102 ppm), and Cr (7.4–175 ppm) (Table A2).
However, all samples are characterized by pronounced HFSE depletion,
LILE and LREE enrichment, and EM1-like Sr–Nd isotopic ratios (Figs. 6,
7). All these information imply that all samples shared a similar mantle
source. As discussed above, basaltic samples underwent AFC processes
during magma ascending, whereas andesitic and dacitic samples were
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mainly evolved through fractional crystallization processes. The geo-
chemical and mineralogical signatures of the less-contaminated sam-
ples (FS-5, 24 and 48 with MgO N6 wt.%) may reflect the nature of
their mantle sources.

5.3. Evidence for a pyroxenite source

5.3.1. Constraints from bulk-rock major and trace element compositions
The follow lines of evidence suggest a pyroxenitic source for the

Xiaoling lavas. First, with the exception of TiO2, the Xiaoling lavas have
major element compositions comparable to those of experimentally de-
termined partial melts of volatile-free Mid-Ocean-Ridge Basalt (MORB)-
like eclogite at 3–5 GPa (Fig. 5; e.g., Pertermann and Hirschmann, 2003;
Spandler et al., 2008;Wang et al., 2014), but different from typical anhy-
drous peridotite-derived melts, such as MORB. The deficiency of TiO2 in
the Xiaoling samples may be attributed to the presence of Ti-oxides
(e.g., rutile) in source region (Wang et al., 2014). It should be pointed
out that two samples with highest SiO2 contents (N62 wt.%) display
higher Al2O3 contents than those of partialmelts of eclogite (Fig. 5), likely
because of the existence of Al-richminerals in source region. Similarly, for
a given SiO2 content, the P2O5 and K2O contents in some samples are
higher than those of partial melts of eclogite at 3–5 GPa (Fig. 5), which
may due to the presence of apatite and K-richminerals (e.g., amphibole),
respectively in source region. Nevertheless, many samples have compa-
rable Al2O3, P2O5 and K2O contents with those of partial melts of
eclogite (Fig. 5). Second, the Xiaoling lavas exhibit low CaO contents
(1.8–10 wt.%; Table A2; Fig. 5) that are typical of pyroxenite-derived
melts, but are deficient relative to those of peridotite-derived basalts
(such as MORB, 8–14 wt.%; Herzberg, 2006, 2011; Wang et al., 2014).
Herzberg (2011) suggested that the bulk distribution coefficients for
CaO (DCaO

Solid/Liquid) of SiO2-rich pyroxenite are generally N1, and thus
low-degree melts of such source are generally low in CaO due to the
dominant effects of residual clinopyroxene, whereas low-degree melts
of peridotite are always enriched in CaO as its DCaO

Solid/Liquid b1. Lastly,
the Xiaoling lavas have higher FeO/MnO ratios (62–91; Fe2+/Fetotal =
0.9; e.g., Table A2) than those of partial melts of peridotite (50–60;
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Herzberg, 2011), but comparable to those in partial melts of pyroxenite
(typically N80; Herzberg, 2011). Because DMn

Gt/L is high (2–7; Pertermann
and Hirschmann, 2003), partial melts of pyroxenite are low in MnO con-
tents when the amount of residual garnet is high (Herzberg, 2011 and
references therein). Thus, the high FeO/MnO ratios of the Xiaoling lavas
can be explained by the appearance of garnet in the residuum.

