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Petrology, geochemistry and Re–Os isotopes of peridotite xenoliths from Yantai (Shandong Province) are
reported in this paperwith aims of constraining the age and evolution of the lithosphericmantle beneath eastern
North China Craton. The Yantai xenoliths contain predominant harzburgites and subordinate lherzolites. Al-
though their highly incompatible element compositions have been modified by metasomatism, the heavy rare
earth element (REE) and Y contents in the Yantai peridotites are primarily governed by partial melting, which
started in garnet stability field then continued in spinel stabilityfield after breakdownof garnet to two pyroxenes
and spinel. Such a polybaric melting produced a residual mantle in which degree of depletion decreases with
depth. Os isotopic ratios of the most refractory peridotites (Al2O3b1.2 wt.%) range from 0.117 to 0.126, yielding
TRD model ages between 0.5 and 1.7 Ga. This suggests co-existence of Phanerozoic and Proterozoic mantle be-
neath Shandong Province. Alternatively, the whole lithospheric mantle beneath Yantai was likely formed during
the Phanerozoic, given the resemblance of their Os isotopic ratios with those of abyssal peridotites. The latter in-
terpretation is consistent with the fact that all the studied samples plot along the oceanic trend in a plot of
forsterite content in olivine versus olivine mode. It also gains further support from the contrasting εNd between
the late Mesozoic lithospheric mantle and Cenozoic mantle beneath the region. The data presented in this study
therefore argue for a complete replacement of the cratonic mantle by upwelling asthenosphere.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Recent studies have shown that the Archean North China Craton
(NCC) experienced thermo-tectonic reactivation during the Mesozoic,
resulting in replacement of the old, cold, thick and refractory litho-
spheric keel by young, hot, thin and fertile asthenospheric mantle
(Fan et al., 2000; Gao et al., 2002; Griffin et al., 1998; Menzies and Xu,
1998; Menzies et al., 1993; Xu, 2001). This recognition highlights that
the cratonic lithospheric mantle is not preserved forever and can be
destroyed under certain circumstances, especially when water is in-
volved (Menzies et al., 2007; Niu, 2005; Zhu et al., 2011). It also signif-
icantly promotes our understanding of intraplate deformation and
magmatism.
: +86 20 8529 0261.

rights reserved.
The idea of the destruction of the NCC was largely built on the
geology of Shandong Province where a variety of mafic magmas of
different ages are present. In particular, themantle xenoliths entrained
by the Ordovician diamondiferous kimberlites and late Cenozoic alkali
basalts in this same area provide the direct samples for the contrasting
nature and age of the sub-continental lithospheric mantle (SCLM) dur-
ing the Paleozoic and the present time (e.g., Chu et al., 2009; Fan et al.,
2000; Gao et al., 2002; Griffin et al., 1998; Menzies et al., 1993; Zhang
et al., 2008; Zheng, 2009). Another prominent feature of the regional
geology is the NNE-oriented Tanlu trans-lithospheric fault (Fig. 1a),
which is considered as the locus of lithospheric thinning (Chen,
2010; Menzies et al., 2007; Xiao et al., 2010; Zheng et al., 1998).
Studies of xenoliths show that the Tanlu fault is associated with
sheared peridotites (e.g., Xu et al., 1996), and deformation and
melt ingress are inextricably linked (e.g., Xiao et al., 2010; Zheng et
al., 1998). Perhaps the very tectonic processes that triggered crack
propagation allowed for concomitant melt formation. At some stage
the lowermost lithosphere must have been warmed conductively by
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Fig. 1. (a) Simplified geological map of North China Craton; (b) distribution of Mesozoic to Cenozoic igneous rocks and xenolith location in Shandong Peninsula. Tectonic subdivi-
sions are based on Zhao et al. (2001).
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heat transported from the vigorously upwelling asthenosphere by
melts (Menzies et al., 2007). This is supported by recent seismic inves-
tigations, which reveals a thin lithosphere underneath the Tanlu fault
(Chen, 2010).

If the Tanlu fault is the locus of asthenospheric ascent, its underlying
lithospheric mantle would be fully made of newly accreted mantle.
Many investigations on the age and composition of mantle peridotites
have been carried out in recent years in order to test this proposition
(e.g., Chu et al., 2009; Fan et al., 2000; Gao et al., 2002; Xiao et al.,
2010; Zheng et al., 1998), but the architecture of the lithosphericmantle
beneath Shandong Province remains a subject of debate. Some re-
searchers believe that ancient SCLM survives the replacement process
(e.g., Xiao et al., 2010; Zheng et al., 1998), on the basis of occurrence
of highly refractory peridotites, especially in the area away from the
Tanlu fault. The others claimed that the entire SCLM beneath Shandong
was formed during the Phanerozoic (e.g., Chu et al., 2009; Gao et al.,
2002), probably as a result of lithospheric thinning and accretion (Xu
et al., 2004a). In their model, the ancient Os model ages are attributed
to the heterogeneity of Os isotope in convective mantle (Chu et al.,
2009).

The disputation concerns the geological significance of Os model
age and whether refractoriness of peridotites is age-dependent. To
address these questions, we focused on a suite of refractory peridotite
xenoliths newly discovered in the Pailou Cenozoic volcanic field, near



258 L.-B. Hong et al. / Lithos 155 (2012) 256–271
Yantai in the Shandong Peninsula. The petrological, geochemical and
Os isotopic data are integrated in this study to discuss the age and
evolution of the lithospheric mantle in Shandong Peninsula. This, to-
gether with previously published data, enables us to outline the spa-
tial heterogeneity and evolution of the SCLM beneath Shandong
Province.
2. Geological background and xenolith petrography

The North China Craton is one of the oldest nuclei in the world
(e.g., Liu et al., 1992). Based on the geochronology, lithological assem-
blage and tectonic evolution, the basement of the NCC can be divided
into three units, namely Eastern and Western Block, and the
Paleoproterozoic Trans-North China Orogen, separating the former
two from each other (Fig. 1a; Zhao et al., 2001). The basement of the
Eastern and Western Blocks are similar and are predominantly com-
posed of Early to Late Archean tonalite–trondhjemite–granodiotite
(i.e., TTG). The Trans-North China Orogen is primarily composed of
Late Archean to Paleoproterozoic basement rocks metamorphosed at
greenschist to granulite facies due to the collision between the Eastern
and Western Blocks at ~1.8 Ga (Zhao et al., 2001).
Table 1
Mineral modal compositions, and major and trace element compositions of whole rock from

Lherzolite Harzburgite

ML-3 ML-4 ML-5 ML-1 ML-2 ML-8

Mineral modal (%)
Ol 57.2 60.0 74.7 78.9 77.3
Opx 26.9 12.5 20.6 15.3 18.0
Cpx 13.4 24.0 3.5 4.9 3.7
Sp 2.5 3.1 1.3 1.2 1.1

Major element (wt.%)
SiO2 44.09 45.12 43.91 43.95 43.84 44.01
TiO2 0.04 0.12 0.11 0.03 0.01 0.03
Al2O3 2.25 3.97 3.52 1.75 1.54 1.23
Fe2O3 9.08 8.59 8.69 7.97 8.28 8.74
MnO 0.13 0.12 0.12 0.12 0.11 0.12
MgO 41.46 38.61 37.79 44.92 44.68 44.56
CaO 2.42 2.92 5.29 0.97 1.24 0.99
Na2O 0.23 0.28 0.34 0.07 0.08 0.05
K2O 0.05 0.05 0.01 0.00 0.00 0.02
P2O5 0.04 0.01 0.01 0.01 0.01 0.05
L.O.I 0.11 −0.25 −0.16 −0.25 −0.30 −0.16
Total 99.90 99.55 99.63 99.55 99.50 99.64

