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Basaltic porphyries from the northeast North China craton (NCC) provide an excellent opportunity to examine the nature of
their mantle source and the secular evolution of the underlying mantle lithosphere. In addition, the study helps to constrain
the age and the mechanism of NCC lithospheric destruction. In this paper, we report geochronological, geochemical, and
Sr—Nd isotopic analyses of a suite of mafic lavas. Detailed laser ablation—inductively coupled plasma—mass spectrometry
(LA-ICP-MS) zircon U-Pb dating yielded an age of 223.3 £ 1.1 million years, which we regard as representing the crys-
tallization age of the basaltic porphyries. The bulk-rock analysed samples are enriched in both large ion lithophile elements
(LILEs) (i.e. Ba, Sr, and Pb) and light rare earth elements (LREEs), but depleted in high field strong elements (HFSEs) (i.e.
Nb, Ta, Zr, Hf, and Ti) and heavy rare earth elements (HREEs), without significant Eu anomalies (Eu/Eu* = 089-0.98). The
basaltic porphyries have undergone low degrees (~5%) of partial melting of a garnet-bearing lherzolite mantle. The rocks
display very uniform (37Sr/30Sr); (0.70557-0.70583) and negative eng (7) values (—11.9 to —10.1). These features indicate
that the western Liaoning basaltic porphyries were derived from a common enriched lithosphere mantle that had previously
been metasomatized by fluids related to subduction of Palaco-Asian sedimentary units. However, the mafic melts were not
affected to a significant degree by crustal contamination. Based on earlier studies, these findings provide new evidence that
the northeast margin of the NCC had undergone a phase of post-orogenic extensional tectonics during the Middle Triassic.
Furthermore, lithospheric thinning occurring across the northern NCC might have been initiated during Early Triassic times
and was likely controlled by the final closure of the Palaco-Asian Ocean, as well as the collision of Mongolian arc terrenes
with the NCC.

Keywords: major and trace elements; Sr—Nd isotopes; basaltic porphyries; early Mesozoic; western Liaoning Province;
northeast North China craton

resulted from considerable extension of the continental
lithosphere. According to a number of researchers, an
investigation of these rift-related mafic rocks can provide
invaluable information concerning the process of conti-
nental extension, the nature of their mantle source, and

1. Introduction

The North China Craton (NCC) is widely believed to
have undergone extensive destruction and modification
during both the Mesozoic and Cenozoic Eras (Griffin
et al. 1998; Wu et al. 2005; Xu 2001; Ji et al. 2008;
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Wu et al. 2008; Zhai 2008a, 2008b; Gao 2009; Xu et al.
2009; Zhang 2009a, 2009b; Zheng 2009; Zheng and Wu
2009; Zhu and Zheng 2009; Liu et al. 2010a). These geo-
logical activities thereby led to dramatic changes in the
structure and nature of the NCC. Specifically, the com-
position of the lithospheric mantle changed from old,
cratonic, and enriched to young, oceanic, and depleted
(Zhou et al. 2005; Zhou 2006). However, the mechanism,
timing, range, and dynamic setting of this destruction,
as well as the status of the lithosphere prior to destruc-
tion, remain contentious (Wu et al. 2008; Zheng 2009).
Mantle-derived mafic magmas that erupted across the NCC

the time—space and evolution of this area of lithosphere
mantle (e.g. Hall 1982; Windley 1984; Li et al. 1997;
Zhou et al. 1998; Liu et al. 2004, 2006). Previous stud-
ies on the Sr—Nd-Pb isotopic nature of the mafic rocks
(which are principally basalt and gabbro) in the NCC found
that the lithosphere mantle is heterogencous but regular
in terms of temporal and spatial distribution (Xu et al.
2004; Zhai et al. 2004; Zhang et al. 2004; Zhou et al.
2005; Zhai 2008b). However, most of these studies focused
only on the Luxi, Jiaodong, and Taihang Mountain regions.
Mesozoic intermediate-acid volcanic rocks are widespread
in western Liaoning Province (Zhou et al. 2001; Yang
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2007).Therefore, previous studies mainly focused on high-
Sr low-Y andesites rather than on basalts (Li ez al. 2001,
Zhang et al. 2003; Gao et al. 2004). The Mesozoic volcanic
rocks in this area can be divided into four major peri-
ods: Xinglonggou Formation (176.6 Ma), Lanqi Formation
(166-148 Ma), Yixian Formation (132-120 Ma), and
Zhanglaogong Formation (~106 Ma) (Zhang ef al. 2005a,
2006a; Yang 2007). Thus, studies of these Jurassic and
Cretaceous rocks provide an excellent opportunity to inves-
tigate the evolution of the underlying lithospheric mantle
and to present the constraints on the NCC lithosphere thin-
ning process (Yang and Li 2008). Nevertheless, detailed
studies are still required because recent studies suggested
that magmatic activities occurring in the Triassic are also
significant (Zhang et al. 2009). In this article, we pro-
vide geochronological and geochemical data on the basaltic
porphyries from western Liaoning Province of the NCC.
U-Pb dating of zircon by laser ablation—inductively cou-
pled plasma—mass spectrometry (LA-ICP-MS) methods
showed that these rocks were formed during the Middle
Triassic (223 Ma). This study will help us further inves-
tigate the properties of Mesozoic lithospheric mantle
beneath the NCC, understand the regional tectonic evolu-
tion of the lithosphere mantle, and limit the initial age and
the mechanism of the lithosphere thinning.