Niobium (Nb) concentrations can be served as an index of the
degree of partial melting (Frey et al., 2000; Wang et al., 2012, 2014).
Its relationship with highly incompatible trace element ratios have been
used to evaluate the residual sourcemineralogy after stripping off the in-
fluence of the crustal contamination, the post-magmatic alteration and
the fractional crystallization processes (Wang et al., 2012). Positive cor-
relation of Tb/Yb-Nb in less-evolved samples (Fig. 12a) requires bulk
solid/melt DTb/Yb b1. Experimental results suggest that DTb/Yb ratios for
clinopyroxene/melt, amphibole/melt and phlogopite/melt partitioning
are near unity, whereas DTb/Yb = 0.23 for garnet/melt partitioning
(Adam and Green, 2006; Dalpe and Baker, 2000; Latourrette et al.,
1995; Wang et al., 2012). Thus, the positive correlation between Tb/Yb
and Nb for these samples also implies the presence of residual garnet.
Furthermore, negative correlations between Gd/Yb, Hf/Yb and Lu/Hf in
less-evolved samples are consistent with partial meltingmainly occurred
in the garnet stabilityfield (N85 km; not shown;Wang et al., 2008, 2012).
It is suggested that DSc/V ratios for garnet/melt, clinopyroxene/melt and
amphibole/melt are nearly unity (Wang et al., 2012 and references there-
in). The nearly constant Sc/V ratios in less-evolved samples (Fig. 12b)
imply that clinopyroxene and amphibole may be major phases in the
residual mineral assemblage. It is suggested that melts equilibrium
with phlogopite are expected to have significant higher Rb/Sr and lower
Ba/Rb ratios, whereas melts formed from amphibole-bearing sources
have lower Rb/Sr and higher Ba/Rb values (Furman and Graham, 1999).
Comparing with primitive mantle, most samples are characterized by
low Rb/Sr (0.01–0.05) and high Ba/Rb (19–40.3) ratios, consistent with
melting of an amphibole-bearing source (Fig. 12c; Furman and Graham,
1999).
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Therefore, an amphibole-bearing garnet pyroxenite source could be
a reasonable candidate to produce primarymagma of the Xiaoling lavas.
Further evidence for pyroxenite-dominant source is provided by olivine
compositions as discussed below.

5.3.2. Constraints from olivine chemistry
As probes of parental melts, olivine phenocrysts' compositions, such

as nickel (Ni), manganese (Mn), calcium (Ca) and magnesium (Mg)
concentrations have been used to quantify the contributions of pyroxe-
nite melting (Herzberg, 2011; Sobolev et al., 2005, 2007).

It has been suggested that high-Ni olivine phenocrysts in Hawaii
shield-building lavas are indicative of a pyroxenite-dominated source
(Herzberg, 2006, 2011; Sobolev et al., 2005, 2007). However, others
argued that high-Ni olivine phenocrysts can crystallize from peridotite–
melts depending on the thickness of lithosphere (Niu et al., 2011), or
the crystallization temperature (Li and Ripley, 2010; Putirka et al.,
2011), or the Ni content of peridotite source and its DNi

olivine/melt (Putirka
et al., 2011; Rhodes et al., 2012). Nevertheless, the essential observation
is that olivines that crystallize frompyroxenite-derivedmelts have higher
Ni contents than those frommelts of peridotite-source (Herzberg, 2011).

According to Herzberg (2011), during the recycling of oceanic crust,
if the bulk basaltic oceanic crust remains isolated from the surrounding
peridotite, it will transform to quartz or coesite eclogite in the upper
mantle and form a stage 1 pyroxenite, whereas the solid-state reaction
between silica-rich recycled crust and the host peridotite will produce a
second-stage (stage 2) pyroxenite. As shown in Fig. 13, olivines from
samples FS-24 and FS-48 have unusually higher Ni than those of partial
melts of a normal peridotite source. Moreover, olivines with Fo = 87.3
have N5000 ppmNi contents (Fig. 13a), implying that they are unlikely
to be crystallized from peridotite-derived melts (e.g., Herzberg, 2011).
Such olivines can be used to calculate the composition of primary
magma. The calculation reveals that primary magma may have a
composition of 0.055 wt.% NiO, 9.6 wt.% MgO and 8.46 wt.% FeOt,
given a Fe2+/Fetotal = 0.9, and a Fe–Mg exchange partition coefficient
between olivine and basaltic liquid of 0.3 (Fig. 13a). At a given Fo, the
analyzed olivines show higher Ni contents than those of olivines in
the Koolau lavas from Hawaii (Fig. 13a; Herzberg, 2011; Sobolev et al.,
2005, 2007). The Koolau lavas have been interpreted to be themelts de-
rived from the stage 2 pyroxenite source (Herzberg, 2011).