Trace element composition(ppm)
Sr 35.78 22.54 16.02 1.93 2.59 6.70
Ti 224.2 637.5 599.3 121.1 112.4 199.1
Y 1.93 3.35 4.22 0.67 0.76 0.69
Zr 4.92 6.67 2.71 0.73 0.83 3.98
Nb 2.43 0.94 0.21 0.19 0.19 1.90
Rb 1.81 0.34 0.23 0.13 0.13 0.31
Ba 3.58 1.15 0.32 0.13 0.14 1.78
La 1.97 0.94 0.29 0.06 0.08 0.47
Ce 4.58 2.10 0.82 0.17 0.21 0.88
Pr 0.62 0.27 0.14 0.03 0.03 0.11
Nd 2.47 1.05 0.80 0.12 0.16 0.39
Sm 0.49 0.29 0.33 0.04 0.05 0.08
Eu 0.17 0.12 0.13 0.02 0.02 0.03
Gd 0.47 0.42 0.50 0.07 0.08 0.09
Tb 0.07 0.08 0.10 0.01 0.02 0.02
Dy 0.39 0.56 0.72 0.10 0.12 0.11
Ho 0.08 0.13 0.16 0.03 0.03 0.02
Er 0.20 0.38 0.46 0.08 0.09 0.08
Tm 0.03 0.06 0.07 0.01 0.02 0.01
Yb 0.19 0.37 0.42 0.09 0.10 0.09
Lu 0.03 0.07 0.07 0.02 0.02 0.02
Th 0.26 0.10 0.02 0.02 0.02 0.08
U 0.07 0.02 0.01 0.01 0.01 0.05

Modal compositions are calculated from bulk compositions and constituent mineral chemis
Since the amalgamation of Eastern Block and Western Block into
an integrated craton, the NCC had been stable until kimberlites
erupted in Early Paleozoic at Mengyin in west Shandong and Fuxian
in Liaoning Peninsula (Fig 1a). Studies on peridotites captured in
these two kimberlites suggest a thick (>180 km), cold (b40 mW/
m2), old (most of Os model ages >2.5 Ga) and refractory SCLM be-
neath NCC during Early Paleozoic (e.g., Gao et al., 2002; Griffin et
al., 1998; Menzies et al., 1993). Since Mesozoic, especially Late Me-
sozoic, the NCC was destabilized, as expressed by intense magma
activities ranging from late Mesozoic to Cenozoic (Xu et al., 2009;
and references therein). The mantle xenoliths entrained by Cenozo-
ic basalts reveal that Cenozoic SCLM beneath Eastern NCC is thin
(b80 km), hot (~65 mW/m2), young and fertile (Fan et al., 2000;
Gao et al., 2002; Rudnick et al., 2004; Xu and Bodinier, 2004;
Zheng et al., 1998). This suggests a removal of >100 km of Archean
lithosphere during Phanerozoic (Griffin et al., 1998; Menzies et al.,
1993).

Shandong Province, located in the central part of the eastern NCC,
is separated by the Tanlu fault into two parts (Fig. 1). The western
part is called Luxi where the Ordovician diamondiferous kimberlites
are situated, and the eastern part is the Shandong Peninsula. Cenozoic
basalts in Shandong are mainly distributed along Tanlu fault and in the
Yantai peridotites.

ML-9 ML-10 ML-11 ML-12 ML-13 ML-14 ML-15

68.2 79.7 78.5 68.6 78.3 83.2
23.4 14.1 16.7 24.1 17.5 14.1
6.3 4.7 3.2 5.8 3.4 2.0
1.5 1.5 2.0 1.9 0.7 1.1

44.31 43.81 43.67 43.96 44.99 44.22 43.03
0.02 0.01 0.01 0.01 0.00 0.02 0.02
1.64 1.52 1.31 1.60 1.82 0.80 0.91
8.79 8.29 8.71 8.90 8.54 8.70 8.48
0.13 0.11 0.12 0.13 0.12 0.13 0.12

42.64 44.69 44.95 43.61 42.71 44.69 46.46
1.66 1.24 0.84 1.53 1.56 0.92 0.66
0.53 0.10 0.08 0.03 0.03 0.20 0.06
0.06 0.01 0.07 0.01 0.02 0.05 0.04
0.03 0.01 0.03 0.02 0.03 0.08 0.03
0.07 −0.25 0.00 0.06 −0.09 −0.02 −0.23

99.86 99.55 99.80 99.86 99.71 99.78 99.57

8.42 5.43 28.54 3.56 3.25 10.51 7.36
142.6 78.3 85.2 70.1 56.6 137.4 128

0.84 0.22 0.59 0.49 0.44 0.50 0.41
4.79 6.03 1.75 0.69 0.71 3.55 3.35
1.78 0.78 1.02 0.53 0.60 1.53 1.35
1.31 0.19 0.98 0.32 0.34 1.00 0.70
2.60 0.62 7.58 0.95 0.92 3.07 2.19
0.39 0.26 2.05 0.10 0.23 0.57 0.59
0.68 0.51 3.77 0.18 0.35 0.99 1.01
0.08 0.06 0.39 0.02 0.04 0.13 0.11
0.28 0.24 1.32 0.08 0.14 0.49 0.41
0.06 0.05 0.21 0.02 0.02 0.09 0.08
0.02 0.02 0.06 0.01 0.01 0.03 0.03
0.08 0.05 0.18 0.04 0.03 0.09 0.08
0.02 0.01 0.02 0.01 0.01 0.01 0.01
0.13 0.05 0.12 0.07 0.05 0.08 0.07
0.03 0.01 0.02 0.02 0.02 0.02 0.01
0.10 0.02 0.07 0.07 0.06 0.05 0.04
0.02 0.00 0.01 0.01 0.01 0.01 0.01
0.12 0.03 0.07 0.10 0.09 0.06 0.05
0.02 0.01 0.01 0.02 0.02 0.01 0.01
0.11 0.07 0.33 0.03 0.05 0.09 0.12
0.04 0.02 0.07 0.02 0.02 0.08 0.05

tries using least-squares regression method.



Fig. 2. (a) and (b) Modal compositions of the peridotites from Yantai and other local-
ities in Shandong Peninsula. Note the predominance of refractory harzburgites over
lherzolites in the Yantai xenolith population. Data source for Shandong peridotites:
Chu et al. (2009), Rudnick et al. (2004) and Zheng et al. (1998). (c) Plot of ol modal
composition vs Fo. The cratonic field and oceanic peridotite trend are after Boyd
(1989). In spite of the predominance of refractory harzburgites, the Yantai peridotites
follow the oceanic trend, but are distinct from Archean peridotites.
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northern part of the Shandong Peninsula. Many of these Cenozoic basalts
contain abundant mantle xenoliths (e.g., Shanwang, Penglai, Qixia;
Fig. 1b). The peridotite xenoliths studied in this paper are collected
from Yantai basalt which erupted at ~7.4 Ma (Ar–Ar age, Hong et al.,
unpublished data). The Yantai peridotites are fresh and anhydrous, and
are composed of predominant harzburgites (with b5% cpx) and minor
Fig. 3. Photomicrographs of the spongy texture of clinopyroxenes (a), and
lherzolites (Table 1; Fig. 2a). The predominance of refractory harzburgites
over lherzolites in the Yantai xenolith population is different from those
observed in other localities (e.g. Shanwang, Qixia, Penglai) in Shandong,
where lherzolites dominate (Fig. 2b). For the convenience of description,
clinopyroxene-poor (b7% cpx) lherzolites (sample ML-9 and ML-13) are
also classified into harzburgites.