2. Geological background and petrology

Western Liaoning Province lies in the northern margin of
the NCC (Figure 1). This area is enveloped by the Archaean
craton in the south and the Palacozoic Xingmeng Orogenic
Belt (XMOB) to the north. The XMOB was formed
through the assemblage of the NCC and Siberian Plates. In
Palaeozoic times, northeastern China represented a collage
of three microcontinental blocks (Ye et al. 1994; Wu et al.
1995), namely, the Jiamusi Block in the east, the Songliao
Block in the centre, and the Xing’an Block in the north-
west. The three blocks are separated by the Mudanjiang and
Nenjiang Faults. Relative investigations indicated that the
assemblage of the Jiamusi and Songliao Blocks occurred
during the Silurian (HBGMR 1993). The Jiamusi—Songliao
Composite Block was accreted to the Xing’an Block along
the Nenjiang Fault during the Late Devonian and Early
Carboniferous, when the Xingmeng Orogenic Belt was
formed (Ye et al. 1994; Wu et al. 2000). Recent studies
suggested that the NCC and Xingmeng Block were
amalgamated before the Late Permian times, and then
subsequently collided with the Siberian Plate when the
Mongolia—Okhotsk Ocean closed (Zhao et al. 1990).

The NCC is one of the oldest Archaean cratons in the
world; the most ancient dating record concerning the NCC
basement can be traced to 3.8 Ga (Liu et al. 1992). Its
cratonization occurred during the early Proterozoic, and
this area was covered during the middle—late Proterozoic
and the Palaeozoic by thick sedimentary deposits (Chen

and Chen 1997). The NCC is cut by the Tan-Lu Fault
Zone, which is a strike—slip fault from Jurassic to Early
Cretaceous times (Zhu et al. 2001a), and transformed into
an extensional graben during the Late Cretaceous and
Tertiary times (Zhu et al. 2001b).

Western Liaoning developed over this Precambrian cra-
tonic area; it underwent three stages of development prior
to the Mesozoic: the crystalline basement took shape from
Archaeozoic to early Proterozoic, an aulacogen developed
during middle and late Proterozoic times, and a cratonic
stable cover developed during the Palaecozoic. The tectonic
evolution of this area was affected by the Palaeo-Asian tec-
tonic domain in early Mesozoic times, whereas it was con-
strained by the Pacific tectonic domain during the middle
and late Mesozoic (Wu ef al. 2000; Ma and Zheng 2009).

The exposed strata include the following: the Late
Jurassic Tuchengzi group (J3t), which contains argillaceous
siltstone, silty mudstone, siltstone, and multiple compo-
nent fine conglomerates; the Yixian Formation of Early
Cretaceous age, which is composed of conglomerates,
basalt, basaltic andesite, andesite, basanite, and their vol-
caniclastic equivalents; and Quaternary deposits, such as
sandy soil and sandy loam-bearing crushed stone. In addi-
tion, a variety of subvolcanic rocks (basaltic porphyrite and
andesitic porphyrite) occur within the study area (Figure 1).

The study samples are hypabyssal, basaltic porphyries.
These are grey-black, porphyritic-textured basaltic rocks
whose principal mineral content is euhedral columnar
olivine (0.5-3.0 mm, ~10%). The fine-grained ground-
mass comprises microcrystalline plagioclase (50-55%),
pyroxene (30-35%), and glass. Accessory minerals include
magnetite, zircon, and apatite.

3. Analytical methods
3.1. LA-ICP-MS U-Pb dating

Zircon was separated from a single rock sample (>40 kg)
(FSGO1) using conventional heavy liquid and magnetic
techniques at the Langfang Regional Geological Survey,
Hebei Province, China. Representative zircon grains were
handpicked under a binocular microscope, mounted in an
epoxy resin disc, and then polished and coated with a thin
film of gold. At the State Key Laboratory of Continental
Dynamics, Northwest University, China, zircons were doc-
umented with transmitted and reflected light, as well as
by cathodoluminescence (CL) methods, to reveal their
external and internal structures.

U-Pb dating of zircon was conducted with the aid
of LA-ICP-MS techniques at the State Key Laboratory
of Geological Processes and Mineral Resources, China
University of Geosciences, Wuhan. Detailed operating con-
ditions for the LA system and the ICP-MS instrument
and data reduction are given in Liu ef al. (2008a, 2010c,
2010d). An Agilent ChemStation instrument (Agilent
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Figure 1. (A) Simplified tectonic map of northeast China and the North China Craton. (B) Geological map of the study area, including

the Fangshengou sampling locality for the basaltic porphyries.