The bimodal feature of Fo values between 87.3 and 80 in olivines
(Fig. 8) implies that the pyroxenite source might produce melts with
large range of equilibrated Fo values (Herzberg, 2011). It is shown
that Ni contents decrease rapidly from 6100 to 1700 ppm for Fo N80
(corresponding toMg#=55 in liquid), whereas for Fo b80, Ni contents
decrease slowly from 2800 to 800 ppm with decreasing Fo (Fig. 13a).
Such a turning point implies that at Mg# ≥50, olivine is dominant
phase in fractional mineral assemblage, whereas at Mg# b50,
clinopyroxene is the dominant phase due to its low DNi

clinopyroxene/melt.
Fractional crystallization of clinopyroxene will quickly deplete CaO
contents in residual liquid (Wang et al., 2012). This is consistent
with the turning point at Mg# ≈ 50 on Mg#–CaO trend (Fig. 12d),
where the maximum CaO content is nearly constant when Mg#N50,
but decreases rapidly from ~7.6 wt.% at Mg# = 48 to ~2.0 wt.% at
Mg# = 33, with the exception of that from sample FS-33.

In addition, the analyzed olivines have identical Ca contents with
olivines derived from the Koolau lavas at a given Fo value, but lower
than those crystallized from peridotite-derived melts (Fig. 13b). Low Ca
contents in the analyzed olivines are consistent with the low whole-
rock CaO contents discussed above, suggesting a pyroxenite-dominant
source (Herzberg, 2011; Sobolev et al., 2007). Analyzed olivines mostly
(N85% of total analyses) have lowerMn contents and higher Fe/Mn ratios
than those of peridotite melts and their derivative liquids (Fig. 13c–d),
also suggesting the importance of garnet pyroxenite in the source (e.g.,
Herzberg, 2011; Liu et al., 2008; Sobolev et al., 2005, 2007).

Image of Fig. 12


F
o 

=
 8

0

Mg# = 55L

50 60 70 80 90 100

1000

0.00

2000

3000

4000

5000

6000 NiO = 0.055,MgO = 9.6,
FeO = 8.46

N
i (

p
p

m
)

FS-24
FS-48

Olivines from partial melts
of stage 2 pyroxenites

Olivine
primary
magmas
(8-38% MgO)

(a)

Koolau lavas

(b)

0.00

1000

2000

3000

4000

50 60 70 80 90 100

C
a

 (
p

p
m

)

Olivines primary magmas
(8-38% MgO)

24

26
28, 30

38

Olivines derivative
magmas (24-38% MgO)

Olivines derivative magmas
(8-20% MgO)

0.0

20

40

60

80

100

120

140

50 60 70 80 90 100

F
e

/M
n

Fo (mol%)

(d)

Olivine
derivatives magmas
(8-20% MgO)

(c)

0.00

1000

2000

3000

4000

5000

50 60 70 80 90 100

Olivine
primary magmas
(8-38% MgO)

M
n

 (
p

p
m

)

Fo (mol%)

+

Olivine
derivatives magmas
(8-20% MgO)

Fig. 13. Calculated olivine phenocryst compositions for melts of a peridotite source compared with olivines from Koolau and Xiaoling lavas. (a) High Ni concentrations and variable Fo
values for the Xiaoling olivines are similar to those of olivines crystallized from pyroxenite source. (b) Low Ca concentrations in olivine reflects the low Ca contents in the Xiaoling
lavas. Most Xiaoling olivines are (c) lower in Mn concentrations, but (d) higher in Fe/Mn ratios than those from peridotite sources. Data of the Koolau lavas are from Sobolev et al.
(2007), while the discrimination diagrams for pyroxenite are after Herzberg (2011).

89C.-J. Pang et al. / Lithos 227 (2015) 77–93
5.4. Evidence for multiple mantle metasomatic events

Parental melts of pyroxenites are frequently considered as important
agent of mantle metasomatism (Bodinier et al., 1990; Menzies et al.,
1985). However, pyroxenites themselves may be metasomatized too
(Garrido and Bodinier, 1999; Xu, 2002). The following provides a brief
discussion onwhen and how the inferred pyroxenite source was formed,
and its subsequent metasomatism by younger geological events.

