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Abstract

Lithospheric thinning beneath the eastern North China Craton is widely recognized, but the mechanism and timing of the
thinning are contentious. New data on peridotitic xenoliths from the Cretaceous (�100 Ma) Fuxin basalts at the northern
edge of the craton have been integrated with data from other localities across the craton, to provide an overview of the pro-
cesses involved. The Fuxin peridotite xenoliths can be subdivided into three types, which can also be recognized in other
xenolith suites across the craton. The dominant Type 1, lherzolites with olivine Mg# �90, represents fertile mantle (5–12%
partial-melt extraction) that makes up much of the Late Mesozoic–Cenozoic lithosphere beneath the craton. Type 2 consists
of magnesian (olivine Mg# >92) harzburgites, interpreted as shallow relics of the Archean cratonic mantle. Type 3, minor
lherzolite xenoliths with olivine Mg# �86 reflect the interaction of the lithosphere with magmas similar to the host basalts.
In-situ Re–Os data on sulfides in xenoliths from Hebi (4 Ma, interior of the craton) and Hannuoba (22 Ma, northern edge
of the Trans-North China Orogen within the craton) basalts give model ages of 3.1–3.0, 2.5, 2.2–2.1, 1.4 and 0.8 Ga, These
correspond to the U–Pb ages of zircons from early Mesozoic (178 Ma) peridotitic xenoliths at the southern margin of the
craton, and record events during which the Archean lithospheric mantle was modified. The dominance of fertile peridotite
xenoliths in the 100 Ma Fuxin basalts indicates that the mantle replacement beneath the eastern North China Craton at least
partly took place before that time. The regional synthesis suggests that Mesozoic–Cenozoic lithospheric thinning and mantle
replacement was heterogeneously distributed across the North China Craton in space and time. Lateral spreading of the
lithosphere, accompanied by asthenospheric upwelling and melt–peridotite interaction, is the most probable mechanism for
the lithospheric thinning beneath the eastern part of the craton. Subsequent cooling of the upwelled asthenosphere caused some
re-thickening of the lithosphere; this overall more fertile and hence denser lithosphere resulted in widespread basin formation.
� 2007 Elsevier Ltd. All rights reserved.
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1. INTRODUCTION

Refractory mantle roots, often preserved beneath cratons
due to their inherent buoyancy and high viscosity (Griffin
et al., 1999b), can be modified or even finally replaced by
more fertile materials through asthenosphere–lithosphere
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Fig. 1. Locations of some peridotite outcrops and xenolith-bearing igneous rocks in eastern North China. Data in brackets represent the
eruption ages of the xenolith-bearing rocks. NCC, North China Craton; CCSD-pp1, pre-pilot hole of the Chinese Continental Scientific
Drilling Project in the Sulu ultrahigh-high pressure (UHP) terrane; NSGL, North–South Gravity Lineament; T.L. Fault, Tan-Lu
translithospheric fault zone.
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interaction (Zheng, 1999; O’Reilly et al., 2001). The North
China Craton (NCC) is one of the major Archean cratons
in eastern Eurasia and contains rocks P3.6 Ga old (Liu
et al., 1992; Zheng et al., 2004a). Peridotite xenoliths from
Paleozoic diamond-bearing kimberlites within the craton
represent samples of an ancient refractory mantle litho-
sphere which was thick (ca. 200 km) and cold (geotherm
ca. 40 mW/m2) at least up to mid-Ordovician time (Zheng
and Lu, 1999). In contrast, peridotites from basalts erupted
at 674 Ma show a thin (<90 km), hot (mean geotherm ca.
80 mW/m2) and compositionally heterogeneous lithosphere
beneath the same area (Xu et al., 1995a, 1998; Zheng et al.,
1998, 2001; Chen et al., 2001). These observations suggest
that more than 100 km of cratonic lithosphere was removed
or strongly modified during late Mesozoic–Cenozoic time
(Fan and Menzies, 1992; Griffin et al., 1992, 1998b; Menzies
et al., 1993; Zheng, 1999; Gao et al., 2002; Zhang et al.,
2004, 2007a). The mechanism of lithospheric thinning has
been interpreted in terms of either asthenospheric erosion
(Griffin et al., 1992, 1998b; Menzies and Xu, 1998; Xu
et al., 1998; Zheng et al., 1998; Fan et al., 2001; Xu, 2001,
2007) or lithospheric delamination (Wu et al., 2003; Deng
et al., 2004; Gao et al., 2004). The initiation of the thinning
process has been considered as Early Mesozoic (Zheng
et al., 2006a), Late Mesozoic (Xu, 2001; Menzies et al.,
2007) or Tertiary (Menzies et al., 1993).
Here we present detailed petrography and mineral chem-
istry data for a series of peridotitic xenoliths from the Cre-
taceous (�100 Ma) Fuxin alkali basalts at the northern
edge of the North China Craton (Fig. 1). In-situ Re–Os dat-
ing of sulfides in peridotite xenoliths from the Hebi and
Hannuoba localities is also presented. To place these data
in a regional context, we review published compositional
data for peridotitic xenoliths from Paleozoic (457–
500 Ma, Mengyin and Fuxian), early Mesozoic (178 Ma,
Xinyang), late Mesozoic (�70 Ma, Jiaozhou and Junan)
and Cenozoic (<22 Ma, Hannuoba, Shanwang, Qixia,
Hebi, Huinan, Nushan and Kuandian) localities within
the craton, and for Triassic (�220 Ma) peridotite massifs
(CCSD-pp1) in the Sulu ultrahigh-pressure (UHP) belt
along the southern edge of the craton. Our aims are: (1)
to characterize the nature of the lithospheric mantle be-
neath the craton from Paleozoic to Cenozoic time and (2)
to constrain the mechanism, initiation and progress of
lithospheric modification and replacement beneath the east-
ern North China Craton.

2. GEOLOGICAL SETTING AND PETROGRAPHY

The North China Craton (NCC) is bounded by the
Xing-Meng Orogen on the north and the Dabie–Sulu Oro-
gen on the south (Fig. 1). The oldest known rocks are



Table 1
Microstructure and mode of the Fuxin peridotite xenoliths from the North China Craton

Type Sample Rock Microstructure Mg# in Ol Cr# in Sp F (%) Mode (%)

Ol Opx Cpx Sp

Type 1 JG6 Spinel lherzolite Porphyroclastic 90.7 26.5 10.7 61.0 31.2 6.3 1.5
JG17 Spinel lherzolite Porphyroclastic 90.3 34.5 13.4 60.5 32.6 5.8 1.1
JG18 Spinel lherzolite Porphyroclastic 90.3 29.5 11.8 59.7 31.4 5.6 3.3
JG19 Spinel lherzolite Porphyroclastic 90.1 (C)–86.7 (R) 18.5 7.1 57.1 28.6 11.2 3.1
JG20 Spinel lherzolite Porphyroclastic 90.3 14.7 4.8 61.2 33.2 5.2 0.4
JG26 Spinel lherzolite Porphyroclastic 90.5 28.5 11.4 58.4 34.8 5.6 1.2
JG27 Spinel lherzolite Porphyroclastic 90.5 28.5 11.4 59.1 29.4 8.6 2.9
JG28 Spinel lherzolite Porphyroclastic 90.4 29.4 11.8 59.3 31.7 6.3 2.7
JG29 Spinel lherzolite Porphyroclastic 90.2 14.7 4.8 58.7 31.3 7.9 2.1
JG15 Spinel dunite Coarse 88.9 49.5 17.0 98.3 1.7

Type 2 JG23 Spinel harzburgite Coarse 92.2 58.7 18.7 68.2 31.6 Free 0.2
JG32 Spinel harzburgite Coarse 92.1 58.8 18.7 65.8 33.9 Free 0.3

Type 3 JG10 Spinel lherzolite Porphyroclastic 86.5 39.0 14.6 55.7 28.8 12.4 3.1
JG12 Lherzolite Porphyroclastic 84.4 60.3 31.0 8.7
JG13-1 Spinel lherzolite Porphyroclastic 86.0 38.8 14.5 58.2 29.8 9.7 2.3
JG13-2 Spinel lherzolite Porphyroclastic 86.4 59.0 32.3 8.7

Hebi (n = 32) High Mg Sp harzburgite Main coarse 92.1 (91.3–92.8)a 55.0 (45.9–63.0) 17.8 (16.2–19.4) 71.8 (58.2–85.5) 26.8 (15.3–40.8) 3.1 (0.5–6.4) 1.2 (0.0–5.0)
Hebi (n = 3) Low Mg Sp lherzolite Main coarse 90.1 (88.6–90.4) 23.5(20.3–26.8) 9.5 (8.1–10.8) 70.2 (65.1–83.0) 27.8 (16.5–33.5) 10.1 (5.8–16.5) 1.1 (0.5–1.5)
TLFZ (n = 49) Sp–Gnt lherzolite Fine-porphyroclastic 89.4 (87.4–90.6) 16.5 (11.0–23.0) 5.6 (1.2–9.3) 63.6 (38.0–82.3) 24.3 (6.8–38.2) 8.2 (3.4–19.5) 2.7 (0.6–5.5)

Hebi, high: Mg# group, refractory mantle in the Archean North China Craton (Zheng et al., 2001).
TLFZ, translithospheric fault zone areas including Shanwang (Zheng et al., 1998) and Nushan (Xu et al., 1998) in the Tanlu fault within the North China Craton.
C, core; R, rim; F (%), calculated after the method of Hellebrand et al. (2001).

a Average (range).
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Fig. 2. Back-scattered electron images of multi-phase inclusions in
the Hebi peridotites. Circles show location of Re–Os analyses.
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P3.6 Ga old (Liu et al., 1992; Zheng et al., 2004a), and the
craton underwent a series of tectonic events in the late Ar-
chean and Paleoproterozoic (Zheng et al., 2004b); it was
stabilized in the late Paleoproterozoic following collision
of the Eastern and the Western Blocks (Zhao et al., 1999)
along the Trans-North China Orogen. After this, the
NCC was magmatically and tectonically quiescent until
the eruption of the Fuxian and Mengyin kimberlites in
the middle Ordovician (Lu et al., 1998). Late Ordovician
to middle Carboniferous sedimentary rocks are absent,
indicating uplift and erosion of the craton during this per-
iod. In early Mesozoic time, subduction and collision of
the Yangtze Craton formed the Qinling–Dabie–Sulu Oro-
gen along the southern margin of the NCC. Since late
Mesozoic time the region has been tectonically reactivated,
as evidenced by widespread intra-plate volcanism and the
development of large sedimentary basins (Ren et al.,
2002), both of which reflect the lithospheric modification
discussed here.