Technologies, Inc., Santa Clara, CA, USA) was utilized for
the acquisition of each individual analysis. Off-line selec-
tion and integration of background and analyte signals, as
well as time-drift correction and quantitative calibration for
trace element analyses and U-Pb dating, were performed
by ICPMSDataCal (Liu et al. 2008b, 2010c¢).

Zircon 91500 was used as an external standard for
the U-Pb dating and was analysed twice every five analy-
ses. Preferred U-Th—Pb isotopic ratios used for 91,500 are
from Wiedenbeck et al. (1995). Uncertainty of preferred
values for the external standard 91,500 was propagated
to the ultimate results of the samples. Concordia dia-
grams and weighted mean calculations were made using
Isoplot/Ex_ver3 (Ludwig 2003).

3.2. Major and trace element analyses

Twelve representative samples were collected to per-
form major and trace element determinations. Whole-rock
samples were trimmed to remove altered surfaces and were
cleaned with deionized water, crushed, and powdered with
an agate mill.

Major elements were analysed with a Axios-Advanced
X-ray fluorescence spectrometer (Axios PW4400;
PANalytical B.V., Almelo, The Netherlands) at the State
Key Laboratory of Ore Deposit Geochemistry, Institute of
Geochemistry, Chinese Academy of Sciences (IGCAS).
Fused glass discs were used and the analytical precision,
as determined based on the Chinese National Standard
GSR-3, was better than 5% (Table 1). Loss on ignition
was obtained using 1 g of powder, heated to 1100°C
for 1 h.

Trace elements were analysed using a Sciex ELAN
6000 ICP-MS (PerkinElmer, Inc., Waltham, MA, USA)
at the IGCAS, China. The powdered samples (50 mg)
were dissolved in high-pressure Teflon bombs using a
HF+HNO3; mixture for 48 h at approximately 190°C (Qi
and Conrad Grégoire 2002). Rh was used as an internal
standard to monitor signal drift during counting. The inter-
national standard, GBPG-1, was used for analytical quality
control. The analytical precision was generally better than
5% for all elements. Analyses of international standards
OU-6 and GBPG-1 are in agreement with recommended
values (Table 2).
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3.3. Sr-Nd isotopic analyses

Whole-rock Sr—Nd isotopic data were obtained using
a Finnigan Triton multi-collector mass spectrometer
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) at the
State Key Laboratory of Geological Processes and Mineral
Resources, China University of Geosciences, Wuhan. Sr
and Nd isotopic fractionations were corrected to 86Sr/®8
Sr = 0.1194 and '°Nd/'"*Nd = 0.7219, respectively.
During the period of analysis, the NBS987 standard yielded
an average 87Sr/%Sr value of 0.710215 + 10 (20) and the
La Jolla standard gave an average '“*Nd/!**Nd value of
0.511837 & 1 (20). Total procedural Sr and Nd blanks were
<4 ng and <1 ng, respectively. Details of the analytical
methodology applied are given in Zhang et al. (2004).

4. Results
4.1. Zircon U-Pb dating

Sufficient zircon grains were selected from the basaltic por-
phyry (FSGO1) for the analysis. The grains are euhedral,
colourless, transparent, and mostly elongate-prismatic,
ranging up to 100 um in diameter. Most zircons exhibit
oscillatory or planar zoning under CL excitation, a typical
feature of magmatic zircon. Selected zircon CL images are
given in Figure 2. The zircon samples have variable abun-
dances of Th (247-1,336 ppm) and U (352-814 ppm) and
provide Th/U ratios of 0.7-1.64 (Table 3). These data fur-
ther showed a magmatic origin for these zircons. The U-Pb

zircon dates for these samples are presented in Table 3.
Analyses of zircon grains with oscillatory structures were
concordant and yielded a weighted mean 2°°Pb/238U age
of 223.3 £+ 1.1 million years (see Figure 2). This age
was interpreted as the crystallization age of the basaltic
porphyries.

4.2. Major and trace elements

The major element concentrations of the studied basaltic
porphyries are listed in Table 1. They exhibit low SiO;
(49.41-50.79 wt.% oxide) and relatively high alkali con-
tents (Na;O + KO = 4.92-5.29 wt.% oxides). In the
total alkali-silica diagram (Figure 3), all the volcanic rock
samples fall within the field of the alkaline rock series.
Moreover, the volcanic rocks are characterized by high con-
centrations of MgO (7.75-8.23%, Mg# = 60-61). Positive
correlations were observed in the plots of MgO versus
P,0s, Cr, and Ni, whereas negative correlations were
observed in the plots of MgO versus SiO, TiO,, CaO, and
Zr. In addition, MgO and Al,O3 display a weak negative
correlation.