The Yantai peridotitesmainly show a porphyroclastic texture, which
is characterized by large grains of olivine (ol) and orthopyroxene (opx)
(2–5 mm) scattering in the small-sized (b2 mm) neoblasts. They often
show straight boundaries, most of which are converged at 120° in triple
junctions. Some samples show a greater degree of recrystallizationwith
elongated grains and weak lineation. In some samples (sample ML-2,
ML-4 andML-5), the spongy texture of clinopyroxene (cpx) is observed
(Fig. 3a). Spinels (sp) are minor and smaller, commonly with vermicu-
lar form and holly-leaf shape. They are more often concentrated on the
side of opx and cpx, forming pyroxene-spinel cluster (Fig. 3b).
3. Sample preparation and analytical methods

Peridotite xenoliths were sawn into slabs and central parts were
used for bulk-rock analyses. The samples were firstly crushed into
small chips, and then washed with distilled water in ultrasonic bath
for several times. After that, the cleaned samples were ground into a
fine powder using an agate mortar. All the analyses are acquired at
the State Key Laboratory of Isotope Geochemistry, Guangzhou Insti-
tute of Geochemistry, Chinese Academy of Sciences (GIG-CAS).

The mineral chemistry was obtained with a JEOL JXA-8100
Superprobe. The operating conditions are as follows: 15 kV acceler-
ating voltage, 20 nA beam current and 1 μm beam diameter, and
10 s peak counting time for major elements (7 s for Na) and 20 s
peak counting time for minor elements (such as Ni, Cr, Ti). The data
reduction was carried out using ZAF correction.

Whole-rock major element compositions were carried out by
X-ray fluorescence spectrometry (XRF) on fused glass disks using
Rigaku ZSX-100e XRF instrument. Analytical procedure is described
by Goto and Tatsumi (1996). The same samples were also analyzed
for trace elements and rare-earth elements (REE) by inductively
coupled plasma-mass spectrometry (ICP-MS), using techniques de-
scribed by Liu et al. (1996). Precision for most trace elements was
better than 10%. In situ trace element analysis of cpx was performed
using an Agilent 7500a ICP-MS system coupled with a Resolution
M50-HR 193 nm ArF-excimer laser sampler, following the analytical
procedure described by Tu et al. (2011). Calibration was carried out
externally using NIST 612 with Si as an internal standard. Repeated
analyses of NIST 612 and NIST 610 indicate precision and accuracy
clusters of pyroxene and spinels (b). Both are plane-polarized light.

image of Fig.�3
image of Fig.�2


Fig. 4. Plots of TiO2, Al2O3, FeOT, CaO, Ba, La, Y and Yb contents against MgO for the Yantai peridotites. Shaded fields represent the compositional range of worldwide peridotites after
Takazawa et al. (2000). Black fields represent the compositions of the primitive mantle after Jagoutz et al. (1979), and Hart and Zindler (1986).
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both better than 4% for most elements. For cpx, the relative standard
deviations (RSDs) of most elements are better than 15%.

Re contents were analyzed by ICP-MS, and Os contents and Os iso-
tope ratios were determined by Triton TIMS, following the analytical
procedure detailed by Li et al. (2011). Both Re and Os were corrected
for blanks. Total blank levels were 11±1 pg and 3±1 pg for Re and Os,
respectively, and the blank 187Os/188Os ratio was 0.256±0.034 (Li et al.,
2011). The contributions of the blanks to measured Os contents were
less than 1.5% for all samples, and to Re contents were less than 30 % for
most samples.

image of Fig.�4


Table 2
Major element (wt.%) compositions of minerals, equilibrium temperature (°C) from Yantai peridotites.

mineral Lherzolite Harzburgite

ML-4 ML-5 ML-1

Ol Opx Cpx Sp Ol Opx Cpx Sp Ol Opx Cpx Sp

SiO2 41.14 55.15 52.02 0.10 40.92 55.45 52.12 0.06 41.17 55.70 53.06 0.09
TiO2 – 0.11 0.33 0.13 0.03 0.11 0.27 0.13 – 0.05 0.09 0.13
Al2O3 0.03 5.58 7.30 58.25 – 4.12 5.56 54.18 0.02 4.10 4.97 45.61
Cr2O3 – 0.37 0.67 9.72 – 0.31 0.69 14.66 – 0.73 1.04 23.46
FeO 10.00 6.26 3.16 10.77 9.50 6.07 2.75 11.27 8.49 5.37 2.58 11.39
MnO 0.11 0.10 0.05 0.09 0.13 0.12 0.09 0.12 0.10 0.12 0.06 0.12
MgO 48.39 31.49 15.25 20.66 49.03 32.99 15.78 19.88 49.93 33.09 16.43 19.31
CaO 0.09 0.98 19.47 – 0.06 0.69 21.63 – 0.07 0.91 20.88 –

Na2O – 0.14 1.68 – – 0.06 1.37 – – 0.11 1.23 –

NiO 0.39 0.12 0.07 0.37 0.29 0.07 0.07 0.31 0.32 0.10 0.07 0.25
Total 100.14 100.30 100.01 100.10 99.96 99.99 100.33 100.60 100.09 100.28 100.41 100.36
Mg# 89.6 90.0 89.6 77.4 90.2 90.6 91.1 75.9 91.3 91.7 91.9 75.1
Cr# 4.3 5.8 10.1 4.8 7.7 15.4 10.7 12.3 25.6
T1 1048 963 1030
T2 1014 924 1083

Harzburgite

ML-2 ML-8 ML-9

mineral Ol Opx Cpx Sp Ol Opx Cpx Sp Ol Opx Cpx Sp

SiO2 41.62 56.02 53.09 0.07 41.48 56.55 52.86 0.03 41.06 55.97 52.72 0.04
TiO2 – 0.06 0.10 0.10 – 0.09 0.10 0.07 0.05 – 0.08 0.06
Al2O3 0.03 4.01 4.92 45.65 – 2.74 3.41 39.61 – 3.25 3.45 44.05
Cr2O3 – 0.62 1.10 23.58 – 0.43 1.08 28.98 0.05 0.44 0.74 24.71
FeO 8.53 5.36 2.60 11.38 9.14 5.77 2.35 14.22 8.83 5.63 2.27 12.63
MnO 0.11 0.10 0.08 0.13 0.10 0.12 0.08 0.13 0.10 0.11 0.07 0.12
MgO 49.14 32.51 16.17 19.20 48.94 33.39 16.24 17.36 49.36 33.46 16.68 18.23
CaO 0.07 0.96 20.96 – 0.03 0.57 23.08 – 0.06 0.65 23.47 –

Na2O 0.02 0.10 1.26 – – 0.05 0.80 – 0.02 0.03 0.59 –

NiO 0.42 0.10 0.07 0.28 0.40 0.07 0.04 0.22 0.37 0.09 0.04 0.25
Total 99.94 99.83 100.33 100.39 100.08 99.78 100.05 100.60 99.89 99.61 100.10 100.10
Mg# 91.1 91.5 91.7 75.0 90.5 91.2 92.5 68.5 90.9 91.4 92.9 72.0
Cr# 9.4 13.0 25.7 9.5 17.6 32.9 8.3 12.6 27.3
T1 1042 924 950
T2 1038 910 937