The NCC is divided into two parts by a North–South
Gravity Line (NSGL) running approximately parallel to,
and about 400 km west of, the translithospheric Tan-Lu
fault zone, a major wrench fault system that cuts through
the eastern part of the NCC (Xu et al., 1987) and extends
deep into the subcontinental lithospheric mantle (SCLM).
East of the NSGL, the craton is characterized by a thin
crust and lithosphere, high heat flow and weak negative
to positive regional Bouguer anomalies. West of the NSGL,
the craton is characterized by thick crust and lithosphere,
low heat flow and strong negative Bouguer gravity anoma-
lies (Yuan, 1996).

Basalts with peridotitic xenoliths occur at Jianguo vil-
lage, about 30 km northeast of Fuxin City in Liaoning
Province. They are alkali basalts with whole-rock K–Ar
ages of �100 Ma (Xu et al., 1999; Wang et al., 2002; Zhang
and Zheng, 2003). Peridotite xenoliths are angular and
small (2–2.5 cm across). The microstructural terms used
to describe the peridotites in this work are after Harte
(1977). The modal mineralogy of the peridotites was deter-
mined by counting more than 1000 points in each section
(Table 1) and the rocks were classified using the IUGS
scheme (Le Maitre, 1982). These xenoliths are dominantly
porphyroclastic lherzolites with minor coarse-grained harz-
burgites (JG23 and JG32) and dunite (JG15). No datable
sulfide was found in our collections (more than 40 samples).

The peridotitic xenoliths from the Hebi basalts (4 Ma)
are highly refractory harzburgite and Cpx-poor lherzolite
(high-Mg group) with minor transitional and fertile samples
(low-Mg group). The high-Mg group has been interpreted
as shallow relics of the Archean cratonic mantle, and the
low-Mg group as newly accreted lithosphere (Zheng et al.,
2001). Samples Hb028 and Hb003 from the locality are
harzburgite with coarse-grained and porphyroclastic micro-
structures, respectively. Three-phase inclusions containing
sulfides, silicates and their intergrowths (Fig. 2a), and
two-phase inclusions of sulfide and silicate (Fig. 2b), were
found in samples Hb028 (olivine Mg# = 92.8) and Hb003
(olivine Mg# = 92.2), respectively.

Among the well-studied peridotitic suites from eastern
North China Craton (Fig. 1), the Shanwang and Nushan
xenoliths are associated with the deep translithospheric
Tan-Lu faults (grouped as TLFZ). The SCLM beneath this
area is dominantly fertile in character (Xu et al., 1998;
Zheng et al., 2005a, 2006a) and has been interpreted as
material that replaced the older lithosphere through exten-
sion, thermal erosion and melt-related metasomatism along
the faults in Phanerozoic time (Zheng et al., 1998). The
Hebi locality is located near the Gravity Gradient Zone
(NSGL), but away from any active fault. The refractory
mantle beneath this area has been interpreted as a shallow
relic of Archean lithosphere (Zheng et al., 2001, 2005a).
These two regions can serve as ‘‘end members’’ on a regio-
nal scale for geochemical comparisons with the Fuxin man-
tle peridotites and other suites.

3. ANALYTICAL METHODS

3.1. Major elements of silicates

Major-element analyses of minerals were carried out at
Macquarie University on a Cameca SX50 electron micro-
probe (EMP), fitted with five crystal spectrometers, using
an accelerating voltage of 15 kV and a sample current of
20 nA. The width of the electron beam was 5 lm. Standards
were natural minerals and matrix corrections were done
after the method of Pouchou and Pichoir (1984). Counting



Table 2
Electron microprobe analyses (wt%) of minerals from the Fuxin peridotite xenoliths

Type: Type 1

Sample: JG6 JG17 JG18 JG19 JG20 JG26 JG27
Rock: Spinel lherzolite Spinel lherzolite Spinel lherzolite Spinel lherzolite Spinel lherzolite Spinel lherzolite Spinel lherzolite

Mineral: Ol Opx Cpx Sp Ol Opx Cpx Sp Ol Opx Cpx Sp Ol Ol Opx Cpx Cpx Sp Ol Opx Cpx Sp Ol Opx Cpx Sp Ol Opx Cpx Sp
Points: 5 5 5 5 5 5 5 5 5 5 5 5 Core Rim 5 core rim 5 5 5 5 5 5 5 5 5 5 5 5 5

SiO2 40.9 55.9 52.1 0.05 41.1 56.1 54.1 0.07 40.7 55.9 51.9 0.02 40.0 39.5 55.1 52.3 52.0 0.18 40.3 55.5 52.4 0.06 40.2 55.9 52.2 0.13 40.8 55.4 52.6 0.06
TiO2 0.01 0.07 0.22 0.14 0.01 0.18 0.43 0.36 0.03 0.07 0.32 0.44 0.01 0.02 0.07 0.27 0.34 0.14 0.01 0.07 0.28 0.13 0.00 0.08 0.17 0.11 0.00 0.09 0.18 0.18
Al2O3 0.00 3.31 4.41 43.4 0.01 2.84 0.84 37.3 0.04 3.07 4.67 38.7 0.02 0.02 3.97 3.29 5.52 49.4 0.02 3.10 4.27 52.9 0.04 3.25 4.21 42.3 0.02 3.29 4.63 41.6
Cr2O3 0.04 0.68 1.01 23.3 0.02 0.49 0.84 29.3 0.02 0.41 1.05 24.1 0.01 0.02 0.48 0.92 1.04 17.2 0.00 0.55 0.95 13.6 0.50 0.63 0.94 25.2 0.00 0.50 1.17 24.8
FeO 9.21 5.89 2.93 16.1 9.40 5.96 4.00 15.4 9.55 6.06 2.93 19.6 9.69 12.8 6.35 2.93 3.03 12.3 9.46 6.23 3.04 11.8 9.26 5.86 2.77 13.1 9.24 6.15 2.72 13.2
MnO 0.13 0.13 0.01 0.00 0.15 0.13 0.08 0.00 0.26 0.14 0.08 0.00 0.14 0.24 0.16 0.08 0.07 0.00 0.16 0.12 0.08 0.00 0.11 0.17 0.08 0.00 0.14 0.15 0.02 0.00
MgO 50.1 33.5 15.8 16.9 49.3 33.9 18.8 17.4 49.7 33.6 16.0 15.6 49.6 46.8 33.2 16.6 15.9 19.8 49.6 33.4 16.1 20.2 49.3 33.7 16.0 18.4 49.4 33.6 16.2 18.2
CaO 0.07 0.80 21.6 0.01 0.06 0.79 20.2 0.00 0.07 0.97 21.6 0.03 0.12 0.21 0.85 23.0 20.8 0.05 0.09 0.87 21.6 0.01 0.13 0.86 21.7 0.01 0.11 1.00 21.16 0.00
Na2O 0.00 0.07 1.01 0.00 0.00 0.06 0.61 0.02 0.00 0.08 1.02 0.02 0.02 0.01 0.09 0.41 1.27 0.02 0.00 0.07 1.00 0.02 0.00 0.09 1.02 0.00 0.00 0.10 1.12 0.01
K2O 0.00 0.00 0.00 0.00 0.02 0.01 0.03 0.00 0.01 0.00 0.00 0.02 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.02 0.01 0.01 0.02 0.00 0.00 0.01 0.00 0.03
NiO 0.27 0.10 0.00 0.29 0.47 0.12 0.02 0.22 0.47 0.00 0.00 0.29 0.48 0.30 0.16 0.00 0.12 0.42 0.39 0.13 0.02 0.35 0.44 0.11 0.03 0.33 0.40 0.11 0.10 0.21
Total 100.8 100.5 99.0 100.2 100.5 100.6 100.0 100.1 100.9 100.3 99.5 98.8 100.1 99.9 100.4 99.8 100.0 99.5 100.0 100.1 99.8 99.1 100.0 100.6 99.2 99.6 100.1 100.4 100.0 98.2

[O] = 4 6 6 4 4 6 6 4 4 6 6 4 4 4 6 6 6 4 4 6 6 4 4 6 6 4 4 6 6 4
Si 0.993 1.922 1.910 0.001 1.002 1.926 1.967 0.002 0.992 1.924 1.896 0.001 0.984 0.986 1.900 1.912 1.887 0.005 0.989 1.920 1.910 0.002 0.987 1.918 1.913 0.004 0.997 1.910 1.909 0.002
Al 0.000 0.134 0.191 1.425 0.000 0.115 0.036 1.253 0.001 0.125 0.201 1.325 0.000 0.001 0.161 0.142 0.236 1.570 0.001 0.126 0.183 1.661 0.001 0.131 0.182 1.388 0.000 0.134 0.198 1.385
Ti 0.000 0.002 0.006 0.003 0.000 0.005 0.012 0.008 0.001 0.002 0.009 0.010 0.000 0.000 0.002 0.008 0.009 0.003 0.000 0.002 0.008 0.003 0.000 0.002 0.005 0.002 0.000 0.002 0.005 0.004
Cr 0.001 0.018 0.029 0.514 0.000 0.013 0.024 0.661 0.000 0.011 0.030 0.554 0.000 0.000 0.013 0.027 0.030 0.366 0.000 0.015 0.027 0.286 0.010 0.017 0.027 0.555 0.000 0.014 0.034 0.553
Fe 0.187 0.169 0.090 0.376 0.192 0.171 0.122 0.366 0.194 0.175 0.089 0.476 0.199 0.267 0.183 0.090 0.092 0.278 0.194 0.180 0.093 0.262 0.190 0.168 0.085 0.305 0.189 0.177 0.083 0.311
Mn 0.003 0.004 0.000 0.000 0.003 0.004 0.002 0.000 0.005 0.004 0.002 0.000 0.003 0.005 0.005 0.003 0.002 0.000 0.003 0.003 0.002 0.000 0.002 0.005 0.002 0.000 0.003 0.004 0.001 0.000
Mg 1.815 1.717 0.863 0.701 1.790 1.736 1.021 0.738 1.803 1.727 0.871 0.675 1.815 1.741 1.708 0.903 0.860 0.793 1.813 1.722 0.875 0.801 1.806 1.725 0.874 0.761 1.802 1.730 0.878 0.766
Ca 0.002 0.029 0.850 0.000 0.002 0.029 0.785 0.000 0.002 0.036 0.844 0.001 0.003 0.006 0.031 0.899 0.807 0.001 0.002 0.032 0.842 0.000 0.003 0.032 0.852 0.000 0.003 0.037 0.822 0.000
Na 0.000 0.005 0.072 0.000 0.000 0.004 0.043 0.001 0.000 0.005 0.072 0.001 0.001 0.001 0.006 0.029 0.090 0.001 0.000 0.005 0.071 0.001 0.000 0.006 0.072 0.000 0.000 0.007 0.079 0.000
K 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.001
Ni 0.005 0.003 0.000 0.006 0.009 0.003 0.000 0.005 0.009 0.000 0.000 0.007 0.009 0.006 0.004 0.000 0.003 0.009 0.008 0.004 0.000 0.008 0.009 0.003 0.001 0.007 0.008 0.003 0.003 0.005
Sum 3.01 4.00 4.01 3.03 3.00 4.01 4.01 3.03 3.01 4.01 4.02 3.05 3.02 3.01 4.01 4.01 4.02 3.03 3.01 4.01 4.01 3.02 3.01 4.01 4.01 3.02 3.00 4.02 4.01 3.03