The trace element compositions of the samples are pre-
sented in Table 2. Total REE ranges from 177 to 212 ppm.
All samples are characterized by significant enrichment
in light rare earth elements (LREEs) and strong deple-
tion in heavy rare earth elements (HREEs) with (La/Yb)y
= 19.1-22.4. The samples lack significant Eu anomalies
(Eu/Eu* = 089-0.98) (Figure 4A). The basaltic porphyries
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Mean=223.3 =1.1 Ma 95% conf.
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Figure 2. Representative cathodoluminescence images and LA-ICP-MS U-Pb Concordia diagrams for zircon grains from the basaltic
porphyry samples (FSGO1). Note: LA-ICP-MS, laser ablation—inductively coupled plasma—mass spectrometry.
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Figure 3. Total alkali-silica diagram for the Fangshengou
basaltic porphyries.

have high Cr (203-283 ppm), Co (45.9-53.4 ppm), and Ni
(161-196 ppm) contents, consistent with their high MgO
contents. In addition, when plotted on primitive mantle nor-
malized multi-element diagrams (Figure 4B), the samples
exhibit Sr and Ba enrichment, as well as Nb, Ta, Zr, Hf, and
Ti depletion.

4.3. Sr-Nd isotope

Isotopic data for whole-rock Sr and Nd were obtained
from representative basaltic porphyry samples (Table 4).
The rock samples display very uniform 37Sr/30Sr ratios
ranging from 0.705633 to 0.705904, with initial 87Sr/%0Sr
values of 0.705568-0.705827. Moreover, the rocks show
only minor variations, as well as low initial '**Nd/!*Nd
= 0.511740-0.511831 and eng (¥) = —-11.9 to —10.1.
Nd isotopic model age (7pm) is an important param-
eter related to Nd isotopic characteristics. Considering
the different degrees of Sm/Nd fractionation, researchers
generally accept that only when the value of f'sm/Ng =
—0.5 to —0.2 can the model age be considered effec-
tive and have geological meaning (Wu ef al. 1997). The
Nd isotopic model ages of the basaltic porphyries range
from 1.67 to 1.81 thousand million years, and their cor-
responding f'sm/Nd vary between —0.46 and —0.43. The
results showed that the aforementioned model ages are
effective, and they indicated dates relating to the palaeo-
Mesoproterozoic.

Previous geochemical studies of mantle-derived
magma and deeply derived xenoliths from the NCC clearly
demonstrated that the lithospheric mantle is enriched from
the Palaeozoic to Mesozoic (Wang et al. 1996; Yan et al.
2000; Zhou et al. 2001). Therefore, the Nd isotopic model
ages are thought to record the enrichment time of the NCC
lithosphere mantle.
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400_IIIIIIIIIIIIIII_
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o
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Rb Th Nb La Pb Sr Nd Hf Eu Gd Dy Ho Yb
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Figure 4. (A) Chondrite-normalized REE patterns and (B) prim-
itive mantle-normalized multi-element diagram for the basaltic
porphyry samples (after Sun and McDonough, 1989). Note: REE,
rare earth element.

5. Discussion
5.1. Fractional crystallization

The basaltic porphyries are derived from a magma that has
undergone very low degrees of fractionation, which pre-
serves their primitive, high MgO (MgO = 7.75-8.23%,
Mg# = 60-61), Cr (203-283 ppm), Co (45.9-53.4 ppm),
and Ni (161-196 ppm) contents (Liu et al. 2008a). The pos-
itive correlations between MgO and P,Os and Cr and Ni
(Figure 5D, 5H, and 5J) suggest that minor clinopyroxene,
olivine, and apatite were involved in their fractional crys-
tallization history. A negative correlation between MgO
versus TiO, and CaO (Figure 5G and 5I) excludes signif-
icant fractionation of rutile and orthopyroxene. The weak
correlation between Al,O3 and MgO (Figure S5E) further
indicates that fractionation and/or accumulation of plagio-
clase and K-feldspar were not important; this observation
is also supported by the near-normal behaviour of Eu
(Eu/Eu* = 0.89-0.98) (Figure 4A) and by the positive Sr
anomaly (Figure 4B) exhibited.

5.2. Crustal contamination

Given that the mafic rocks were erupted within a con-
tinental environment, these mantle-derived magmas
might have been affected by crustal contamination (Mohr
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Figure 5. Selected variation diagrams of oxides and trace elements versus MgO of the studied basaltic porphyries. Correlation between
MgO and (A) SiO,, (B) K, 0, (C) Fe,03, (D) P,0s, (E) Al,O3, (F) Zr, (G) TiOy, (H) Cr, (I) CaO, and (J) Ni. Note: Ol, olivine; Cpx,
clinopyroxene; P, plagioclase; Ne, nepheline.