Harzburgite

ML-10 ML-11 ML-13

mineral Ol Opx Cpx Sp Ol Opx Cpx Sp Ol Opx Cpx Sp

SiO2 41.78 57.80 53.94 0.04 41.43 56.96 53.65 – 41.46 56.51 53.18 0.04
TiO2 – – 0.07 0.06 – 0.05 0.09 0.06 0.04 0.06 0.03 0.01
Al2O3 – 1.82 2.09 26.18 – 2.13 2.56 37.93 – 2.82 2.61 44.20
Cr2O3 – 0.46 1.02 42.55 – 0.37 0.76 30.13 0.02 0.38 0.63 23.88
FeO 8.43 5.28 2.11 15.88 8.71 5.71 2.05 14.59 9.18 5.99 2.20 13.70
MnO 0.12 0.14 0.07 0.14 0.10 0.15 0.10 0.15 0.12 0.11 0.04 0.14
MgO 48.91 33.55 16.92 15.01 49.02 33.66 16.36 16.87 48.78 33.12 16.77 17.86
CaO 0.04 0.65 23.35 – 0.02 0.42 23.76 – 0.03 0.51 24.41 –

Na2O – 0.04 0.60 – – 0.02 0.59 – – 0.02 0.23 –

NiO 0.38 0.10 0.06 0.15 0.37 0.07 0.05 0.18 0.39 0.08 0.05 0.24
Total 99.66 99.84 100.22 100.01 99.65 99.54 99.97 99.90 100.02 99.60 100.17 100.08
Mg# 91.2 91.9 93.5 62.8 90.9 91.3 93.4 67.3 90.4 90.8 93.1 69.9
Cr# 14.4 24.6 52.2 10.5 16.6 34.8 8.3 13.9 26.6
T1 949 864 901
T2 883 864 895

Harzburgite

ML-14 ML-15

mineral Ol Opx Cpx Sp Ol Opx Cpx Sp

SiO2 41.58 57.37 54.32 0.05 40.90 56.75 53.71 0.04
TiO2 – – 0.07 0.09 0.05 0.04 0.05 0.10
Al2O3 – 1.96 2.19 28.81 0.03 2.51 2.81 27.75
Cr2O3 0.02 0.45 0.87 39.65 0.05 0.59 1.06 41.24
FeO 8.70 5.60 2.13 16.07 8.49 5.27 2.44 14.45
MnO 0.09 0.12 0.07 0.18 0.12 0.12 0.05 0.16
MgO 48.94 33.54 16.77 15.50 49.57 33.16 17.12 16.14
CaO 0.04 0.60 23.28 0.01 0.09 1.00 21.99 –

Na2O – 0.04 0.63 – – 0.07 0.69 –

NiO 0.35 0.07 0.05 0.18 0.36 0.08 0.06 0.18
Total 99.71 99.75 100.38 100.54 99.65 99.60 99.97 100.07

(continued on next page)
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Table 2 (continued)

Harzburgite

ML-14 ML-15

mineral Ol Opx Cpx Sp Ol Opx Cpx Sp

Mg# 90.9 91.4 93.3 63.2 91.2 91.8 92.6 66.6
Cr# 13.3 21.1 48.0 13.5 20.3 49.9
T1 933 1054
T2 887 961

1 Mineral composition is the average of 5 analyses.
2 Mg#=molar 100 Mg/(Mg+Fe), and Cr#=molar 100Cr/(Cr+Al).
3 T1 and T2 are calculated using the Ca-opx thermometer of Brey and Köhler (1990) and Cr-Al-opx thermometer of Witt-Eickschen and Seck (1991), respectively. Pressures of
1.5 GPa are assumed throughout.

Table 2 (continued)
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4. Results

4.1. Whole rock major element compositions

Whole rock major element abundances are given in Table 1. Al2O3,
CaO and TiO2 correlate negatively with MgO (Fig. 4), forming trends
similar to the global one defined bymantle xenoliths andmassive perido-
tites (e.g., Takazawa et al., 2000). Consistent with their mineral modal
composition, the majority of the Yantai peridotites are refractory
harzburgites, with high MgO content (>42 wt.%) and Mg# value
(>90.5), low CaO (b2.0 wt.%), Al2O3 (b2.0 wt.%) and TiO2 (b0.04 wt.%)
contents. Only three lherzolites (sample ML-3, ML-4 and ML-5) display
a relatively fertile composition. In particular, sampleML-5 has a distinctly
high CaO content (>5 wt.%; Fig. 4d), due to its anomalously high cpx
mode (24%; Table 1). The compositions of sample ML-4 and ML-5 are
Fig. 5. Plots of (a) Cr#cpx, (b) Cr#opx, (c) Ti content in cpx, and (d) Na2O in cpx against Cr#
stability field (Hellebrand et al., 2001; Johnson et al., 1990). Partition coefficient for Ti betwe
melting trend after Xu et al. (2002) is also shown. The majority of the Yantai samples plot alo
cpx at given Cr#sp.
close to that of the primitive mantle (Hart and Zindler, 1986; Jagoutz et
al., 1979).

4.2. Mineral chemistry and equilibrium temperature

Mineral compositions are listed in Table 2. No compositional zona-
tion has been observed in constituent minerals, suggesting a homoge-
neous composition and chemical equilibrium between minerals.

Ol in the Yantai peridotites shows a wide range of Mg/(Mg+Fe)
(Mg#) ratio (89.6 to 91.3). Ol in the lherzolites displays a lower Mg#
(89.6–90.2) than in the harzburgites (90.4–91.3). Difference in Mg# is
also observed for opx and cpx in the two groups; for instance, Mg#opx

(90.0 to 90.6) in lherzolites is lower than in harzburgites (>90.6). The re-
fractoriness of the harzburgite samples is also reflected by its high Cr#sp

(>20) which is a measure of degree of partial melting. In spite of
sp. The melting trend in (c) is calculated using fractional melting model within spinel
en melt and clinopyroxene is from Sobolev et al. (1996). For comparison, the commonly
ng the common melting trend, but sample ML-13 shows anomalously low Ti content in
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predominant refractory harzburgites, the Yantai peridotites dislike the
cratonic peridotites (Boyd, 1989). They all fall along the oceanic trend in
the plot of ol mode against forsterite content in ol (Fo), typical of the
Phanerozoic mantle (Fig. 2c).

The linear correlations between Cr# of spinel (Cr#sp) and Cr# of opx
and cpx (Fig. 5a, b) strongly indicate chemical equilibrium between
co-existing minerals. Similar to those defined by unmetasomatized peri-
dotites from around theworld, Ti and Na2O contents in cpx progressively
decrease with increasing Cr#sp (Fig. 5c, d). Sample ML-13 deviates from
the melting curve due to its low Ti content (246 ppm) but a moderate
Cr#sp (Fig. 5c).