Mg# 90.7 91.0 90.6 65.1 90.3 91.0 89.4 66.9 90.3 90.8 90.7 58.6 90.1 86.7 90.3 91.0 90.4 74.1 90.3 90.5 90.4 75.3 90.5 91.1 91.2 71.4 90.5 90.7 91.4 71.1
Cr# 13.3 26.5 40.1 34.5 13.1 29.5 15.8 11.2 18.9 13.0 14.7 13.1 28.5 14.5 28.5

(continued on next page)
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Table 2 (continued)

Type: Type 1 Type 2 Type 3

Sample: JG28 JG29 JG15 JG23 JG32 JG10 JG12 JG13-1 JG13-2
Rock: Spinel

lherzolite
Spinel
lherzolite

Spinel
dunite

Spinel
harzburgite

Spinel
harzburgite

Spinel
lherzolite

Lherzolite Spinel
lherzolite

Spinel
lherzolite

Mineral: Ol Opx Cpx Cpx Sp Ol Opx Cpx Sp Ol Sp Ol Opx Sp Ol Opx Sp Ol Opx Cpx Sp Ol Opx Cpx Ol Opx Cpx Sp Ol Opx Cpx
Points: 5 5 Core Rim 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5

SiO2 41.0 55.3 52.8 52.7 0.07 40.6 55.2 52.0 0.0 40.5 0.18 41.2 57.4 0.85 40.9 57.1 0.17 39.9 55.0 52.4 0.10 39.4 55.0 52.0 39.9 54.9 52.1 0.04 40.1 54.9 52.4
TiO2 0.00 0.09 0.16 0.22 0.14 0.00 0.04 0.25 0.08 0.04 0.47 0.02 0.06 0.40 0.00 0.06 0.41 0.01 0.11 0.23 0.32 0.00 0.11 0.19 0.03 0.08 0.10 0.28 0.00 0.08 0.28
Al2O3 0.04 3.22 2.57 4.61 41.2 0.00 4.01 5.17 53.4 0.01 26.3 0.00 1.67 21.6 0.01 1.67 21.5 0.02 2.43 3.50 31.2 0.06 2.98 4.51 0.02 2.62 3.73 31.1 0.02 2.93 4.00
Cr2O3 0.03 0.57 1.42 1.04 25.6 0.00 0.37 0.79 13.7 0.02 38.9 0.02 0.50 45.7 0.02 0.50 45.6 0.01 0.42 0.78 29.7 0.03 0.50 1.29 0.03 0.42 0.85 29.4 0.02 0.16 0.31
FeO 9.44 6.07 2.48 3.14 13.8 9.54 6.33 2.78 12.1 10.8 19.2 7.63 4.86 13.9 7.79 5.18 14.6 12.8 8.46 3.88 23.0 14.7 8.85 3.17 13.3 8.94 4.43 23.4 13.1 8.34 4.22
MnO 0.19 0.13 0.03 0.11 0.00 0.11 0.14 0.14 0.00 0.09 0.00 0.13 0.14 0.00 0.10 0.03 0.00 0.26 0.17 0.07 0.00 0.22 0.26 0.09 0.14 0.17 0.11 0.00 0.17 0.19 0.06
MgO 49.6 33.5 16.9 16.6 18.2 49.5 33.7 16.0 20.5 48.5 15.1 50.7 35.1 15.6 50.8 35.2 15.6 46.0 31.8 16.1 14.2 44.7 31.4 15.8 45.8 32.0 15.5 13.9 46.8 32.2 16.1
CaO 0.12 0.93 23.1 20.9 0.00 0.09 0.83 21.9 0.00 0.09 0.03 0.05 0.82 0.14 0.02 0.79 0.03 0.09 0.85 21.1 0.03 0.13 0.85 21.1 0.06 0.75 21.2 0.02 0.08 0.88 21.3
Na2O 0.03 0.09 0.49 1.16 0.00 0.01 0.04 0.92 0.02 0.02 0.01 0.00 0.07 0.02 0.01 0.05 0.02 0.00 0.06 1.02 0.00 0.01 0.09 1.26 0.00 0.05 1.03 0.02 0.01 0.05 0.92
K2O 0.03 0.00 0.02 0.00 0.02 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.02 0.00 0.02 0.00 0.01 0.02 0.01 0.00 0.00 0.00 0.02 0.00 0.00 0.01 0.01 0.00 0.00 0.02 0.00
NiO 0.43 0.10 0.06 0.04 0.36 0.50 0.11 0.08 0.29 0.67 0.28 0.69 0.06 0.20 0.40 0.08 0.32 0.27 0.05 0.05 0.27 0.30 0.08 0.02 0.40 0.12 0.00 0.25 0.19 0.09 0.03
Total 100.9 100.0 100.0 100.5 99.4 100.4 100.8 99.9 100.1 100.7 100.4 100.4 100.7 98.5 100.1 100.7 98.2 99.5 99.3 99.2 98.9 99.6 100.2 99.4 99.7 100.1 99.0 98.5 100.5 99.8 99.5

[O] = 4 6 6 6 4 4 6 6 4 4 4 4 6 4 4 6 4 4 6 6 4 4 6 6 4 6 6 4 4 6 6
Si 0.996 1.914 1.925 1.902 0.002 0.992 1.897 1.889 0.001 0.993 0.005 0.998 1.958 0.026 0.995 1.951 0.005 0.999 1.934 1.927 0.003 0.995 1.924 1.903 0.999 1.922 1.923 0.001 0.994 1.921 1.918
Al 0.001 0.131 0.110 0.196 1.363 0.000 0.162 0.221 1.658 0.000 0.936 0.000 0.067 0.783 0.000 0.067 0.786 0.001 0.101 0.152 1.117 0.002 0.123 0.195 0.000 0.108 0.162 1.120 0.001 0.121 0.173
Ti 0.000 0.002 0.004 0.006 0.003 0.000 0.001 0.007 0.001 0.001 0.011 0.000 0.002 0.009 0.000 0.002 0.009 0.000 0.003 0.006 0.007 0.000 0.003 0.005 0.001 0.002 0.003 0.006 0.000 0.002 0.008
Cr 0.001 0.016 0.041 0.030 0.568 0.000 0.010 0.023 0.286 0.000 0.929 0.000 0.013 1.113 0.000 0.013 1.121 0.000 0.012 0.023 0.713 0.000 0.014 0.037 0.001 0.012 0.025 0.710 0.000 0.004 0.009
Fe 0.192 0.176 0.076 0.095 0.324 0.195 0.182 0.084 0.267 0.222 0.484 0.155 0.138 0.359 0.158 0.148 0.380 0.268 0.249 0.119 0.585 0.311 0.259 0.097 0.279 0.262 0.137 0.599 0.272 0.244 0.129
Mn 0.004 0.004 0.001 0.003 0.000 0.002 0.004 0.004 0.000 0.002 0.000 0.003 0.004 0.000 0.002 0.001 0.000 0.006 0.005 0.002 0.000 0.005 0.008 0.003 0.003 0.005 0.003 0.000 0.004 0.005 0.002
Mg 1.798 1.728 0.918 0.894 0.762 1.805 1.723 0.867 0.805 1.771 0.679 1.830 1.784 0.716 1.839 1.793 0.720 1.717 1.668 0.881 0.641 1.682 1.637 0.861 1.708 1.671 0.853 0.634 1.729 1.680 0.877
Ca 0.003 0.035 0.901 0.810 0.000 0.002 0.031 0.851 0.000 0.002 0.001 0.001 0.030 0.005 0.000 0.029 0.001 0.002 0.032 0.832 0.001 0.003 0.032 0.829 0.002 0.028 0.838 0.001 0.002 0.033 0.835
Na 0.001 0.006 0.035 0.081 0.000 0.001 0.003 0.065 0.001 0.001 0.000 0.000 0.005 0.001 0.001 0.004 0.001 0.000 0.004 0.073 0.000 0.000 0.006 0.089 0.000 0.003 0.074 0.001 0.000 0.003 0.065
K 0.001 0.000 0.001 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.001 0.000 0.000 0.001 0.001 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.000
Ni 0.008 0.003 0.002 0.001 0.008 0.010 0.003 0.002 0.006 0.013 0.007 0.013 0.002 0.005 0.008 0.002 0.008 0.005 0.001 0.002 0.007 0.006 0.002 0.001 0.008 0.003 0.000 0.006 0.004 0.002 0.001
Sum 3.00 4.014 4.01 4.02 3.03 3.01 4.02 4.01 3.03 3.01 3.05 3.00 4.00 3.02 3.01 4.01 3.03 3.00 4.01 4.02 3.07 3.00 4.01 4.02 3.00 4.02 4.02 3.08 3.01 4.02 4.02

Mg# 90.4 90.8 92.4 90.4 70.2 90.2 90.5 91.1 75.1 88.9 58.4 92.2 92.8 66.6 92.1 92.4 65.5 86.5 87.0 88.1 52.3 84.4 86.3 89.9 86.0 86.5 86.2 51.4 86.4 87.3 87.2
Cr# 27.1 13.1 29.4 9.3 14.7 49.8 58.7 58.8 13.0 39.0 16.1 13.2 38.8 5.0

Mg# = Mg/(Mg + Fe) and Cr# = Cr/(Cr + Al).
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Table 3
Trace element concentrations of olivine in the Fuxin peridotite xenoliths (ppm)

Type Type 1 Type 2 Type 3 Hebi (n = 9)a

average (range)
TLFZ (n = 15)a

average (range)Sample JG6 JG17 JG18 JG19 JG20 JG26 JG27 JG28 JG29 JG15 JG23 JG32 JG10 JG13-1 JG13-2