1987). Geochemical characteristics suggest that crustal Sr, and LREE; depletion in HFSE (Nb, Ta, Zr, Hf, and
contamination may have affected the petrogenesis of the Ti); lower Ta/La (0.02-0.03) and Nb/U ratios (24-29)
western Liaoning Province basaltic porphyries. These compared with primitive mantle (e.g. Ta/La = 0.06,
characteristics include the significant enrichment in Ba, Wood et al. 1979; Nb/U = 30, Hofmann et al. 1986); and
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negative eng(f). However, the volcanic rock samples are
characterized by depletion in Th and U relative to La in
the primitive mantle-normalized diagrams (Figure 4B),
thereby precluding significant contamination by the upper
and middle crust (Taylor and McLennan 1985). In the
(®7Sr/30Sr); versus eng(f) diagram (Figure 6), all the
samples deviate from the mantle evolution line and fall in
the region of the lower crust. Thus, a likely candidate for
the contamination may be the lower crust. Previous inves-
tigations of high-temperature and high-pressure granulites
in the NCC suggested that lower crust granulites generally
have lower Th and U than the similar granulites in other
parts of the world (Gao ef al. 1998; Liu et al. 1999).
This feature coincides with the depletion in Th and U
relative to La in the primitive mantle-normalized diagrams.
Accordingly, the Sr content in the melts will decrease
following magma differentiation because of the lower Sr
abundance of the lower crust rocks (e.g. 46—840 ppm, Jahn
and Zhang 1984). In comparison, Sr enrichment is evident
in the primitive mantle-normalized diagrams (Figure 4B).
Jahn et al. (1999) suggested that the eng(?) for the ancient
lower crust is very low (—44 to —32) (Cai et al. 2005), which
is considerably lower than that for the basaltic porphyry
samples (—11.9 to —10.1). Moreover, there is no significant
relationship between MgO and either enq(?) or (37 Sr/30Sr);
(see Figure 7), which is inconsistent with extensive contam-
ination by the lower crust. In summary, the magmatic evo-
lution of the NCC basaltic porphyries in western Liaoning
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Figure 6. Initial 87 Sr/ 86Sr versus end(?) diagram for the
Fangshengou basalt porphyries. St—Nd isotopic compositions of
the Ordovician kimberlites and mantle xenoliths in the eastern
North China Craton are from Zheng (1999), Zheng and Lu (1999),
Wu et al. (2006), and Zhang and Yang (2007). Sr—Nd isotopic
compositions of the Early Permian hornblende gabbros in the
northern NCB are from Zhang et al. (in press). MORBs and OIBs
are after Zhang et al. (2002) and the references therein. Mantle
array are from Zhang et al. (2005b). Also plotted also trends to
lower crust (after Jahn ez al. 1999). Note: MORB, mid-ocean ridge
basalt; OIB, ocean island basalt.
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Figure 7. MgO versus eng(7) (A) and initial (87Sr/30Sr) (B) dia-
grams of the Fangshengou basaltic porphyries.

Province was not significantly affected by crust contami-
nation, and the geochemical and isotopic signatures were
mainly inherited from an enriched mantle source.

5.3. Source regions and partial melting

The basaltic porphyries of the western Liaoning Province
have low SiO5 (49.41-50.79%) contents, implying that the
rocks came from an ultramafic mantle rather than from the
melting of crust (Liu ef al. 2008a). This observation is fur-
ther supported by their high Cr and Ni contents (Table 2).
Experimental petrology has shown that, with regard to the
degree of melting of basalt, melt products/resulting mag-
mas are characterized by low Mg# (<40, Rapp and Watson
1995). The MgO-rich nature (7.75-8.23%) and high Mg#
(60-61) signature of the studied basaltic porphyries indi-
cated that these rocks were derived through partial melting
of the mantle rather than of the basaltic lower crust. In addi-
tion, the negative eng(?) values (—11.9 to —10.1) (Table 4)
for the basaltic porphyry samples indicated that these
rocks originated from the partial melting of an enriched
lithospheric mantle beneath the NCC rather than from an
asthenospheric mantle, such as for mid-ocean ridge basalt.
An enriched lithospheric mantle is further supported by the
Nd isotopic model age Tpym (1.71-1.81 thousand million
years). Previous studies in the region have revealed that
the Yanshanian mafic rocks in the NCC (western Liaoning
and western Shandong) and the Dabie—Sulu orogenic belt
were similarly derived from an enriched lithosphere man-
tle. Nd isotopic model ages (7Tpvm) ranging from 1.4 to
2.0 thousand million years were obtained from these areas,
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which are consistent with those of the studied basaltic por-
phyries from the western Liaoning Province (Chen and
Chen 1997; Chen and Jahn 1998; Ma et al. 1998; Jahn et al.
1999, 2001; Fan et al. 2001; Guo et al. 2001; Zhou et al.
2001).