Temperatures were calculated using the Ca-in-opx thermometer
(Brey and Köhler, 1990) and the empirical thermometer (Witt-
Eickschen and Seck, 1991), based on Cr–Al exchange between opx
and sp. For most samples, the two thermometers yield broadly similar
estimates of 850–1080 °C (Table 2). This temperature range is relatively
larger than those of other peridotite xenoliths from Shandong Peninsula
(Penglai: 925–975 °C, Shanwang: 925–975 °C, Qixia: 850–925 °C;
recalculated using the data of Chu et al., 2009; Zheng et al., 1998).
This suggests that the Yantai samples may come from a relatively
large depth interval of the SCLM. The samples with relatively high tem-
perature estimates (sample ML-1, ML-2 and ML-4) are all severely
metasomatized by silicate melts (see below).
Fig. 6. Whole rock REE and trace element abundances in Yantai perido
4.3. Trace element compositions

4.3.1. Whole rock
Three types of REE patterns can be distinguished in the Yantai pe-

ridotites (Fig. 6).

(1) Three samples (sample ML-1, ML-2 and ML-5) have essentially
flat REE patterns with La/Sm equal to 1 or slightly less than 1
(Fig. 6a). They also exhibit negative anomalies of Ba, Zr and
Ti, and enrichment of Nb, Th, U and Rb (Fig. 6b).

(2) Five samples (sampleML-4,ML-8,ML-9,ML-12, andML-13) show
a V-shaped REE pattern, characterized by a fractionated HREE and
an enriched LREE distribution [(La/Sm)N>1] (Fig. 6c). In primitive
mantle (PM)-normalized spidergram, a peak at U–Nb and positive
anomalies of Sr and Zr are commonly observed (Fig. 6d).

(3) LREE-enriched patterns [(La/Sm)N>1] are primarily observed
in refractory harzburgites (Fig. 6e). HREE contents in the
harzburgites with this type of pattern are generally lower
than in lherzolites (Table 1), suggesting that metasomatism
tend to be associated with refractory samples. In PM-
normalized spidergram, a peak at Th–Nb and weak positive
anomalies of Sr and Zr, but significant negative anomalies of
Ba are found in representative samples. Two samples (sample
tites. Normalization values are from McDonough and Sun (1995).
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Table 3
Trace element compositions in clinopyroxene (ppm) from Yantai peridotites.

Lherzolite Harzburgite

ML-3 ML-4 ML-5 ML-1 ML-2 ML-8 ML-9 ML-10 ML-11 ML-12 ML-13 ML-14 ML-15

Sr 226.18 158.39 58.42 36.43 32.40 4.59 1.14 37.94 20.97 2.08 1.77 27.59 80.87
Ti 881 2702 2166 973 895 857 579 133 499 414 236 240 322
Y 9.72 16.00 13.00 9.43 9.11 7.23 6.64 1.90 5.08 5.05 3.32 2.56 3.08
Zr 1.77 30.71 8.81 11.70 10.59 2.93 0.74 6.51 8.23 0.87 0.26 10.17 8.53
Nb 2.18 2.69 0.26 0.82 0.73 0.13 0.07 0.37 0.26 0.26 0.09 0.23 1.03
Ba 0.89 0.14 0.05 0.13 0.18 0.45 0.33 0.11 0.23 0.13 0.14 0.56 0.47
La 8.31 6.33 0.73 1.28 1.16 0.12 0.02 0.61 1.52 0.14 0.22 0.80 4.50
Ce 21.82 13.14 2.01 3.21 2.98 0.37 0.04 1.66 3.67 0.10 0.35 3.32 6.52
Pr 2.71 1.42 0.32 0.46 0.43 0.07 0.01 0.25 0.52 0.01 0.03 0.58 0.50
Nd 12.50 6.53 2.28 2.81 2.64 0.52 0.15 1.39 2.72 0.14 0.12 3.03 1.80
Sm 2.35 1.83 1.11 0.97 0.92 0.29 0.14 0.35 0.63 0.11 – 0.60 0.42
Eu 0.84 0.72 0.47 0.37 0.38 0.14 0.09 0.14 0.22 0.08 0.02 0.19 0.18
Gd 1.98 2.42 1.72 1.36 1.22 0.63 0.48 0.37 0.64 0.31 0.12 0.51 0.49
Tb 0.28 0.42 0.33 0.24 0.22 0.14 0.11 0.05 0.11 0.07 0.04 0.08 0.08
Dy 1.96 3.11 2.39 1.88 1.79 1.24 1.03 0.37 0.90 0.80 0.46 0.51 0.64
Ho 0.37 0.60 0.50 0.37 0.36 0.28 0.24 0.07 0.19 0.19 0.12 0.10 0.12
Er 1.10 1.87 1.47 1.14 1.08 0.93 0.82 0.24 0.67 0.67 0.48 0.32 0.37
Tm 0.14 0.24 0.20 0.13 0.14 0.13 0.12 0.03 0.09 0.09 0.07 0.04 0.05
Yb 1.08 1.82 1.51 1.03 1.02 0.96 0.86 0.28 0.70 0.79 0.60 0.38 0.39
Lu 0.14 0.21 0.19 0.13 0.12 0.13 0.12 0.04 0.09 0.10 0.07 0.05 0.05
(La/Yb)N 5.22 2.37 0.33 0.84 0.77 0.09 0.02 1.47 1.48 0.12 0.25 1.43 7.86
∑REE 55.57 40.65 15.22 15.38 14.43 5.94 4.23 5.87 12.66 3.58 2.97 10.50 16.11
Ti/Eu 1053 3733 4583 2632 2340 6151 6643 982 2318 5462 11735 1237 1824
Ba/La 0.11 0.02 0.07 0.10 0.15 3.65 16.97 0.17 0.15 0.98 0.61 0.70 0.10
Sr/Nd 18 24 26 13 12 9 8 27 8 15 15 9 45

Subscript N in (La/Yb)N denotes chondrite-normalized.

Fig. 7. REE and trace element pattern in clinopyroxene from Yantai peridotites. Normalization values are from McDonough and Sun (1995).
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Table 4
Re–Os isotope compositions of Yantai peridotites.

Re Os 187Re/188Os 187Os/188Os 2σ TRD TMA

(ppb) (ppb) (Ma) (Ma)

ML-1 0.015 1.230 0.060 0.1171 0.0008 1701 1971
ML-2 0.218 0.890 1.180 0.1206 0.0008 1233 −732
ML-3 0.003 4.352 0.003 0.1237 0.0006 813 818
ML-4 0.033 1.506 0.106 0.1244 0.0008 717 944
ML-5 0.104 1.428 0.351 0.1262 0.0007 467 2373
ML-8 0.014 0.116 0.562 0.1193 0.0010 1415 −5097
ML-9 0.018 0.917 0.097 0.1248 0.0006 664 853
ML-10 0.014 1.545 0.044 0.1230 0.0005 909 1010
ML-11 0.685 1.944 1.694 0.1199 0.0007 1335 −468
ML-12 0.121 1.493 0.390 0.1245 0.0008 701 6482
ML-13 0.017 0.521 0.158 0.1253 0.0009 590 923
ML-14 0.011 0.106 0.524 0.1218 0.0013 1072 −5554
ML-15 0.016 2.227 0.034 0.1171 0.0006 1701 1841
ML-15R 0.027 2.128 0.061 0.1179 0.0003 1604 1860

The parameters used in the calculation are λRe=1.666×10−11/year, (187Re/188Os)Chond=
0.435 (Bennett et al., 2002) and (187Os/188Os)Chond=0.1296 (Meisel et al., 2001).
All Re contents have been corrected for blanks, except sample ML-3, due to its unusu-
ally low Re content.
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ML-3 and ML-11) distinguish themselves by their significant
negative anomalies of Zr and Ti.