Pyroxenitic xenoliths such as garnet pyroxenite, Cr–pyroxenite,
Al–augite pyroxenite, and websterite are abundant in late Mesozoic to
Cenozoic basalts in the NCC and adjacent areas (Liu et al., 2005; Xu,
2002; Ying et al., 2013; Yu et al., 2010; Zhang et al., 2010). Thus, pyrox-
enite could be an important component in the mantle underlying the
NCC during the late Mesozoic to Cenozoic. For instance, Hong et al.
(2013) showed that the late Cenozoic basalts in the northern margin
of the NCC may have been derived from a pyroxenite source. These
basalts have positive εNd(t) values, implying that the pyroxenites may
exist in the asthenospheric mantle or is newly formed within the
SCLM (Hong et al., 2013). In contrast to the Cenozoic basalts in the
NCC, the Xiaoling lavas have arc-like trace element distribution patterns
(enrichment of LILE and depletion of HFSE) and EM1-like Sr–Nd isotopic
compositions, resembling those of the Early Cretaceous Luxi mafic rocks
in the NCC (Fig. 7; Guo et al., 2003; Huang et al., 2012). These are typical
characteristics of the Mesozoic SCLM beneath the interior of the NCC,
which was generally attributed to metasomatized events (Guo et al.,
2003; Huang et al., 2012).
Arc-like trace element distribution patterns and enriched Sr–Nd iso-
topic signatures of the Cretaceous mafic rocks in the southeastern NCC
were interpreted to be originated from the SCLM metasomatized by
melts/fluids of the subducted Yangtze lithosphere during the Triassic
collision between the NCC and the Yangtze plate (Fan et al., 2001;
Jahn, et al., 1999; Yang et al., 2012a; Ying et al., 2013; Zhang et al.,
2002). The key evidence for the linkage between the metasomatism
and Triassic continental subduction is from the ca. 125Ma Fangcheng ba-
salts (Zhang et al., 2002) and Yinan gabbros (Xu et al., 2004). Thesemafic
rocks are generally characterized by EM2-like isotopic signatures with
relatively high initial 87Sr/86Sr ratios (N0.708) and low εNd(t) values
(Fig. 7; Xu et al., 2004; Zhang et al., 2002; Zhao et al., 2013). However,
the Xiaoling lavas show low initial Sr isotopes and εNd(t) values,
which significantly differ from those of the Fangcheng and Yinan
mafic rocks (Fig. 7). Furthermore, the 130 Ma Liaodong–Jinan mafic in-
trusive rocks have relatively lower initial 206Pb/204Pb (15.13–17.85),
207Pb/204Pb (15.02–15.58) and 208Pb/204Pb (35.39–38.54) ratios than
the respective ratios of the subducted Yangtze lithosphere
(206Pb/204Pb = 17.957–18.620, 207Pb/204Pb = 15.508–15.655,
208Pb/204Pb = 38.129–38.710) (Pei et al., 2011; Yang et al., 2008a). It
is suggested that the spatial extent of the NCC influenced by the
subducted Yangtze lithosphere is less than 200 km away from the
Dabie–Sulu orogenic belt (Yang et al., 2012a). The predominance of
negative εNd coesite-bearing eclogites in the Dabie–Sulu terrane also
does not support the existence of large-scale oceanic crust prior to the
collision between the NCC and the Yangtze plate (Fan et al., 2001).

Image of Fig. 13
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However, Cretaceous mafic magmatismwith similar trace element and
isotopic compositions is widespread in the NCC, distributing extensively
in the Taihangshan region and thewestern Shandong and Liaoning prov-
inces (Chen and Zhai, 2003;Guo et al., 2001;Huang et al., 2012; Yang and
Li, 2008; Yang et al., 2004a). All these suggest that the subducted Yangtze
plate did not play a dominant role in forming EM1-like mantle reservoir
of the Xiaoling lavas.