Ca 433 380 552 604 603 490 624 749 455 427 301 337 426 390 557 1034 (806–1284) 546 (381–957)
Sc 2.62 1.66 2.41 2.12 1.84 2.66 2.96 2.31 1.82 1.52 1.63 1.76 2.80 1.44 2.26 4.18 (3.45–4.58) 3.29 (2.60–4.80)
Ti 27.0 20.1 14.4 17.2 21.5 8.42 10.7 11.2 7.58 14.3 14.6 17.1 38.1 6.66 20.9 12.8 (2.60–26.4) 16.6 (13.0–20.2)
V 10.8 1.94 4.49 3.12 3.06 2.81 3.26 3.00 2.34 1.68 1.47 1.65 6.20 1.66 3.39 2.74 (1.61–3.61) 2.09 (1.78–2.83)
Cr 445 100 362 100 98.3 102 145 125 62.1 96.5 178 237 236 970 33.4 176 (91.6–254) 47.5 (32.2–78.8)
Mn 1050 892 963 968 941 871 926 927 959 929 666 699 1467 1173 1189 788 (724–915) 913 (771–1001)
Co 151 142 148 138 146 128 136 138 139 159 151 149 158 165 186 171 (161–183) 110 (94.2–127)
Ni 3040 2923 2903 2847 3010 2725 2872 3029 2919 2520 3824 3839 2301 2319 1691 3785 (3450–4088) 1372 (1997–2610)
Zn 67.9 74.9 80.2 60.6 65.6 49.3 56.5 62.3 69.7 112 73.8 79.0 116 120 84.0 43.1 (37.4–58.7) 35.6 (26.2–50.8)

a Zheng et al. (2006a).

Table 4
Trace element concentrations of orthopyroxene in the Fuxin peridotite xenoliths (ppm)

Type Type 1 Type 2 Type 3 Hebi (n = 5)a TLFZ (n = 9)a

Sample JG6 JG17 JG18 JG19 JG20 JG26 JG27 JG28 JG29 JG23 JG32 JG10 JG13-1 JG13-2

Ca 4491 4570 4680 5259 6800 5557 5992 5558 4525 5130 5278 4640 4860 4890 6113 (5300–6738) 4330 (3594–5742)
Sc 17.9 10.5 14.4 16.2 15.7 16.8 19.5 16.1 14.7 9.19 8.76 14.1 10.3 9.82 15.7 (12.0–19.2) 16.4 (13.5–21.1)
Ti 425 895 480 553 459 319 401 363 368 510 511 351 276 213 163 (7.64–468) 596 (441–786)
V 141 54.1 81.9 95.8 90.1 81.2 113 86.5 85.9 40.6 42.1 69.3 40.8 40.9 51.4 (41.9–57.9) 66.8 (58.4–85.7)
Cr 5519 2322 2811 3153 3139 2923 4232 3600 2248 3109 3280 2405 2628 2911 3981 (2420–4510) 1781 (1333–2044)
Mn 977 913 994 966 988 874 989 975 973 726 733 1148 1324 1253 808 (761–920) 914 (826–1076)
Co 59.4 55.6 62.1 58.7 63.7 49.8 58.9 59.5 56.6 61.2 62.2 61.4 73.0 70.9 47.3 (46.6–50.6) 45.3 (38.9–55.2)
Ni 910 695 768 745 840 640 772 816 742 967 986 575 640 622 987 (933–1014) 530 (491–687)
Zn 47.9 46.8 60.5 38.7 49.4 29.3 36.9 48.6 47.1 60.5 55.9 66.3 97.6 95.8 26.8 (24.3–34.5) 23.7 (16.2–34.8)
Ga 4.22 4.12 3.96 3.15 4.23 2.70 3.31 2.82 3.68 2.82 2.64 3.17 4.68 4.69 3.78 (1.78–8.30) 4.74 (3.08–7.10)
Y 0.90 0.62 0.48 0.82 0.59 0.66 0.94 0.47 0.74 0.53 0.50 0.46 0.49 0.55 0.22 (0.05–0.55) 0.97 (0.67–1.18)
Zr 1.16 1.45 1.19 1.17 1.57 2.28 1.17 0.59 1.63 0.76 0.90 2.43 2.03 3.44 1.20 (0.20–3.71) 1.45 (0.61–2.05)

a Zheng et al. (2006a).
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times were 10 s for peaks and 5 s for background on either
side of the peak. Major-element abundances of rock-form-
ing minerals reported in Table 2 generally represent aver-
ages of more than 5-point analyses of each grain and
several grains from different parts of each sample. In order
to examine whether equilibrium had been attained, consid-
erable attention was paid to determining the homogeneity
of individual phases. All of the minerals from the Fuxin
peridotites (except JG19 and JG28) are homogeneous with-
in 2 standard errors of the mean. JG19 and JG28 show
some heterogeneity in olivine and clinopyroxene
compositions.

3.2. Trace elements of silicates

Trace-element analyses of minerals were carried out at
Macquarie University using a 266-nm UV LASER ablation
microprobe coupled to an ICPMS (LAM-ICPMS). The
LASER ablation system is similar to the one described by
Norman et al. (1996). The laser is a Continuum Surelite
Table 5
Trace element concentrations of clinopyroxene (ppm) in the Fuxin perid

Type Type 1

Sample JG6 JG17 JG18 JG19 JG20 JG26
Points 5 5 5 5 5 5

P 23.6 227 37.1 45.4 71.1 61.0
Sc 55.3 38.7 66.8 60.5 58.9 65.3
Ti 1222 6546 1646 1968 1555 1587
V 223 199 244 241 286 226
Cr 6536 4333 6349 5839 7291 6005
Mn 666 3444 589 561 676 554
Co 22.0 166 21.0 18.7 26.9 18.1
Ni 331 1227 325 308 413 327
Zn 16.6 200 15.5 12.1 25.1 12.6
Ga 3.69 18.0 4.48 3.41 6.14 5.83
Rb 0.05 7.68 b.d. 0.18 0.99 0.56
Sr 112 119 112 91.4 111 146
Y 6.36 13.3 8.73 11.8 7.28 9.22
Zr 12.3 67.2 24.5 17.1 20.1 46.7
Nb 0.05 11.2 0.03 0.22 0.11 2.71
Ba 0.29 41.2 b.d. 0.72 5.50 24.4
La 1.98 6.90 2.14 2.66 2.02 5.16
Ce 6.63 21.5 8.47 10.1 10.7 16.3
Pr 1.04 3.27 1.60 1.94 1.67 2.52
Nd 4.95 15.5 8.32 10.1 8.71 11.7
Sm 1.29 3.94 2.76 2.83 2.50 2.98
Eu 0.46 1.42 0.76 0.88 0.88 0.79
Gd 1.18 3.45 2.65 2.77 2.15 2.43
Tb 0.19 0.50 0.36 0.40 0.30 0.32
Dy 1.24 3.01 2.05 2.53 1.78 2.04
Ho 0.25 0.56 0.39 0.48 0.35 0.39
Er 0.67 1.44 1.05 1.33 0.97 0.91
Tm 0.09 0.19 0.12 0.22 0.18 0.13
Yb 0.61 1.11 0.76 1.27 1.20 0.90
Lu 0.08 0.18 0.15 0.20 0.15 0.11
Hf 0.48 1.73 1.37 0.70 1.40 0.93
Ta b.d. 0.41 0.06 0.04 b.d. 0.14
Pb 0.54 0.48 0.52 0.64 1.26 0.34
Th 0.16 0.49 0.32 0.26 0.27 0.49
U 0.04 0.21 0.29 0.17 0.15 0.14

b.d., below the detect limit.
I-20 Q-switched and frequency quadrupled Nd:YAG LA-
SER with a fundamental infrared (IR) wavelength at
1064 nm, quadrupled to 266 nm, and a pulse width of
5–7 ns. Most analyses are done with beam energy in the
range of 0.5–3 mJ/pulse. The ICPMS is an Agilent 7500.
The NIST 610 and 612 glasses were used as external stan-
dards; internal standards were Ca for clinopyroxene, and
Mg for olivine, orthopyroxene and spinel. BCR-1 and an
in-house reference garnet were run as unknowns in each
sample batch to check accuracy. Data were reduced using
the in-house GLITTER on-line software (van Achterbergh
et al., 2001). Trace-element abundances of olivine (Table 3),
orthopyroxene (Table 4) and clinopyroxene (Table 5) repre-
sent averages of five points of analysis for each phase.

3.3. In-situ Re–Os dating of sulfide

Backscattered electron (BSE) images and compositions
of sulfides (Fig. 2) were acquired using a CAMEBAX
SX50 electron microprobe at the GEMOC ARC National
otite xenoliths

Type 3

JG27 JG28 JG29 JG10 JG13-1 JG13-2
5 5 5 5 5 5

35.1 27.7 26.1 56.6 66.1 61.4
63.3 60.7 52.2 58.7 41.9 54.3
1089 1061 1533 1151 683 1330
224 209 211 212 139 209
7266 7124 4173 5976 5185 1948
587 543 607 686 714 637
21.0 19.0 18.4 23.9 24.4 22.5
364 370 276 283 279 158
13.9 13.1 14.1 20.7 29.5 15.1
3.17 2.84 3.33 3.74 5.81 3.78
0.35 b.d. b.d. b.d. 0.26 b.d.
49.9 51.0 101 161 206 145
6.98 6.47 10.2 5.54 8.03 5.89
7.80 7.16 18.6 34.7 44.4 10.0
0.18 0.13 0.03 0.20 0.04 0.09
0.80 0.16 0.36 0.37 1.71 0.09
1.07 1.01 2.27 3.80 6.41 4.33
3.34 3.25 7.66 12.2 22.1 13.7
0.59 0.58 1.26 1.93 3.17 1.98
2.98 2.86 5.97 8.33 13.4 8.46
0.84 0.80 1.72 1.99 2.63 1.74
0.28 0.28 0.61 0.59 0.83 0.55
1.05 0.92 1.81 1.52 1.98 1.43
0.17 0.16 0.31 0.22 0.28 0.20
1.24 1.14 2.00 1.38 1.70 1.28
0.27 0.26 0.42 0.29 0.31 0.24
0.79 0.73 1.18 0.84 0.84 0.57
0.11 0.11 0.17 0.13 0.11 0.07
0.73 0.76 1.10 0.89 0.76 0.53
0.11 0.10 0.16 0.15 0.09 0.07
0.27 0.26 0.79 1.03 1.18 0.40
b.d. b.d. 0.06 0.08 b.d. 0.02
0.21 0.21 0.32 0.55 0.50 0.18
0.06 0.10 0.24 0.64 0.31 0.18
0.02 b.d. 0.08 0.25 0.04 0.03
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Key Centre, Macquarie University, Australia. Natural min-
erals and synthetic were used as standards. Analytical con-
ditions included an accelerating voltage of 15 keV, a beam
current of 20-nA, beam size of 5 lm and counting time of
20 s for all elements. All analyses underwent a full ZAF
correction.