4.3.2. Clinopyroxenes
For a given sample, cpx and whole rocks display essentially similar

trace element distribution patterns, although the concentration level
Fig. 8.Whole rock 187Os/188Os ratios of Yantai peridotites against (a) La/Yb ratios, (b) Os con
Al2O3 of the primitive upper mantle (PUM) are from Bennett et al. (2002), Meisel et al. (20
is higher for cpx (Table 3). This is consistent with the notion that
cpx is the main host for incompatible elements in dry spinel perido-
tites (e.g., Xu et al., 2002). Nevertheless, some difference is observed
between whole rock and cpx compositions.

(1) While the flat and LREE-enriched patterns are observed both in
whole rock and cpx compositions, the V-shaped REE pattern il-
lustrated by whole rock compositions is not observed in cpx,
except one sample (sample ML-13). Instead, a LREE-depleted
pattern [(La/Yb)N=0.09–0.33] with a flat HREE pattern [(Ho/
Yb)N=0.7–1] (Fig. 7c) is observed in cpx. Some samples
show inflection of La and Ce (Fig. 7c). Combined with the en-
richment of Nb (Fig. 7d), the inflection of La and Ce possibly in-
dicates incipient enrichment of highly incompatible elements.
Ti, Zr and Hf occur as weak negative spikes in PM-normalized
distribution patterns (Fig. 7d).

(2) In the samples with LREE-enriched pattern, sample ML-14
show a concave downward REE pattern (Fig. 7e).

4.4. Re–Os isotopes

Re and Os concentrations of most Yantai peridotites vary from
b0.01 ppb to 0.2 ppb, and from ~0.5 ppb to >4 ppb, respectively
(Table 4). These Os concentrations are similar to off-cratonic spinel
peridotites from around the world (e.g., Meisel et al., 2001; Pearson
et al., 2004; Peslier et al., 2000; Wu et al., 2006), but are lower than
Os concentrations in peridotite massifs. Most of the Yantai peridotites
tents, (c) 187Re/188Os ratios and (d) Al2O3 (wt%). 187Re/188Os ratio, 187Os/188Os ratio and
01), and McDonough and Sun (1995), respectively.
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Fig. 9. (a) Comparison of Y and Yb contents of cpx in Yantai peridotites with the calcu-
lated melting trend using fractional melting model within spinel stability field (Nor-
man, 1998). Note that the deviation of some harzburgites from the melting trend.
The subscript PM indicates that the Y and Yb concentrations are normalized to primi-
tive mantle (McDonough and Sun, 1995). (b) Comparison of REE pattern of Yantai pe-
ridotites with the calculated REE pattern of polybaric fractional melting. See text for
details. For comparison, the range of the calculated REE pattern of spinel field melting
is also shown. Within garnet stability field melting, the starting material compositions
and the melt modal compositions are 55%ol+20%opx+15%cpx+10%gt, and 8%ol−
19%opx+81%cpx+30%gt (after Walter, 1998), respectively. Within spinel stability
field melting, 53%ol+25%opx+20%cpx+2%sp for the starting material compositions,
and −6%ol+28%opx+67%cpx+11%sp (after Kinzler, 1997) are used. Decompression
reaction of garnet is after Xu et al. (2002): 0.2 ol+gt=0.5 opx+0.5 cpx+0.2 sp. The
partition coefficients for REE between melt and minerals are after Johnson (1998).
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have 187Re/188Os ratios less than 0.4, but four samples have the 187Re/
188Os ratios greater than 0.5, either due to their high Re contents
(>0.2 ppb for sample ML-2 and ML-11), or owing to their low Os
contents (b0.2 ppb for sample ML-8 and ML-14).

187Os/188Os ratios range from 0.1171 to 0.1263, similar to those
reported for other peridotite xenoliths from Shandong Peninsula
(Chu et al., 2009; Gao et al., 2002). All the ratios are lower than that
of the present-day primitive upper mantle (PUM) value (0.129±1;
Meisel et al., 2001). Among these, five samples (sample ML-1, ML-2,
ML-8, ML-11 and ML-15) have the 187Os/188Os ratios less than
0.121. Using the parameter of (187Os/188Os)Chond=0.1296 (Meisel
et al., 2001), the calculated TRD ages are older than 1.2 Ga.

No clear correlation is observed between 187Os/188Os ratio and La/Yb
ratio (and Os contents) for the whole suite (Fig. 8a, b). Similar to perido-
tite xenoliths from other places, the relationship between 187Os/188Os
and 187Re/188Os of the Yantai peridotites is very poor (Fig. 8c), probably
due to the disturbance of Re–Os isotopic system in post-melting process-
es. There is a weak positive correlation between 187Os/188Os and Al2O3 in
Yantai peridotites for the whole suite (Fig. 8d).
5. Discussions

5.1. Mantle depletion

5.1.1. Yantai peridotites as residues of partial melting
The Yantai peridotites range from cpx-rich lherzolites (cpx >10%)

via cpx-poor lherzolites to harzburgites (cpx b5%) (Table 1; Fig. 2a).
Such a modal variation is accompanied by whole rock and mineral
composition changes (Figs. 4 and 5). In particular, the inverse correla-
tions between CaO (TiO2 and Al2O3) and MgO are similar to those ob-
served for residual peridotites from worldwide occurrences (Fig. 4;
e.g., Takazawa et al., 2000). The melt depletion is also evidenced
from mineral compositions, which show decreasing Ti and Na2O in
cpx with increasing Cr#sp (Fig. 5c, d). These compositional variations
are similar to those defined by unmetasomatized peridotites from
around the world, suggesting the primary control of partial melting
on mineral compositions (e.g., Yaxley et al., 1998). We thus conclude
that the Yantai peridotites represent the residues left after extracting
basalts by variable degrees of partial melting.

5.1.2. Evidence for melting in garnet stability field
Fig. 9a compares Y and Yb in cpx from the Yantai peridotites with

modeled curve of fractional melting of the spinel peridotites. The
Yantai lherzolites fall along the partial melting line, constraining the
degree of partial melting less than 10%. However, most harzburgites
deviate from the line (Fig. 9a) due to their higher Yb at a given Y con-
tent, suggesting a fractionation between these two elements. Because
of their essentially similar partition coefficients between cpx andmelt
(e.g., Johnson, 1998), Y and Yb would not fractionate from each other
in the spinel stability field, even during high degrees of partial melt-
ing. Such a fractionation cannot be related to mantle metasomatism
either, because Y is slightly more incompatible than Yb in basaltic sys-
tem (Sun and McDonough, 1989) and metasomatism would result in
enrichment of Y over Yb, placing the samples below the modeled
melting trend in Fig. 9a. In fact, both Y and Yb form negative correla-
tions with MgO (Fig. 4g and h), suggesting that they were not affected
by metasomatism.

The fractionation between Y and Yb may be indicative of the in-
volvement of garnet during mantle melting, because HREE and Y in
garnet are highly fractionated (e.g., Johnson, 1998). Because the
HREE-fractionated cpx is observed in spinel facies peridotites, it re-
quires the breakdown of former garnet and final re-equilibration in
the spinel stability field. We thus propose that some Yantai perido-
tites are residues of melting of garnet peridotites with variable
amounts of garnet that has subsequently broken down to cpx. Simi-
lar petrogenetic models have been proposed for the peridotite xeno-
liths from Samoan (Hauri and Hart, 1994), Qilin (Xu et al., 2002) and
other places (Hellebrand et al., 2002; Johnson et al., 1990). This pet-
rogenetic model gains its supporting evidence from clusters of spi-
nels with holly-leaf shape and pyroxenes in the Yantai peridotites
(Fig. 3b), which is commonly interpreted as a result of breakdown
of former garnet (Nicolas, 1986).