Except for the Yangtze plate, the NCC was subducted by the Paleo-
Asian oceanic plate to the north during the Paleozoic to the Triassic, and
the Pacific plate to the east during the Jurassic to the Cretaceous
(Windley et al., 2010). The initial SCLM could also have been modified
by these subduction processes (Windley et al., 2010; Xu et al., 2009;
Zheng and Wu, 2009; Zhu et al., 2012b). It should be pointed out that
the subducted Paleo-Asian oceanic crust in the north of the NCC
may also release fluid content to metasomatize and hydrate the NCC
(e.g., Windley et al., 2010). According to the field geology and geochro-
nology, Xu et al. (2013) proposed that the subduction of the Paleo-Asian
oceanic crust and subsequent collision between the NCC and Mongolia
microcontinents accomplished by ca. 380 Ma, which is much earlier
than the timing of the peak magmatism corresponding to the destruc-
tion of the NCC. Although the subduction of the Paleo-Asian oceanic
plate could have initialized the destruction of the northern NCC, it
may not be the major force for the continental-scale replacement of
the SCLM of the NCC (Xu et al., 2009). Nevertheless, the current avail-
able data cannot demonstrate the role of the subducted Paleo-Asian
oceanic crust in metasomatism and hydration of the mantle source for
the Xiaoling lavas.

Recent studies identified that the recycled Pacific oceanic crust can
contribute to late Mesozoic to Cenozoic magma source as components
with various 87Sr/86Sr ratios (b0.7030–N0.7065) and positive εNd values
(+2–+8) (Xu, 2014; Xu et al., 2012). The EM1-like signatures of the
Xiaoling lavas therefore rule out significant contribution of partial
melts of the subducted Pacific oceanic crust. Furthermore, the negative
εNd(t) values of the Xiaoling lavas suggest a long-term isolated and low
Sm/Nd source. Therefore, we favor a large-scale and long-lasting
subduction-induced metasomatic event in the Late Archean to
Paleoproterozoic to account for the geochemical and isotopic features of
the pyroxenite source of the Xiaoling lavas (e.g., Yang et al., 2004a). Sub-
duction process might have been prevalent around the Eastern Block of
the NCC between 1.95 and 2.5 Ga as recorded by arc-related igneous
rocks (Faure et al., 2004; Peng et al., 2013; Polat et al., 2006). Recycled
crustal materials could have directly transformed into the stage 1 pyrox-
enite, or they could have reacted with surrounding mantle peridotite in
solid-state to generate the stage 2 pyroxenite (Herzberg, 2011). Partial
melting of the stage 2 pyroxenite can produce the high-Ni olivines in
the Xiaoling lavas (Fig. 13a). In addition, Huang et al. (2012) postulated
that addition (1 to 4 wt.%; Fig. 7) of recycled crustal materials to the as-
thenospheric mantle at ca. 2.1 Ga can explain the formation of the
EM1-like SCLM. The above considerations lead us to suggest that the py-
roxenite source for the Xiaoling lavas could have been formed during the
Late Archean–Palaeoproterozoicmetasomatic events. This Late Archean–
Paleoproterozoic pyroxenitic mantle source in turn may have been
metasomatized by fluids released from the subducted Pacific slab as
discussed below.