The REE content of basaltic rocks is chiefly controlled
by primary mantle composition and degree of partial melt-
ing (e.g. Johnson 1998; Zhao and Zhou 2007; Liu et al.
2010b). Based on their partitioning coefficients, the REE
contents are moderately incompatible during melting of
mantle peridotite (Johnson 1998); therefore, their concen-
trations and ratios are not significantly affected by mantle
depletion and fluid influx (Pearce and Peate 1995; Miinker
2000). The Yb (Dgarnet/melt = 6.6) content in primary melts
is mainly buffered by residual garnet during the melting
of mantle peridotite (Johnson 1998). Thus, the melts pro-
duced by partial melting of mantle peridotite with a garnet
residue have low Yb concentration and high LREE (e.g.
La and Sm/YD ratio); moreover, garnet has a high parti-
tion coefficient for Sm (Dgarnet/melt = 0.22) relative to La
(Dspinet/mett = 0.01) (McKenzie and O’Nions 1991), and
for Yb (Dgarnet/melt = 6.6) relative to Sm (Dgarnet/melt =
0.25) (Johnson 1998). By contrast, the partial melts from
spinel-lherzolite sources should result in a relatively flat
melting trend in terms of REE patterns defined by depleted
and enriched source compositions (Green 2006), because
spinel has similar partition coefficients for La (Dspinel/melt
= 0.01), Sm (Dspinel/melt = 0.01), and Yb (Dspinel/melt
= 0.01) (McKenzie and O’Nions 1991). In the Sm/YDb
versus Sm plot (Figure 8), the basaltic porphyry samples
exhibit higher Sm/Yb ratios for the spinel-lherzolite melt-
ing curve but lie close to those of the garnet-lherzolite
melting trend, implying a garnet—lherzolite mantle source.
Our calculations from trace element geochemistry sug-
gested that the basaltic porphyry samples were formed
from melts that underwent low-degree (~ 5%) partial
melting of the source (Figure 8). This inference is also sup-
ported by the high La/Sm (5.2-5.6) and (La/Yb)y ratios
(19.1-22.4) of these rocks because La/Sm and La/Yb are
strongly fractionated when the degree of melting is low. We
conclude that the basaltic porphyry samples from western
Liaoning Province were generated by low-degree partial
melting of an enriched, garnet-bearing lherzolite mantle
below the NCC.

5.4. Mantle metasomatism

The basaltic porphyry samples are characterized by enrich-
ment in Ba, Sr, Pb, and LREEs, but depletion in HFSEs.
This magma had not experienced extensive crustal contam-
ination. We suggest that the mantle source probably has
metasomatized by fluid. There are two main mechanisms
for the formation of fluids within the mantle: degasification
of the earth and dehydration related to the subduction of
oceanic lithosphere (Ding and Sun 2001). Previous studies
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Figure 8. Sm/Yb versus Sm diagram of the Fangshengou
basaltic porphyries.

have suggested that the contents of the LILE (i.e. Rb, K,
Sr, Ba, U, and Pb) can be intensely affected by melting
processes in the mantle wedge above a subduction zone
because these elements are strongly soluble in the fluid
phase (Regelous et al. 1997; Johnson and Plank 1999).
By contrast, the high field strength elements (i.e. Nb, Ta,
Zr, Hf, and Ti) are depleted because of their weak sol-
ubility and relative immobility in these types of fluid.
For these reasons, we conclude that the features of the
chemical traits exhibited by the basaltic porphyry sam-
ples possibly relate to subduction-type fluid metasomatism
in their source mantle. In the Mesozoic, the evolution of
western Liaoning Province was influenced by the tecton-
ics of the Palaco-Asian Ocean and the Pacific tectonic
domain. Previous studies have indicated that the Palaeo-
Asian Ocean began to subduct beneath the NCC at the start
of the early Palaecozoic, and then the northern margin of
the NCC developed into an Andean-type active continental
margin (Zhao et al. 2010). It was not until the Late Jurassic
to Early Cretaceous that the Pacific Plate began to collide
and compress with the Eurasian continent (Ren and Huang
2002), the impact of the Pacific was apparently gradual in
this area. On the basis of the timing relationships within the
study area, we propose that the mantle source of basaltic
porphyries from western Liaoning Province likely experi-
enced metasomatism by fluids derived from the subduction
of the Palaeo-Asian Plate and its entrained volcanic and
sediment load.

Rb depletion in the primitive mantle-normalized dia-
gram (Figure 4B) can be interpreted as metasomatism
of amphibole within the mantle source. Given that the
Rb/Sr ratios in amphiboles are lower than or close to the
Rb/Sr ratios (~0.03) of the primitive mantle, the pres-
ence of amphibole cannot yield whole-rock Rb/Sr ratios
higher than those of the primitive mantle (~0.03) (Ionov
et al. 1997). These results are consistent with the Rb/Sr
ratios (0.004-0.029) found in the NCC basaltic porphyry
samples.
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5.5. Petrogenesis and geodynamic significance
5.5.1. Petrogenesis