Re–Os isotope data listed in Table 6 were obtained
using Merchantek LUV266 LASER microprobe with a
modified ablation cell, attached to the Nu plasma MC-
ICPMS at GEMOC Key Centre (www.es.mq.edu/GE-
MOC/). All ablations were carried out using He as the
carrier gas. Most analyses were done at 4 Hz repetition
rate and energies of ca. 2 mJ/pulse; typical pit diameters
were 50-80 lm. The analytical procedures have been de-
scribed in detail by Pearson et al. (2002). A dry aerosol
of Ir, produced by a CETAC MCN6000 desolvating neb-
ulizer, was bled into the gas line between the ablation cell
and the ICPMS to provide a massbias correction with a
precision independent of the abundance of Os in the sam-
ple. The total Ir signal is typically 2–3 V. Pearson et al.
(2002) have demonstrated that this procedure provides a
significant improvement to precision relative to the use
of the Os isotopes of the sample itself, especially for sam-
ples with low signals. Masses 188–194 were measured in
Faraday cups, and masses 185 and 187 were measured
in ETP ion counters. The measurement of 185Re is used
to correct for the overlap of 187Re on 187Os (Pearson
et al., 2002). The precision and accuracy of the method
are discussed in detail by Pearson et al. (2002). Under
ideal circumstances (sulfides >50 lm diameter, >ca.
40 ppm Os), an internal precision for 187Os/188Os of 0.1–
0.3% is routinely obtained; for smaller grains or lower
Os contents (to 1–5 ppm) precision of 1–2% is routine.
The external reproducibility of 187Os/188Os for the PGE-
A standard over several months is ±0.0004 (2SD). The
187Re/188Os ratio is measured directly.

Both the model age (TMA) and re-depletion model age
(TRD) were also calculated (Table 6). As applied to sulfide
analysis, TMA assumes that the measured Re/Os of the sam-
ple has remained unchanged since the sulfide crystallized,
and may record either a melt-depletion event (residual sul-
fide) or a metasomatic event (secondary sulfides, assumed
to be derived from the convection mantle). TRD assumes
that any measured Re has been introduced at a late stage,
and is used to estimate the minimum age of the mantle
melting event, that produced the analysed sulfide (cf. Shirey
and Walker, 1998; Pearson, 1999).

4. RESULTS

4.1. Mineral chemistry

4.1.1. Olivine

The Fuxin peridotites can be subdivided into three
types, based on their olivine compositions (Table 2): (1)
Type 1, the dominant lherzolites with Mg#-olivine =
88.9–90.7; (2) Type 2, two harzburgites (JG23 and JG32)
with high Mg#-olivine (�92.0) and (3) Type 3, four lherzo-
lites including samples JG10, JG12, JG13-1 and JG13-2,
with low Mg#-olivine (84.4–86.5). Olivine in JG19 is

http://www.es.mq.edu/GEMOC/
http://www.es.mq.edu/GEMOC/
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heterogeneous, with Mg# = 90.1 in the cores of grains and
Mg# = 86.7 in the rims.

There are large ranges in V (1.66–10.8 ppm) and Cr
(62.1–970 ppm), but limited variation in other trace element
contents (Ca, Ni, Sc, Co, Ti, Mn and Zn) in the olivines of
the Fuxin peridotites (Table 3). The olivines in the high-
Mg# Type 2 peridotites have the highest Ni but the lowest
Ca and Mn contents. Low CaO in olivine suggests a low
equilibration temperature (O’Reilly et al., 1996). Fo shows
positive correlation with Ni, negative correlation with Mn,
and no correlation with Co and Ni/Cr (Fig. 3a–d).

The olivines in the Type 2 peridotites have similar Ni,
Co and Mn to the Hebi high-Mg# group xenoliths. The
Ni and Co contents of the Type 1 peridotitic olivines are
intermediate between those of the Hebi and TLFZ xeno-
liths. Those in the Type 3 samples have similar Co but
Fig. 3. Plots of %Fo in Ol (a–d) and %En in Opx (e–h) vs trace elem
(translithospheric Tan-Lu fault zone including Shanwang and Nushan),
low Ni compared to the Hebi suite, and much higher Mn
than the Hebi and TLFZ peridotites.

4.1.2. Orthopyroxene

The Mg# of orthopyroxene, as with their coexisting oli-
vines, can be subdivided into three types: moderate-Mg#

(90.3–91.1) in Type 1, high-Mg# (�92.5) in Type 2 and
low-Mg# (86.3–87.4) in Type 3.

There is large range in Cr (2322–5519 ppm), but limited
variation in other trace element contents in the orthopyrox-
enes of the Fuxin peridotites (Table 4). The orthopyroxene
in the high-Mg# Type 2 peridotites contains the highest Ni
(967–986 ppm) but the lowest Sc, Mn, Zr and Ga contents.
In contrast, those in the low-Mg# Type 3 xenoliths are the
highest in Mn, Zn and Zr but the lowest in Ni, Cr and Ti
contents. Mg# shows positive correlations with Ni and
ents. Other data sources: Hebi, Zheng et al. (2001) and TLFZ
Zheng et al. (1998, 2006a) and Xu et al. (1998).
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Ni/Co, and negative correlations with Mn and Zr (Fig.
3e–h).

The orthopyroxenes in the Type 2 peridotites have sim-
ilar Ni, Zr, Mn and Ni/Co to the Hebi high-Mg# xenoliths.
In contrast, the Type 1 peridotitic opx have similar Zr, Mn
and Ni/Co to those of the TLFZ xenoliths, but intermedi-
ate Ni between the Hebi and TLFZ. Those in the Type 3
samples are high in Mn but low in Ni/Co compared to
the Hebi and TLFZ peridotites.

4.1.3. Clinopyroxene

The Mg# and Cr# of the clinopyroxenes in the Type 1
peridotites are 89.4–92.4 and 9.3–40.1, respectively. Sam-
ples JG19 and JG28 have higher Mg# and Cr# values in
cores than in rims (Table 2). The clinopyroxenes in the
Type 3 xenoliths are also high in FeO and thus have low
Mg#. The contents of Na2O, Al2O3 and Cr2O3 show large
ranges (0.41–1.27 wt%, 0.84–4.67 wt% and 0.31–1.42 wt%,
respectively). Samples JG19 and JG28 have lower Na2O,
TiO2, FeO and Al2O3 contents in cores than in rims. No
clinopyroxene has been found in the high-Mg# Type 2
samples.

La contents of the Type 1 peridotitic clinopyroxenes are
1.0–7.0 ppm (Table 5). The chondrite normalized REE pat-
terns of the clinopyroxene vary from flat (JG27 and JG28)
to convex upward. Those in the Type 3 xenoliths have low
HREE contents and thus high LREE/HREE ratios relative
to the clinopyroxenes in the Type 1 xenoliths, and all show
convex upward LREE patterns. Most of the Fuxin clinopy-
roxenes have obvious negative anomalies in Ti, Nb, Pb and
Zr (Fig. 4). Samples JG16, JG19 and JG20 have positive
anomalies in Ba, negative (e.g. JG20) to positive anomalies
in Nb (e.g. JG117) and in Pb (e.g. JG20).

There are no obvious positive correlations between
Cr# and La/Yb, or negative correlations between Cr#

and incompatible trace elements (Fig. 5); but there are
positive correlations between La and Zr and Sr, suggest-
ing that at least two events, primary depletion and sec-
Fig. 4. Primitive mantle-normalised trace element patterns of
clinopyroxenes from Fuxin xenoliths.
ondary enrichment, have affected the lithospheric mantle
beneath the Fuxin area. The Fuxin clinopyroxenes have
relatively high Ti, low La, Ce, Sr, Nb and La/Yb to
those in the Hebi refractory peridotites, but overlap
the ranges defined by the clinopyroxenes from the
TLFZ.

4.1.4. Spinel

The Cr2O3 contents of spinel are moderate in the lherz-
olites, including the Type 1 and Type 3 samples (13.6–
29.3 wt%), but high (�45.6 wt%) in the harzburgites. The
low Cr# of spinels and low Mg# of coexisting clinopyrox-
enes in most Fuxin samples indicate that most of the upper
SCLM beneath the region has been subjected to relatively
low degrees of melt extraction, especially compared to the
refractory xenoliths from Hebi. However, most of them
are at the higher end of the compositional range defined
by samples from the TLFZ, implying higher degrees of melt
extraction on average, compared to the lithospheric mantle
beneath the TLFZ (Table 1). Two Type 3 lherzolites have
low Mg# in clinopyroxene (also in coexisting olivine and
orthopyroxene) but high Cr# in spinel relative to Type 1,
suggesting they record the interaction of basaltic melt with
the refractory peridotites.

4.2. Re–Os model ages

No datable sulfides were found in the Fuxin xenoliths.
Sulfide inclusions in two Hebi peridotites give Archean
TRD and TMA model ages, i.e. 3.0 ± 0.1 Ga in Hb028 and
2.5 ± 0.1 Ga in Hb003 (Table 6), and confirm the inference,
drawn from mineral chemistry, that these samples represent
relict Archean lithospheric mantle. The silicate-enclosed
sulfides of two Hannuoba peridotites yield younger TRD

and TMA model ages, i.e. Paleoproterozoic (2.1�2.2 ±
0.6 Ga) in JSB02-2 and Mesoproterozoic (1.4 ± 0.2 Ga) in
DM02-9-1, broadly consistent with whole-rock model ages
on samples from this locality (Gao et al., 2002). The sulfides
of sample DMP02-11, including both enclosed and intersti-
tial occurrences, show TRD of 0.7–0.9 Ga. Two of the sul-
fides from the Hannuoba xenoliths (DM02-9-2 and -3)
have very large differences between TMA (3.0–3.1 Ga) and
TRD (1.4–1.5 Ga).

4.3. Equilibration temperatures

Equilibration temperatures (T) for the Fuxin peridotites
have been estimated at an assumed pressure of 1.5 GPa,
using published thermometers, based on Fe–Mg partition-
ing between pyroxenes (Wells, 1977; Sachtleben and Seck,
1981), Ca content in orthopyroxene (Brey and Köhler,
1990) and Al exchange among olivine, orthopyroxene and
spinel (Witt-Eickschen and Seck, 1991). The three kinds
of thermometers give similar temperature estimates (Table
7). Estimates based on the Ca-in-Opx thermometer (Brey
and Köhler, 1990) fall within the range 863-1138 �C for
Type 1 and 964-977 �C for Type 3 peridotites. Samples
JG19 and JG28 give higher temperature estimates for rims
than for cores. The estimates for the Type 2 xenoliths fall
into the same ranges.