The low initial 87Sr/86Sr ratios (0.7046–0.7054) and highly nega-
tive εNd values (−8.7–−16) (Table 1) suggest that the Xiaoling
lavas were derived from a long-term isolated mantle source with
low Rb/Sr and Sm/Nd ratios. However, the Xiaoling lavas have
high Rb/Sr ratios (0.02–0.12) and display positive Rb anomalies in
Fig. 6. Because Rb (as well as other LILE) is a fluid-mobile element
(e.g., Berly et al., 2006), the coexistence of low initial Sr isotopes
and high Rb/Sr ratios then implies a recent addition of fluid-
enriched components for the enrichment of LILE in the source of
the Xiaoling lavas. Such a LILE enrichment of the Mesozoic SCLM
may occur during or shortly prior to the melting event (Guo et al.,
2003).
The high water contents (Xia et al., 2013) and arc-like geochemical
signatures (Fan et al., 2001; Guo et al., 2001, 2003; Huang et al., 2012;
Pei et al., 2011) are common feature of Mesozoic melts derived from
the SCLM. The fractional crystallization experimental studies showed
that amphibole is present only at water-saturated conditions and rela-
tively low liquidus temperatures (Berndt et al., 2005; Botcharnikov
et al., 2008). Thus, the presence of abundant amphibole phenocrysts
in the Xiaoling lavas strongly suggests a hydrous parental magma. The
chemical compositions of the igneous amphibole can be used to calcu-
late the liquidus temperature and melt water contents (e.g., Ridolfi
et al., 2010). As shown in Fig. 10, the amphibole chemical compositions
of the Xiaoling lavas suggest a highmelt water contents (up to 6.5%) for
their parental magmas. This implies that the mantle source of the
Xiaoling lavas should be highly hydrated. This highly hydrated SCLM
cannot be long-term stable because the addition of water to the SCLM
will significantly decrease its viscosity (Karato, 2010; Peslier et al.,
2010). Therefore, we propose another younger metasomatic event
that imparted the enrichment of LILE, and large amount of water (and
possible other fluid phases) to the SCLM. This young metasomatism is
most likely related to fluids released from the Pacific slab, which could
have hydrated the SCLM beneath the studied area, and triggered the
instability of the NCC, as suggested byWindley et al. (2010). Additional
supporting evidences for the relationship with the Pacific subduction
include: (1) Zhu et al. (2012a) showed that the principal extension
directions in the eastern NCC varied synchronously with the subduction
direction of the Pacific plate (and the Izanagi plate) during the
Cretaceous to Paleogene; (2) The Cretaceous giant igneous event and
large-scale lode gold (Au) mineralization in eastern China occurred co-
incidently with an abrupt change in drifting direction of the subducted
Pacific plate (Sun et al., 2007).

5.5. Implication for lithospheric thinning

The primary geochemical and isotopic compositions of mafic rocks
serve as rock probe to detect the thermochemical state of deep Earth's
mantle (Herzberg et al., 2007; Putirka, 2005; Wang et al., 2008, 2009,
2012, 2013, 2014), which are crucial to understand the destruction of
the NCC. The destruction of the NCC was suggested to initiate as early
as the Late Carboniferous along its northern margin (Xu et al., 2009;
Zhu et al., 2012b), but commenced during the Late Triassic along its east-
ern/northeastern margin as recorded by the 224–210 Ma mafic/felsic
intrusions in the Liaodong and Jiaodong Peninsulas and the ca. 223 Ma
kimberlites from North Korea (Yang et al., 2005, 2007b, 2010, 2012b).
Geochemically, the 224–210 Ma mafic intrusions (including diorite,
shoshonitic and tholeiitic dolerite) in the Liaodong Peninsula can be
divided into two sub-types. One has variable initial 87Sr/86Sr ratios
(0.7049–0.7153), εNd(t) (−14.5–+0.4) and εHf(t) values (−10–+6.2),
whereas the other shows low initial 87Sr/86Sr ratios (0.7049–0.7074),
εNd(t) (−13.4–−7.6) and εHf(t) values (−14–−5.6) (Fig. 14; Yang
et al., 2007b, 2012b). This implies that the Late Triassic SCLM beneath
the Liaodong Peninsula was likely characterized by the coexistence of
the juvenile and ancient lithospheric mantle (Yang et al., 2007b, 2010,
2012b). It thus had been suggested that the ancient cratonic lithospheric
mantle had been removed and replaced by juvenile (fertile) lithospheric
mantle (“decratonization”) at ca. 210 Ma due to the lithospheric delami-
nation in the Liaodong Peninsula (Yang et al., 2007b, 2010). The delami-
nation of the lithospheric mantle was caused by facies transformation of
lower crustal mafic paragneisis to eclogite or garnet clinopyroxenite dur-
ing the collision between the NCC and the Yangtze plate (Yang et al.,
2007b).