In the Palaeoproterozoic, Eastern Europe, Siberia, and the
NCC formed a unified continent, which separated during
mid- to Neoproterozoic times. The Palaco-Asian Ocean
that lay between Siberia and the NCC formed at approxi-
mately 1.4 Ga, followed by a sustained period of expansion
(Shi et al. 2004). This hypothesis is consistent with the
view of Zhao et al. (2010), who suggested that the history
of the predecessor of the Palaco-Asian Ocean (Panthalassa)
started from at least 1.35 Ga. Oceanic crust existed
in the northern NCC throughout the Palacozoic Sengor
et al. 1993). Since early Palaeozoic times (~490 Ma),
the Palaeo-Asian Ocean began its southward subduction
beneath the NCC, resulting in the development of an active
continental margin along the northern edge of the NCC
(Chen et al. 2000; Shi et al. 2004). Ni et al. (2004) reported
that eclogites from the northern Hebei Province exhibit
oceanic crust-like characteristics and that the petrogenetic
age of their original protolith lies in the early Palacozoic
(438 Ma). These findings provide further support that the
northern margin of the NCC was affected by the subduc-
tion of the Palaco-Asian Ocean from the north during the
early Palaeozoic (Tian ef al. 2007). In the middle and Late
Carboniferous, the southward subduction of the Palaeo-
Asian Oceanic Plate continued, followed by the develop-
ment of a mature, Andean-type continental margin along
the northern margin of the NCC (Xiao et al. 2003; Zhang
et al. 2006b, 2007a). Meanwhile, a great number of dior-
ite, quartz diorite, and granodiorite plutons were emplaced
into the Inner Mongolia uplift related to actively develop-
ing arc-type terranes therein (Zhang et al. 2007b, 2007c).
The time of the final closure of the Palaco-Asian Ocean is
universally recognized as of great importance, both within
the academic communities in China and globally. Although
this hypothesis is still controversial, a considerable num-
ber of supported, multi-disciplinary research endeavours
have provided support to the idea that the final collision
and amalgamation of the NCC within the Mongolian arc
terranes occurred during the Late Permian and the Early
Triassic times (Hsu et al. 1991; Wang et al. 1991; Sengor
et al. 1993; Zorin et al. 1993; Wang and Mo 1995; Chen
et al. 2000; Xiao ef al. 2003; Shang 2004; Li 2006; Miao
et al. 2007; Windley et al. 2007; Wu et al. 2007; Lin
et al. 2008; Xiao et al. 2009). The final suture for this
collision is thought to be situated along the Solon—Xilin
(Xilamulun)-Changchun—Yanji line rather than along the
Solon-Hengenshan line (Hsu ef al. 1991; Sengor et al.
1993).

Igneous rocks are widely distributed along the north-
ern margin of the NCC. These rocks were emplaced during
the Late Permian and Triassic periods. The geochronol-
ogy of mafic rocks in this area includes the following: a
whole-rock Rb—Sr isochron age for a lamprophyre vein

outcropping near Datong (229 £ 11 million years) (Shao
et al. 2003); the timing of basalt magmatic activities in
the Inner Mongolia, Kalaqin Banner (237-220 million
years) (Shao et al. 1999); and a zircon U-Pb age for the
Xiaozhangjiakou pyroxenite (220 4 5 million years) (Tian
et al. 2007). Alkaline magmatism has also been reported
(Yan et al. 2000, 2001), with the majority of these ages
between 208 and 250 million years (Chen ef al. 2008). Cai
et al. (2006) pointed out that the distribution of this early
Mesozoic belt of alkaline rocks was along the northern
margin of the NCC (i.e. between 104°-127° E longitude
and 40°—42° N latitude). Moreover, the high-precision,
isotopic ages for this suite of alkaline rocks range from
190 to 250 million years (Mu and Yan 1992; Jing et al.
1995; Yan et al. 2000; Han et al. 2004; Ren et al. 2005).
This Mesozoic alkaline belt extends for thousands of kilo-
metres along a nearly E-W trend. In this study, it has
become clear that in the western Liaoning Province the
basaltic porphyrites are relatively high alkaline; their age is
223 + 1.1 million years; and these rocks lie within the geo-
graphical location of the other alkaline rocks forming the
belt. These aforementioned authors have noted that in the
northern NCC, there occurs a mafic-ultramafic and alkaline
magmatic belt (dated at ~220 Ma) that lies roughly parallel
to the final suture of the Palaeo-Asian Ocean (i.e. Solon—
Xilin—-Changchun—Yanji line) (Chen et al. 2008). Hence,
the magmatic activities thought to be responsible for this
magmatism are believed to be closely related to the closure
of the Palaco-Asian Ocean; these activities relate all the
aforementioned magma associations and their geochemical
characters to post-collisional /post-orogenic tectonics and
extensional magmatism within the northern NCC during
early Mesozoic times (Zhao et al. 2010).