Fig. 5. Plots of Cr# and La vs Ti, Y, Ce and La/Yb in clinopyroxenes from Fuxin xenoliths. Other data sources as in Fig. 3
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4.4. Whole-rock composition

Compositions of the Fuxin peridotites were recon-
structed using their modes (Table 1) and mineral chemistry
(Table 2), because the small sample sizes did not allow bulk
analysis. The reconstructed compositions show that all of
the Fuxin peridotites have Al2O3 and CaO contents lower
than the commonly accepted primitive upper mantle
(PUM) compositions (McDonough and Sun, 1995). The
Type 2 peridotites are highly refractory, similar to the Hebi
high-Mg group peridotites. The Type 1 samples are moder-
ately refractory to fertile, and overlap the range defined by
mantle xenoliths in the TLFZ area. Type 3 peridotites have
high CaO relative to Al2O3, plotting above the Oceanic
Trend (Fig. 6a), and have markedly lower Mg# values than
the primitive mantle (Fig. 6b).
5. DISCUSSION

5.1. Extraction of basaltic melts in the Fuxin SCLM

Most of the clinopyroxene and spinel in the Fuxin Type
1 peridotites have Cr# (e.g. 40.1 and 34.5 in JG17, respec-
tively) in the high end of the ranges defined by these phases
in xenoliths from the TLFZ. All spinels in the Type 2 and
Type 3 peridotites also have high Cr# values (39–59, Table
1). These data indicate that a relatively large volume of the
upper SCLM has been subjected to melt extraction. Broad
negative correlations between Cr# and moderately incom-
patible elements (e.g. Y, Ti) (Fig. 5) suggest that these ele-
ments behaved similarly in the lithospheric mantle during
partial melting and, therefore, can be used to model the de-
gree of partial melting of the xenoliths (Norman, 1998).



Table 7
Temperature estimation for the Fuxin peridotite from the North China Craton (�C)

Type Sample T (BK) T (Wells) T (SS, a) T (SS, b) T (SS, c) T (WEK, a) T (WEK, b)
P = 1.5 GPa Ca in Opx Opx–Cpx Opx–Cpx Sp–Opx Sp–Opx Sp–Opx Cr–Al–Opx

Type 1 JG6 923 931 1004 1038 975 1022 1045
JG17 1138 1118 964 976 861 980 950
JG18 949 948 1023 1002 902 1052 927
JG19 (core) 888 925 906 997 889 988 995
JG19 (rim) 1010 985 966 981 878 955 995
JG20 956 951 872 921 841 850 986
JG26 919 929 965 1007 907 981 1021
JG27 993 981 974 992 828 991 973
JG28 (core) 863 917 976 1007 866 993 1002
JG28 (rim) 1027 1002
JG29 945 944 979 956 843 948 954
JG15

Type 2 JG23 967 900 787 867 902
JG32 977 921 772 882 902

Type 3 JG10 964 963 1018 1008 862 1043 912
JG12 919 941
JG13-1 939 935 1052 1039 796 1091 917
JG13-2 977 970

Notes: T (BK), Ca-in-Opx thermometer, Brey and Köhler (1990).
T (Wells), two-pryoxene thermometer, Wells (1977).
T (SS, a), T (SS, b) and T (SS, c): two-pyroxene thermometer, Sp–Opx thermometer (Fe as FeTotal) and Sp–Opx thermometer (Fe as Fe3+),
respectively, Sachtleben and Seck (1981).
T (WEK, a) and T (WEK, b): Sp–Opx thermometer and Cr–Al–Opx thermometer, Witt-Eickschen and Seck (1991).
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Modeling using Y and Yb contents in the clinopyroxene
and assuming KY

d ¼ 0:42 and KYb
d ¼ 0:40 (Norman, 1998)

and the primitive mantle composition (McDonough and
Sun, 1995) indicates that the Type 1 samples are residues
of 5–12% fractional partial melting (Fig. 7a), consistent
with estimates (4.8–13.4%, Table 1) based on the spinel-
Cr# values using the method of Hellebrand et al. (2001).
The Type 2 harzburgites are the most refractory among
the Fuxin peridotites (17.0–18.7%, Table 1). The Type 3
peridotites with Low Mg#-olivine are intermediate between
the Type 1 and 2 xenoliths, i.e. 9.5–12.5% (Cpx Y–Yb) to
�14.5% (spinel-Cr# estimates). On the other hand, model-
ing using Ti contents and assuming KTi

d ¼ 0:35 (Norman,
1998) requires even lower degrees of fractional melting
(<10%; Fig. 7b). The discrepancy may reflect a later intro-
duction of Ti during metasomatism (Norman, 1998). The
modeling shows that the Fuxin Type 1 and 3 peridotites
are transitional between the highly refractory relict cratonic
mantle in Hebi and the fertile lithosphere in the TLFZ
(Fig. 7), and that the Type 2 harzburgites are highly refrac-
tory, similar to the Hebi refractory peridotites (Zheng et al.,
2001). We interpret the Type 3 xenoliths as mainly derived
from the interaction of refractory mantle with the host
melt.

5.2. Mantle metasomatism beneath the NCC

A range of different REE patterns is observed in mantle
clinopyroxenes at many xenolith localities in the eastern
NCC. The oldest samples, xenoliths and diamond inclu-
sions from Mengyin (Zheng et al., 2006a) and Fuxian
(Wang and Gasparik, 2001) and the Donghai peridotites
of the Sulu orogen (Zheng et al., 2005b, 2006a), are uni-
formly enriched in LREE and Large Ion Lithophile Ele-
ments (LILE), even though most of these rocks have
refractory major-element compositions (Fig. 8).

Xenoliths from younger localities show more variability.
Flat or LREE-depleted patterns, which may record a pri-
mary depletion event, can be found in Junan (Ying et al.,
2006), Hannuoba (Chen et al., 2001; Yu et al., 2006),
Shanwang and Qixia (Zheng et al., 1998), Huinan and
Kuandian (Xu et al., 2003; Zhang and Zheng, 2006) and
Nushan (Xu et al., 1998), and occur in both fertile and tran-
sitional peridotites. The distinction between these relatively
undisturbed, primitive patterns and the ubiquitous metaso-
matic enrichment of the SCLM seen in the older localities is
further evidence that the fertile peridotites and some transi-
tional ones represent young additions to the SCLM. How-
ever, LREE- and MREE-enriched REE patterns, coupled
with high abundances of LILE, also are ubiquitous. These
patterns suggest widespread secondary enrichment in the
SCLM beneath the eastern North China Craton.

Enrichment in LILE and LREE has been attributed to
metasomatism by carbonatitic melts (Yaxley et al., 1998),
volatile-rich silicate melts (Zangana et al., 1999) or H2O–
CO2 liquids (Stalder et al., 1998). Experimental studies of
trace-element partitioning between clinopyroxene and melt
in carbonate and silicate systems shows that in the carbon-
ate system clinopyroxene-melt partition coefficients for Si,
Al, heavy REE, Ti and Zr are higher by factors of 5–200
than those of the silicate system. Conversely, partition
coefficients for Nb, LREE, alkali metals and alkaline
earths show much less fractionation (<3; Blundy and Dal-
ton, 2000). On the other hand, relative to silicate melt or



Fig. 6. Plots of CaO vs Al2O3 (a) and Mg# vs Mg/Si in representative peridotites from eastern North China. Primitive mantle (P.M),
McDonough and Sun (1995); Oceanic trend from Boyd (1996); Kaapvaal Low-T xenoliths, Boyd et al. (1993); Archean (>2.5 Ga), Proton
(2.5–1.0 Ga) and Tecton (<1.0 Ga) areas, Griffin et al. (1999b); other data sources as Fig. 3.
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CO2-rich fluid, carbonatite melts can fractionate REE and
HFSE more effectively and have high contents of LILE
(Blusztajn and Shimizu, 1994), whereas Nb cannot be trans-
ported by H2O-rich fluids (Eggler, 1987). Therefore, the
metasomatic agent that affected the Fuxin xenoliths (except
samples JG17 and JG26 with high Nb contents) is unlikely
to be an H2O-rich fluid. Ca-enrichment in spinel peridotites
may reflect their equilibration with SiO2-undersaturated
melts, either carbonatite or silicate melts (Zinngrebe and
Foley, 1995). This makes it difficult to constrain the nature
of metasomatic agents.

However, high Ca/Al and La/Yb ratios, HFSE deple-
tion and low Ti/Eu ratios in mantle clinopyroxenes have
been widely interpreted as the key signatures of carbona-
tite-related metasomatism (Klemme et al., 1995; Coltorti
et al., 1999). All Fuxin peridotites of Types 1 and 3, except
JG13-1 (a Type 3 lherzolite), have high Ti/Eu (1700-4800)
and low (La/Yb)n (<7), suggesting silicate-melt metasoma-
tism. JG13-1 has transitional Ti/Eu and (La/Yb)n, which
may imply a transitional agent between carbonatitic and sil-
icate metasomatism, or overprinting by multiple episodes of
metasomatism. In fact, the majority of the Type 3 perido-
tites plot above the oceanic trend (Boyd, 1996) on the
Al2O3 vs CaO diagram (Fig. 6a), also suggesting a second-
ary enrichment in Ca consistent with the carbonatitic meta-
somatism recorded by the trace-element patterns of the
xenoliths.

Carbonatitic metasomatism is recorded in mantle clino-
pyroxenes (Fig. 9) from: (1) diamond inclusions and gar-
net–facies xenoliths in the Paleozoic Mengyin and Fuxian
kimberlites, (2) the early Mesozoic (�220 Ma) Donghai
UHP terrane peridotite and (3) the spinel–facies xenoliths
in the early Mesozoic (�178 Ma) Xinyang volcanoclastic
diatremes. All of the high-Mg# group and part of the
low-Mg# group of peridotites from the Hebi basalts also re-
cord metasomatism by carbonate melts. Worldwide, this



Fig. 7. Fractional melting modeling of Fuxin clinopyroxene
compositions using primitive mantle-normalized abundances.
Other data sources as Fig. 3.
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type of metasomatism is typical of the stable cratons (Men-
zies, 1990). In contrast, most peridotite xenoliths from the
Late Mesozoic (67 Ma) Junan basalts and the Cenozoic
basalts of Hannuoba, Qixia, Nushan, Shanwang (both gar-
net– and spinel–facies), Huinan and Kuandian, have been
affected by silicate-melt metasomatism. In several localities,
such as Hannuoba and Nushan, some of the more refrac-
tory peridotites show signatures of carbonatitic metasoma-
tism. In summary, the distribution of carbonatitic
metasomatism recorded in peridotitic diopsides correlates
with the regional distribution of the more refractory perido-
tites, and silicate metasomatism is characteristic of the more
fertile lithospheric mantle. We interpret these correlations
as further evidence that the refractory peridotites, and at
least some of the transitional types, represent relics of the
ancient SCLM.