In order to test this model, we performed a calculation using the
fractional melting model of Johnson et al. (1990) to monitor the REE
variation during polybaric melting, which starts in the stability field
of garnet lherzolite, followed by the breaking down of garnet into
cpx and opx and then by the continuing melting in the spinel stability
field (see caption of Fig. 9b for the parameters used in modeling). The
amount of melting in the garnet field is adjusted to simulate the ob-
served degree of HREE fractionation in cpx, whereas the absolute con-
centration of the HREE is sensitive to the degree of the melting in the
spinel field. Fig. 9b compares the modeling results with the REE pat-
tern of cpx in the Yantai peridotites. The cpx composition of sample
ML-13 can be nicely fitted by 8% melting in stability field of garnet
lherzolite firstly, and then continued to melt 13–14% degree in spinel
stability field after garnet breakdown. The total degree of melting
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Fig. 10. (a) Ti/Eu ratio vs (La/Yb)N ratio in clinopyroxene from Yantai peridotites. Fields of carbonate and silicate metasomatism are after Coltorti et al. (1999). (b) Nd contents
(ppm) vs Sr/Nd ratios in clinopyroxene from Yantai peridotites. The grey area denotes metasomatism by subduction-released melts (after McDonough, 1990).
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amounts to 21–22%. Such high degree of partial melting of spinel
lherzolite would have exhausted all the cpx in the residual source
(Walter, 2003; and references therein), which is not the case of sam-
ple ML-13 (~6% cpx; Table 1). A reasonable explanation is the gener-
ation of excess cpx during the breakdown of garnet. The polybaric
melting also explains the deviation of sample ML-13 from the melting
curve in Fig. 5c. The deviation is owing to its very low Ti content in
cpx (236 ppm) and moderate Cr#sp, which partly inherits the low
Cr# of garnet (Xu et al., 2002).

Whether characteristics pertinent to polybaric melting (highly frac-
tionated HREE, low Ti at moderate Cr#sp, anomalously high cpx mode)
are visible depends on the content of former garnet in the mantle and
the melting extent within garnet stability field. As shown by Xu et al.
(2002), the visible HREE fractionation requires relatively extensive partial
melting (>20%) and melting in the garnet field not less than 8%. Model-
ing shows that for most Yantai samples experienced b8% melting in the
garnet field, therefore accounting for the scarcity of visible HREE fraction-
ation in the spinel peridotites.
Fig. 11. (a) and (b) Comparison of 187Os/188Os of the Yantai peridotite with other xenoliths f
Mesozoic and Cenozoic lithospheric mantle beneath Shandong Peninsula. The range of ε(Nd)
peridotites — Chu et al. (2009), Gao et al. (2002); abyssal peridotites — Alard et al. (2005), B
and Allègre (1994), Snow and Reisberg (1995) and Standish et al. (2002). Data source for ε(N
al. (2006, 2008b, 2009), Xu et al. (2004b, c), Yang et al. (2004), Yang et al. (2008), Zhang e
5.2. Mantle enrichment

5.2.1. Evidence for metasomatic enrichment
The majority of the Yantai samples show sign of metasomatic enrich-

ment in highly incompatible elements (Fig. 4e and f). Chromatographic-
type migration of LREE-enriched melts/fluids through LREE-depleted pe-
ridotites (Bodinier et al., 1990; Navon and Stolper, 1987) may be a viable
mechanism to produce variable LREE enrichments observed in the Yantai
peridotites. This is because during chromatographic metasomatism, ele-
mentsmove through the porous peridotites at rates inversely proportion-
al to their solid-melt partition coefficients. The enrichment front of the
most incompatible elements moves faster than that of less incompatible
elements.

The metasomatic enrichment in the Yantai peridotites is character-
ized by high Nb abundance, low Ba/La and Sr/Nd and relatively high
Ti/Eu (Table 3; Fig. 10). Neither hydrous fluids nor carbonate melts
can be themetasomatic agent, because Nb is immobile in hydrous fluids
(e.g., Keppler, 1996). Moreover, metasomatism involving carbonate
rom Shandong Peninsula and abyssal peridotites. (c) and (d) Comparison of ε(Nd) of the
for MORB is from Hofmann (2003). Data source for Os isotope composition: Shandong
randon et al.(2000), Harvey et al. (2006), Liu et al. (2008a), Martin (1991), Roy-Barman
d) value: Mesozoic rocks in Shandong— Fan et al. (2001), Guo et al. (2001, 2003), Liu et
t al. (2002); Shandong Peninsula peridotites — Chu et al. (2009) and Fan et al. (2000).
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Fig. 12. Plot of equilibrium temperatures against Fo of Yantai peridotites. Equilibrium
temperatures are Cr-Al-opx thermometer of Witt-Eickschen and Seck (1991).
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melts will yield low Ti/Eu ratio and high (La/Yb)N ratio (Coltorti et al.,
1999), and high CaO content at a given MgO content (Yaxley et al.,
1998), which are not observed in the Yantai case (Figs. 4d, 10a). The
role of subduction-released melts can also be precluded, because Sr/
Nd ratios (b26) in the Yantai peridotites are significantly lower than
that of the typical peridotites metasomatized by subduction-released
melts (30–35; Fig. 10b). We thus suggest that the metasomatism in
these samples was probably related to melts produced by small degree
of partial melting of asthenospheric source.

5.2.2. Effect of metasomatism on Re–Os system
Because of the extremely high partition coefficients of Os in sul-

fides, addition of metasomatic sulfides to mantle residues is an effec-
tive way to disturb both Os abundances and Os isotopic ratios of the
host peridotites. Alard et al. (2002) reported two types of sulfides in
peridotite xenoliths: the “original” type was included in silicate
phases, and the secondary type was interstitial along silicate bound-
aries. The whole rock analyses integrate these different generations
of sulfides.

187Re/188Os ratios of four samples (sample ML-2, ML-8, ML-11,
ML-14) are higher than that of the PUM (Fig. 8c), suggesting intro-
duction of Re during melt percolation. However, these samples do
not display corresponding high 187Os/188Os ratios (Fig. 8a). Therefore
melt percolation must be recent, otherwise high 187Os/188Os would
have developed as a result of radiogenic growth subsequent to meta-
somatic enrichment of Re/Os. These samples (except for sample
ML-14) and other samples loosely define a positive correlation be-
tween 187Os/188Os and Al2O3 that extends to the PUM (Fig. 8d),
suggesting that not all metasomatism can affect Os isotopes of the
mantle. Such a decoupling between enrichment of lithosphile and
siderophile elements may be due to the relatively high proportion be-
tween primary sulfides and metasomatic sulfides in these samples.

Sample ML-14 plots above the correlation line in Fig. 8d. This sam-
ple has very low Os abundance (~0.1 ppb), making it more suscepti-
ble to metasomatic Os addition. Hence, a possible explanation is that
the relatively high 187Os/188Os ratio in sample ML-14 at given Al2O3

could have developed as a result of addition of a radiogenic Os com-
ponent to the peridotites. The other moderately refractory samples
(sample ML-9, ML-12, ML-13) also plot above the correlation line in
Fig. 8d. The low La/Yb and Re/Os ratios in these samples point to an
unaffected Os isotopic composition.