However, the absence of the Late Triassic basaltic–andesitic rocks in
the Liaodong Peninsula implies that the extent of the delaminated lith-
ospheric mantle (and/or crust) may be small. Therefore their ability to
sink was limited, and the corresponding ascending asthenospheric
column was short and unlikely melted extensively (Ducea, 2011). Be-
cause of its higher density, the delaminated ancient lithospheric mantle
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(i.e., eclogite/garnet pyroxenites) cannot be preserved in the astheno-
spheric mantle for a long term. If correct, it could not be a dominant
source of the Jurassic and Cretaceous magmatism. This is support-
ed by the preservation of isotope-enriched mantle signatures sampled
by the 155 Ma Huaziyu lamprophyres (εNd(155 Ma) = −12.1–−1.4,
87Sr/86Sr(155 Ma) = 0.7073–0.7117; Jiang et al., 2005), the 130 Ma mafic
intrusions (εNd(130 Ma) = −20–−5.4, 87Sr/86Sr(130 Ma) = 0.7056–
0.7119; Pei et al., 2011), and the 110 Ma Xiaoling lavas in the Liaodong
Peninsula (εNd(110 Ma) = −16–−8.7, 87Sr/86Sr(110 Ma) = 0.7046–
0.7055; Figs. 7, 14; Table 1).

The Huaziyu lamprophyre is the only identified case of mafic
magmatism in the Liaodong Peninsula during the Jurassic. Their
whole-rock εNd(t) values of −12.1–−1.4 were interpreted to be indic-
ative of a derivations from an enriched lithospheric mantle with the in-
volvement of asthenospheric mantle components (Jiang et al., 2005,
2010). Recent studies on the Early Cretaceous granitic rocks in this re-
gion revealed that a felsic dike of 125 Ma has positive whole-rock
εNd(t) and εHf(t) values of+4.7 and+9.3, respectively, implying a stron-
ger asthenospheric signature in the Cretaceous magmas (Yang et al.,
2008b). The subsequent asthenosphere-derived basalts were not formed
until 80 Ma in the Liaodong Peninsula (Fig. 14; Kuang et al., 2012; Liu
et al., 1993; Wang et al., 2006, 2007). It seems that increasing
asthenosphere-derived magmas were involved in the Mesozoic
magmatism with time in the Liaodong Peninsula, likely corresponding
to a progression from local to dominant upwelling of the asthenosphere.
All these information collectively suggest that in theNCC the complete re-
placement of cratonic SCLM by young, juvenile lithospheric mantle only
accomplished after the late Cretaceous (Xu, 2001). In the Liaodong case,
the lithospheric thinning encompasses at least 75 Ma (from 155 to
80Ma). Such a prolonged lithospheric thinning and replacement process
is consistent with the thermo-mechanical erosion caused by laterally
convective asthenosphere (Xu, 2001).

6. Conclusions

(i). The Xiaoling lavas, consisting of basalt, andesite and dacite, were
erupted at ca. 110 Ma in the Liaodong Peninsula, following the
magmatic climax during the destruction of the NCC. They have
a wide range of SiO2 (45–62 wt.%), MgO (1.2–9.2 wt.%) and CaO
(1.8–10 wt.%) contents, and are characterized by LILE enrich-
ment and HFSE depletion, and EM1-like Sr–Nd isotopes.
(ii). The Xiaoling lavas with relatively high-SiO2 (N54 wt.%) contents
underwent insignificant crustal contamination during magma
ascending, whereas the low-SiO2 samples (b54 wt.%) were con-
taminated by ancient, felsic lower crustal materials of the NCC.
The estimated involvement ratios of lower crustal materials in
magma body vary between 0.015 and 0.175. The least contami-
nated samples are characterized by high-MgO (N6 wt.%) and
low-SiO2 contents, and abundance of olivine phenocrysts.

(iii). Major element compositions of the Xiaoling lavas are similar to
those of partial melts of volatile-free MORB-like eclogite
at 3–5 GPa, but differ significantly from typical anhydrous
peridotite-derivedmelts. High Ni and Fe/Mn, and low Ca contents
in olivine phenocrysts are consistentwith crystallization frompar-
tial melts of a garnet pyroxenite mantle source.

(iv). The pyroxenitemantle source of the Xiaoling lavasmay have been
formed during the Archean–Palaeoproterozoic metasomatic
events, through the solid-state reaction between recycled crustal
materials and surrounding peridotite. This source was further
metasomatized by fluids from the subducted Pacific plate during
the late Mesozoic. Invasion of high water contents to the SCLM
may have considerably decreased its strength and triggered the
destruction of the NCC.
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