5.3. Coexistence of refractory and fertile lithosphere

Lithospheric peridotites are represented by: (1) ‘‘cra-
tonic’’ xenoliths carried in magmas (kimberlites, lampro-
ites) that erupt through Archean lithosphere; (2) ‘‘off-
craton’’ xenoliths carried in alkali basalts that erupted in
Proterozoic and younger continental regions and (3) ‘‘mas-
sif peridotites’’, which are tectonic fragments of upper man-
tle interleaved with crustal rocks in Phanerozoic fold belts.
The composition of the SCLM is broadly correlated with
crustal age and/or tectonic setting (Griffin et al., 1999b),
although strong reworking during the Phanerozoic assem-
bly of an orogenic belt may make older components diffi-
cult to recognize (Griffin et al., 2000). The ranges of
variation of these different mantle types can be illustrated
on plots of modal olivine content vs Mg# (Fig. 10). The
harzburgites of the Fuxin suite (e.g. Type 2) and the Hebi
high-Mg peridotites have compositions similar to refractory
cratonic mantle, and this is consistent with the Archean sul-
fide ages of the Hebi xenoliths. In contrast, most of the
Type 1 xenoliths plot within the fields of the Proterozoic
and Phanerozoic lherzolites (Fig. 6b). The coexistence of
refractory and fertile peridotites reflects the multi-stage evo-
lution of the lithospheric mantle beneath the North China
Craton.

A survey of published data shows that these same com-
ponents can be recognized in many localities scattered in
space and time across North China (Fig. 8). Mantle xeno-
liths from the early Paleozoic (457–500 Ma; Lu et al.,
1998) Mengyin and Fuxian kimberlites in the cratonic
interior are refractory garnet–facies peridotite (>92
olivine-Mg#) with a few transitional samples (90–92 oliv-
ine-Mg#). The garnet peridotites of the Donghai terrane
within the Sulu orogenic belt along the southern North
China Craton (e.g. CCSD-pp1) represent a moderately
refractory mantle protolith (mean 91.5 olivine-Mg#), which
experienced complex metasomatism in Mesoproterozoic
time and subsolidus re-equilibration during ultrahigh-pres-
sure (UHP) metamorphism in early Mesozoic time. These
peridotites appear to represent the emplacement of solid
fragments of the lithospheric mantle of the North China
Craton into the top of the subducting crustal slab (Zheng
et al., 2006a,c).

Mantle xenoliths from the early Mesozoic Xinyang vol-
canoclastic diatremes (178 Ma), in the southwestern corner
of the Eastern Block of the craton, are mainly transitional
but include some highly refractory peridotites. The zircon
U–Pb ages of these peridotites are mainly early Mesozoic
(�220 Ma), with growth and/or recrystallisation at ca.
3.2, 2.4–2.3, 1.4 and 0.7 Ga (Zheng et al., 2006b). The Early
Mesozoic zircons record a metasomatic/metamorphic
event, probably reflecting the release of fluids as the Yan-
gtze crust was subducted beneath the North China Craton
along the Qinling–Dabie Orogen (Zheng et al., 2005a).

All of the peridotite xenoliths in the late Mesozoic Jiaoz-
hou (74 Ma; Yan et al., 2003) and Junan basalts (67 Ma;
Ying et al., 2006) are fertile (<90 olivine-Mg#) except for
minor transitional and refractory varieties in Junan. Perido-
tites in the Cenozoic Hannuoba basalts are transitional (92–
90 olivine-Mg#) with minor proportions of refractory and
fertile types (86.4–92.8, Chen et al., 2001; Yu et al., 2006).
The Qixia xenoliths from the eastern part of the Tan-Lu
fault zone, captured at 12 Ma, are dominantly moderately
refractory with minor fertile lherzolites (Zheng et al.,
1998) and give Phanerozoic whole-rock Re–Os ages (Gao
et al., 2002). The peridotitic xenoliths from Hebi (4 Ma)
in the interior of the craton, distant from the fault zone,
are highly refractory harzburgite and Cpx-poor lherzoilte
(high-Mg group) with minor transitional and fertile samples
(low-Mg group). The high-Mg group represents shallow
relics of the Archean cratonic mantle (Table 6), while the
low-Mg group has been interpreted as newly accreted lith-
osphere (Zheng et al., 2001).

The Cenozoic Shanwang (16 Ma) and Nushan basalts
(2 Ma) within the translithospheric Tan-Lu fault zone



Fig. 8. Distribution of olivine-Mg# in peridotites from eastern North China. Refractory (Refra.), olivine-Mg# >92; Fertile, olivine-Mg# <90;
Transitional (Trans.), olivine-Mg# 90–92. Data sources: Fuxian (Zheng, 1999); Xinyang, estimated olivine Mg# from the reflict clinopyroxene
(Zheng et al., 2005a); Fusin, this paper (Table 2) and Wang et al. (2002); Jiaozhou, Yan et al. (2003); Junan, Ying et al. (2006); Hannuoba,
Chen et al. (2001), Rudnick et al. (2004) and Yu et al. (2006); Shanwang, Zheng et al. (1998, 2005a, 2006a); Qixia, Zheng et al. (1998) and
Rudnick et al. (2004); Hebi, Zheng et al. (2001, 2005a); Nushan, Xu et al. (1998); Huinan, Xu et al. (1996, 2003), Wu et al. (2006); Kuandian,
Zhang and Zheng (2006); CCSD-pp1, Zheng et al. (2005b, 2006a,c).
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(TLFZ) sampled mainly fertile xenoliths including spinel–
and garnet–facies peridotites (Zheng et al., 2006a; Xu
et al., 1998); minor relics of refractory mantle are found
in Nushan (Fig. 1). Similarly, xenoliths from the Huinan
and Kuandian basalts, erupted at 1–3 Ma in the northeast-
ern parts of the craton, captured mainly transitional (mod-
erately refractory) lherzolites with minor amounts of fertile
and/or refractory types; these peridotites give Paleoprotero-
zoic to Phanerozoic whole-rock Re–Os ages (Wu et al.,
2003, 2006).

The distribution of fertile versus transitional and refrac-
tory peridotites within the lithospheric mantle at each local-
ity may be examined using histograms of their equilibration
temperatures (Fig. 11). At most localities the three types
overlap to a significant extent. This survey indicates that
refractory, transitional and fertile peridotites coexisted in
the SCLM beneath many localities during Mesozoic to
Quaternary time. Available whole-rock and sulfide Re–Os
TRD model ages (Table 6; Xu et al., 2007) suggest that
the most refractory components are relics of an Archean
SCLM. This is also consistent with the preservation of Ar-
chean U–Pb ages in zircons in peridotite xenoliths from
Xinyang. However, the transitional peridotites analysed
so far show no sign of Archean ages; they retain Protero-
zoic ages, overprinted by younger generations of sulfides.
They may reflect Proterozoic modification of ancient
SCLM, or generation of new, less depleted SCLM during
Proterozoic consolidation of the craton (Gao et al., 2002).
In contrast, most fertile peridotites yield either Phanerozoic
TRD, or ‘‘future’’ ages that may reflect a higher mean Re/Os
in the SCLM since Neoproterozoic time (Xu et al., 2007).

Fertile peridotites are rare in the xenolith suites from the
Paleozoic Mengyin and Fuxian kimberlites. In the xenolith
suites from Mesozoic–Tertiary basalts, the proportion of
fertile peridotites is clearly highest in some localities near
the translithospheric Tan-Lu fault zone, while more refrac-
tory components are more commonly preserved in more
distant localities such as Hebi, Fuxin and Kuandian
(Fig. 8). This distribution, and the pattern of Re–Os ages,
suggests that the fertile lherzolites represent material gener-
ated in post-Paleozoic time, and that major translithospher-
ic structures such as the Tan-Lu fault zone have played a
role in the replacement of the ancient SCLM with more fer-
tile material. This apparently gradual modification of the



Fig. 9. Distribution of mantle metasomatism signatures (Ti/Eu vs La/Yb) in Cpx of peridotites from eastern North China. Signatures of
silicate and carbonatitic metasomatism modified after Coltorti et al. (1999). Other data sources: Diamond inclusions, Zheng (1999); Mengyin,
Zheng et al. (2006a); Donghai, Zheng et al. (2005b, 2006a); Xinyang, Zheng et al. (2005a); Junan, Ying et al. (2006); Hannuoba, Chen et al.
(2001) and Yu et al. (2006); Shanwang sp–facies, Zheng et al. (1998); Shanwang grt–facies, Zheng et al. (2006a); Qixia, Zheng et al. (1998);
Hebi (high- and low-Mg groups), Zheng et al. (2001); Nushan, Xu et al. (1998); Huinan and Kuandian, Zhang and Zheng (2006).

North China mantle lithosphere synthesis 5219
lithospheric mantle cannot be well explained by a sudden
lithospheric delamination (Deng et al., 2004; Gao et al.,
2004; Wu et al., 2006), thus a more continuous chemical
process is more likely.

5.4. Lithospheric thinning and mantle replacement

Archean Re–Os depletion ages for the highly refractory
peridotites in the diamondiferous Fuxian and Mengyin
kimberlites (Gao et al., 2002; Zhang et al., 2007b) and the
barren Tieling kimberlites (Wu et al., 2006) show that a
thick cratonic SCLM (garnet–facies) formed in Archean
time, and persisted beneath parts of the North China Cra-
ton at least until Early Paleozoic time (Zheng and Lu,
1999). Similar ages (Table 6) for peridotitic sulfides in the
Hebi basalts indicate that shallow relics of this highly
refractory mantle have survived until Neogene time
(4 Ma) at least locally within the interior of the North Chi-
na Craton. In contrast, abundant Proterozoic ages in the
marginal parts of the craton, such as Hannuoba on the
northern edge (Table 6; also see Gao et al., 2002; Xu
et al., 2007) and Xinyang on the southern edge (Zheng
et al., 2005a) suggest that the lithospheric mantle in these
areas was generated, or strongly modified, in Paleoprotero-
zoic time. The Hf model ages of zircons from the Donghai
CCSD-pp1 peridotite within the Sulu UHP Orogen (Zheng
et al., 2006c) are also Proterozoic. These peridotite massifs
are interpreted as fragments of the lithospheric mantle from
beneath the North China Craton. We therefore suggest that
the subcontinental lithospheric mantle, at least around the
marginal parts of the craton, were refertilized or modified
through the interaction of peridotite with melts and fluids
derived from asthenospheric mantle in Proterozoic times.
On the other hand, the widespread distribution of Phanero-
zoic fertile SCLM, either unmetasomatised or affected by
silicate-melt metasomatism, in the eastern part of the craton
and especially along the translithospheric Tan-Lu fault
zone, seems to require another mechanism.