Based on the preceding discussions, the northern mar-
gin of the NCC would have experienced a phase of
post-collisional /post-orogenic extensional in the Middle
Triassic. We propose a simple model to illustrate the pet-
rogenesis of the basaltic porphyry samples from western
Liaoning Province (Figure 9). During the Palaecozoic, the
Palaco-Asian Ocean was undergoing subduction beneath
the NCC, and the lithosphere mantle was being enriched
by subduction zone fluid metasomatism (i.e. subduction
of the Palaeo-Asian sediment). During the Late Permian
and Early Triassic, with the final closure of the Palaeo-
Asian Ocean, the Mongolian arc terranes amalgamated
with the northern margin of the NCC as a result of
orogenesis, which induced thickening of the lithosphere.
In the Middle Triassic, the northern NCC evolved into
a post-collisional /post-orogenic extensional tectonic set-
ting. The characteristics of zircon Hf isotope of the
Xiaozhangjiakou ultra-mafic pluton (220 + 5 Ma) in the
northern NCC suggested that the pluton resulted from the
reaction and mixing of the enriched lithosphere mantle and
the depleted asthenospheric fluid/melt, indicating that the
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Figure 9. Illustration of tectonic evolution in the northern NCC.
(A) In the Palaeozoic, the Palaco-Asian Ocean subducted below
the NCC, thus the lithospheric mantle was ‘enriched’ by meta-
somatic subduction-derived fluids from the downgoing Palaeo-
Asian sediment. (B) In the Late Permian to Early Triassic, with
the final closure of the Palaeo-Asian Ocean, the Mongolian arc
terranes amalgamated with the northern NCC and further sub-
ducted below the NCC, thereby inducing a thickening of the
lithosphere. (C) In the Middle Triassic (~223 Ma), the northern
NCC developed into a post-orogenic extensional tectonic envi-
ronment while the high heat flow of the upwelling asthenosphere
triggered low degree partial melting (~5%) of the metasomatized
early—middle Proterozoic-enriched lithospheric mantle in the
form of a garnet-bearing lherzolite mantle source. Subsequently,
this mantle-derived magma (basaltic melting) ascended along
fractures and faults to the surface but was not significantly
affected by crustal contamination because of rapid ascent. Note:
Ol, olivine; CPx, clinoproxene; Ap, apatite; NCC, North China
Craton.

asthenosphere of the northern NCC began to rise then. The
high heat flow of the upwelling asthenosphere triggered
low-degree partial melting (~5%) of the metasomatized
early and middle Proterozoic, enriched lithospheric mantle
(garnet-bearing lherzolite) in western Liaoning Province.
Subsequently, at approximately 223 Ma, these mantle-
derived magmas ascended along fractures and faults to
the earth’s surface and were not significantly affected by
crustal contamination. This hypothesis implies that sig-
nificant extensions had occurred, thinning the lithosphere
of the northern NCC (Macdonald et al. 2001). During
upwelling, fractional crystallization of olivine, clinoprox-
ene, and apatite occurred.

5.5.2.  Tectonic implications

Studies of mantle xenoliths from Palacozoic-aged kimber-
lites, compared with Cenozoic alkali basalts, have proved
that some 80—-140 km of the ancient cratonic NCC man-
tle lithosphere was removed following the Ordovician and
was replaced by younger, less refractory lithosphere man-
tle (Menzies et al. 1993; Griffin et al. 1998; Xu 2001). This
activity may have been achieved by thermal-chemical ero-
sion (Menzies et al. 1993; Griffin et al. 1998; Xu 2001;
Zhang et al. 2005b) or post-collisional lithosphere delami-
nation (Gao ef al. 2002, 2004; Wu et al. 2003; Yang et al.
2003). However, the initiation of lithosphere thinning is
still controversial. Menzies et al. (1993) and Xu (2001)
suggested that removal was caused by indirect tectonics
resulting from the collision of India and Eurasia at 40 Ma.
Griffin et al. (1998) further suggested that lithosphere
thinning occurred during the Late Jurassic and Eocene,
possibly associated with Mesozoic and Cenozoic subduc-
tion. Gao et al. (2002) proposed that there was Jurassic
lithosphere delamination following collision between the
NCC and the Yangtze Craton.

The formation of the basaltic porphyries, as revealed
in the current study, showed that lithosphere thinning in
western Liaoning province started in the Middle Triassic
(~223 Ma). Zhang et al. (2009, 2010) implied that the
enriched lithosphere mantle in the northern NCC under-
went multiple phase deformations before the Triassic, and
that the characteristic of the lithosphere mantle became
gradually depleted in the Late Triassic. The involvement of
the asthenospheric mantle material obviously became sig-
nificant, indicating that the onset of lithosphere thinning in
the northern NCC likely occurred during the Early and Late
Triassic. Moreover, the magmatic belt (mainly mafic and
alkali rocks) of Triassic age, which is distributed parallel to
the suture of the Palaco-Asian Ocean, suggested that litho-
sphere thinning in the northern NCC was controlled by the
final closure of the Palaco-Asian Ocean and the subsequent
collision of the Mongolian arc terranes and the NCC.

6. Conclusions

On the basis of geochronological, geochemical, and Sr—Nd
isotopic analyses, we draw the following conclusions:

(1) U-Pb dating of zircons indicates that the basaltic
porphyries were formed at 2233 £+ 1.1 Ma.
These rocks are the result of post-collisional /post-
orogenic magmatism.

(2) Analytical results further suggest that the basaltic
porphyries were derived from a common enriched
lithosphere mantle that was metasomatized by sub-
duction zone-type fluids related to the entrained
Palaco-Asian sediment undergoing active sub-
duction beneath the NCC mantle lithosphere.
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The parental melts to the western Liaoning
Province basaltic porphyries were generated from
this enriched lithospheric mantle and subsequently
underwent fractional crystallization of olivine,
clinopyroxene, and apatite. This magma was not
significantly affected by crustal contamination.

(3) We propose that lithosphere thinning throughout
the northern NCC occurred during the Early and
Late Triassic, controlled by the final closure of the
Palaeo-Asian Ocean and the subsequent collision
of Mongolian arc terranes against the NCC.
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