The North China Craton may have been more easily af-
fected by subduction and collision with surrounding blocks,
due to its small size compared to many other cratons world-
wide. In Early Mesozoic time, the subduction of the Yan-
gtze Craton beneath the southern margin of the North
China Craton may have resulted not only in a lateral
spreading of the lithosphere beneath the North China
Craton (Zheng et al., 2006a,c), but also in mantle-wedge



Fig. 10. Plots of modal olivine (%) vs Mg# of representative mantle
peridotites from eastern North China. Archean, Proterozoic and
Phanerozoic areas are from Griffin et al. (1999b). Other data
sources as Fig. 5.
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metasomatism by fluids and/or melts derived from the sub-
ducted continental crust (Zheng et al., 2005a). Zhang et al.
(2003) and Zhang (2005) suggested that melt–peridotite
interaction was the primary mechanism for transformation
of the lithosphere from a cratonic refractory mantle to
more fertile compositions. However, it is difficult to imagine
that the cratonic mantle, with its complex history, could be
converted to ‘oceanic’-type lithosphere with an apparently
simpler history through a melt–peridotite reaction.
Although melt-related metasomatism could produce a gen-
eral refertilization of the depleted SCLM in elements such
as Ca, Fe and Al (Beyer et al., 2006), it is difficult to imag-
ine a melt or fluid that can transform refractory mantle clin-
opyroxenes with enrichment in LREE but low HREE
contents (high La/Yb) to fertile ones with depletion in
LREE but high HREE contents (low La/Yb). These con-
siderations led Zheng et al. (2005a) to argue that the litho-
spheric thinning beneath the eastern North China Craton in
Late Mesozoic–Cenozoic included the upwelling and the
cooling of asthenospheric mantle to form a new, fertile lith-
osphere (Fan and Menzies, 1992; Xu et al., 1995b; Zheng
et al., 1998).

Based on detailed seismic tomography, Zheng and Lu
(1996) and Yuan (1996) presented a ‘‘mushroom cloud’’
model to explain the dramatic change in the nature of
the SCLM in the eastern part of the North China Craton
during late Mesozoic–Cenozoic times (Zheng, 1999; Lu
et al., 2000). In this model, old cold lithospheric mantle
has been pulled apart during extension, and hot new mate-
rial derived from the upwelling asthenosphere has risen
along the major faults, spreading laterally in the upper
part of the subcontinental lithospheric mantle. This model
is consistent with the tendency for refractory peridotites to
occur at greater depths (higher T) in many localities. The
model implies that the mantle beneath the translithospher-
ic Tan-Lu fault is dominantly Phanerozoic in character
and represents the newly accreted material that replaced
the older lithosphere through extension, thermal erosion
and metasomatism. The translithospheric Tan-Lu fault
(and other subparallel fault zones) thus has played an
important part in the Mesozoic–Cenozoic replacement of
the pre-existing Archean/Proterozoic lithospheric mantle
(Zheng et al., 1998, 2001; Gao et al., 2002; Zhang et al.,
2004). The upwelling of asthenospheric material resulted
in the irregular emplacement of hot fertile mantle mate-
rial, accompanied by the infiltration of asthenosphere-de-
rived melts, along the weak zones in the old lithospheric
mantle (Fig. 12). However, this replacement was not nec-
essarily synchronous everywhere but heterogeneously dis-
tributed in space and time, and might have occurred
over a long time.

Yan et al. (2003) constrained the minimum age of the
mantle replacement by the occurrence of fertile peridotite
xenoliths in the Late Mesozoic (74 Ma) Jiaozhou basalts.
Peridotites from this study indicate that such replacement
had occurred before 100 Ma beneath Fuxin (Fig. 12). A still
older minimum age (�125 Ma; also see Xu et al., 2004) for
the replacement is suggested by the eruption of the earliest
tholeiitic basalts e.g. the Yixian Formation in the Yanshan
intracontinental orogen within the craton (Lu et al., 2006)
and the Fangcheng basalts within a small Mesozoic sedi-
mentary basin in Feixian County of western Shandong
Province (Zhang et al., 2002, 2007a). The cooling of the
upwelling asthenosphere since 100 Ma ago would lower
the boundary between lithosphere and asthenosphere and
achieve the partial replacement of the old refractory litho-
spheric mantle by newly accreted fertile material. Once this
replacement had occurred, and upwelling had subsided, the
elevated advective geotherms associated with the astheno-
spheric upwelling would begin to relax toward more typical
conductive conditions. Under these conditions, the subcon-
tinental lithospheric mantle column would be denser than
before, and would start to sink to form basins. Kaminski
and Jaupart (2000) have proposed a similar mechanism
for the formation of the Phanerozoic intracratonic basins
in North America, although they invoked interaction be-
tween plumes and the SCLM to change the density of the
SCLM column.

The sedimentary basins of eastern North China have
formed in two episodes, one in the Jurassic–Cretaceous
and the second in the Eocene (Ren et al., 2002). These peri-
ods coincide with two peaks of heat flow calculated from
coal reflectivity (Ro) measurements in the Songliao and
North China Basins: 99 mW/m2 at 115 Ma and 87 mW/
m2 at 57 Ma (Li, 1995). These thermal episodes may have
accompanied asthenospheric upwelling, and may be related
to subduction of the Kula Plate in Jurassic–Cretaceous time
and the Pacific Plate in the Tertiary (Menzies et al., 1993;
Griffin et al., 1998b; Zheng et al., 2006a). Thus, the Juras-
sic–Cretaceous and Eocene could be the most important



Fig. 11. Two-pyroxene equilibration temperatures of peridotites in eastern North China. Temperatures calculated using the Brey and Köhler
(1990) calibration at 1.5 GPa for the sp–facies peridotites except for two Fuxin harzburgites (Type 2) using the Witt-Eickschen and Seck
(1991). Other data sources: Jiaozhou—Yan et al. (2003); Junan—Ying et al. (2006); Hannuoba—Song and Frey (1989), Fan and Hooper
(1989), Chen et al. (2001), Rudnick et al. (2004) and Yu et al. (2006); Shanwang—Zheng et al. (1998, 2006a); Qixia—Zheng et al. (1998) and
Rudnick et al. (2004); Hebi—Zheng et al. (2001); Huinan and Kuandian—Wu et al. (2006), Zhang and Zheng (2006); Nushan—Xu et al.
(1998).
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periods in the modification and replacement of the litho-
spheric mantle.

6. CONCLUSIONS

1. Late Mesozoic (�100 Ma) lithospheric mantle beneath
the eastern North China Craton (e.g. Fuxin) is composed
of major lherzolites with�90 olivine Mg# and minor mag-
nesian (>92 Mg# olivine) harzburgite and ferrous (�86
Mg# olivine) lherzolites. The dominant fertile lherzolites
(F% = 5–12% are similar to the fertile mantle sampled
by many are widespread beneath Late Mesozoic–Ceno-
zoic (<74 Ma) basalts, and record silicate-melt metasoma-
tism. The harzburgites represents relics of the ancient
cratonic mantle; similar rocks are found in several locali-
ties across the craton. The ferrous lherzolites are inter-
preted as the products derived from interaction of the
lithosphere with magmas similar to the host basalts.

2. In-situ Re–Os data on sulfides in Cenozoic xenoliths
from Hebi (4 Ma) and Hannuoba (22 Ma) within the
North China Craton have TRD populations at 3.1–3.0,
2.5, 2.2–2.1, 1.4 and 0.8 Ga, corresponding to the U–
Pb ages of zircons from early Mesozoic (178 Ma) perido-
titic xenoliths at the southern margin of the craton.
These ages record events during which the Archean
lithospheric mantle was modified, reflecting a long and
complex evolution of the cratonic root.

3. Lithosphere thinning and the partial replacement of the
refractory lithospheric mantle by more fertile material
was heterogeneously distributed in space and time. Lat-
eral spreading of the lithosphere, accompanied by
asthenospheric upwelling and melt-peridotite interac-
tion, is the most probable mechanism for the modifica-
tion of the Archean lithospheric root beneath the
eastern part of the North China Craton.

4. Subsequent cooling of the upwelled asthenosphere
resulted in an overall more fertile and hence denser lith-
osphere, resulting in widespread basin formation as the
lithosphere cooled. The dominance of fertile peridotite
xenoliths in the 100 Ma Fuxin basalts indicates that
the mantle replacement beneath the eastern North China
Craton began before that time, while basin analysis sug-
gests that it has continued into Tertiary time.



Fig. 12. Cartoon illustrating a model for Late Mesozoic–Cenozoic lithospheric thinning and mantle replacement beneath the eastern North
China Craton. (a) Paleozoic–Early Mesozoic (e.g. P220 Ma): Mengyin kimberlites are generated (�500 Ma) from the base of a thick cratonic
lithosphere with a low geotherm (�40 mW/m2). This mantle was partly disrupted during the Yangtze collision and subsequent exhumation
(e.g. 220–178 Ma), with possible lithospheric spreading in early Mesozoic (Zheng et al., 2006a); (b) �125 Ma: asthenospheric upwelling,
probably related to subduction of the Kula Plate in Late Jurassic–Cretaceous time, erodes the remaining lithospheric mantle with Archean
and Proterozoic ages; (c) Late Mesozoic–Cenozoic (e.g. �100 Ma): asthenospheric cooling lowers the boundary between the lithosphere and
the asthenosphere and creates new lithospheric mantle, derived from the upwelling asthenosphere; eruption of Cenozoic alkali basalts.
Asthenospheric upwelling, related to subduction of the Pacific Plate in the Tertiary, erodes the lithospheric mantle including newly accreted
lithosphere (e.g. Type 1) and the relict cratonic mantle (e.g. Type 2). Subsequent cooling leads to widespread basin formation.
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