5.3. Age of the lithospheric mantle beneath Shandong Peninsula

TRD model ages, which are calculated by assuming that melting
removes all of the Re from the peridotites, yield robust estimates of
the minimum age of melt depletion (Walker et al., 1989). Because
Re is almost completely removed from the residue at very high de-
grees of melting, only the Re-depletion age of the most refractory
samples may approach that of the true age. In this regard, the two
most refractory samples (sample ML-14, ML-15; Al2O3b1 wt.%) of
the Yantai peridotites may yield meaningful age estimates. As
discussed previously, the Os isotopic composition of sample ML-14
may have been affected by metasomatism. It follows that 1.7 Ga for
sample ML-15 may represent the minimum age of melt extraction.
A Proterozoic age for the SCLM beneath Yantai is also evidenced
from the 187Os/188Os-Al2O3 correlation (Reisberg and Lorand, 1995).
Four refractory samples loosely define a positive correlation (dashed
line) in Fig. 8d. Regression of these data through the PUM composi-
tion yields an 187Os/188Os ratio of ~0.1174 at Al2O3 of 0.7 wt%, corre-
sponding to a depletion age of ~1.67 Ga. Two more fertile samples
(sample ML-3 and ML-5) plot along the correlation, suggesting that
they may be formed at the same time.

Anotherfive samples plot above the correlation due to their relative-
ly higher 187Os/188Os at given Al2O3 contents (Fig. 8d). Their model TRD
and TMA ages are less than 1.0 Ga (Table 4). It is hard to assess when
they formed, because Os model age determinations for peridotites
with melt depletion ages less than about 1.0 Ga are very poorly
constrained (Wu et al., 2006). Because abyssal peridotites are the frag-
ments of Phanerozoic oceanic lithosphere separating from the Phanero-
zoic convecting mantle (Brandon et al., 2000; Snow and Reisberg,
1995), their 187Os/188Os ratios can therefore be considered representa-
tive of the Phanerozoic convecting mantle. Given their Os isotopic sim-
ilarity to typical abyssal peridotites (187Os/188Os>~0.121), these five
Yantai samples were likely formed during the Phanerozoic.

The Os isotopic data therefore suggest that both Paleoproterozoic
and Phanerozoic SCLM may coexist beneath Shandong Peninsula. This
inference is, however, at odds with the relationship between mineral
and modal compositions, which indicates an affinity of the Phanerozoic
mantle for the Yantai samples (Fig. 2c). This is reminiscent of the debate
about the age of the SCLM beneath Shandong. While some believe that
the SCLM beneath this region is mostly of Proterozoic in age,
representing the relicts of ancient upper mantle which survived the
thermo-tectonic destruction of the NCC (e.g., Xiao et al., 2010; Zheng,
2009), others deem that all the SCLM beneath this region was formed
during Phanerozoic (Chu et al., 2009; Gao et al., 2002). Although the
consistency between the age inferred from the plot of Fo vs olivine
mode and that deduced from Os isotopes are not demonstrated yet,
we prefer to the idea that the SCLM beneath Shandong is made of Phan-
erozoic mantle, given the following considerations.

(a) The Os isotopic composition of the abyssal peridotites is an
important reference for the interpretation of the Os isotopic
data of given peridotites. Although abyssal peridotites are
formed during Phanerozoic, their 187Os/188Os ratios can be
as low as 0.113 (Liu et al., 2008a, 2008b), corresponding to a
Paleoproterozoic TRD model age. Such Os model ages may be
due to long-time survival of ancient Os isotopic signals in as-
thenospheric mantle (e.g., Liu et al., 2008a, 2008b). The Shan-
dong peridotites display a range in 187Os/188Os, virtually
similar to that of abyssal peridotites (Fig. 11a and b). If the
compositional range of the abyssal peridotites reflects that of
convective asthenosphere, this suggests a Phanerozoic age
for the SCLM beneath Shandong. In other words, the litho-
spheric mantle beneath eastern Shandong is newly accreted
mantle, conversed from upwelling asthenosphere. Its Os iso-
topic heterogeneity just inherits that of the convective as-
thenosphere.

(b) As suggested by geochemistry of mafic rocks, the Mesozoic
SCLM in Shandong is characterized by enriched Nd isotopes
(εNd(t)=−6 to −18; Fig. 11c). In contrast, the Cenozoic lith-
ospheric mantle is depleted in Nd isotopes (εNd(t)=0 to +28;
Fig. 11d), as indicated by peridotite xenoliths in Cenozoic
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basalts. Such a contrast in the composition of Mesozoic and
Cenozoic SCLM requires the replacement of ancient and enriched
lithospheric mantle by young and depleted mantle (Menzies et
al., 1993; Xu, 2001), which must have taken place during the
late Mesozoic and early Cenozoic (Xu et al., 2009).

(c) The polybaric melting experienced by the Yantai peridotites im-
plies a decompressional melting, probably as a result of astheno-
spheric upwelling. If the upwelled asthenosphere (residual
upper mantle left by polybaric melting) is converted to the lith-
osphere, it will retain an inverse correlation between degree of
depletion and depth (e.g., Xu et al., 2002), because the degree
of partial melting increases from deep to shallow level during
the polybaric melting (McKenzie and O'Nions, 1991). This pre-
diction is confirmed by the roughly negative correlation be-
tween Fo (as an indicator of depletion) and the equilibrium
temperature of peridotites (presumably equivalent to the
depth) for the Yantai samples (Fig. 12). Three samples (sample
ML-1, ML-2 and ML-15) which deviate from this correlation
show the highest estimated temperatures and highest Fo
(Fig. 12). The cause of this deviation requires further investiga-
tion, but could be related to heating of the lithospheric bottom
by underlying asthenosphere.

5.4. Spatial heterogeneity of the SCLM beneath Shandong Peninsula

Spatial heterogeneity of the SCLM beneath Shandong Peninsula
has long been recognized, with fertile peridotites beneath the Tanlu
fault in contrast with refractory peridotites in the region away from
the fault (e.g., Xiao et al., 2010; Zheng et al., 1998). The predominance
of refractory harzburgites in the Yantai xenoliths is consistent with
this generalization. However, the cause of this lateral heterogeneity
of the SCLM remains a matter of debate. Zheng et al. (1998) suggested
a complete replacement of the ancient mantle by asthenosphere near
the Tanlu fault region, where is the locus of asthenospheric ascent.
They argued for a partial replacement in the region away from the
Tanlu fault, resulting in the coexistence of old and new mantle in
that area. The interpretation presented in this paper, however, suggests
that all the SCLM beneath Shandong is newly accreted. In combination
with literature data (Chu et al., 2009; Rudnick et al., 2004; Xiao et al.,
2010; Zheng et al., 1998),we suggest here that the spatial heterogeneity
of the SCLM is created after the replacement of the ancient mantle by
upwelling asthenosphere. Fertile composition of the lithospheremantle
beneath the Tanlu fault is partly due to modification of lherzolites by
asthenospheric melt (e.g., Xiao et al., 2010). Perhaps the trans-
lithospheric Tanlu fault facilitated the ascent and migration of astheno-
spheric melt and enhanced lithospheric mantle-asthenospheric melt
reaction (Menzies et al., 2007; Xiao et al., 2010).

6. Conclusions

(1) The peridotite xenoliths from Yantai (Shandong province)
range from relatively fertile lherzolites via cpx-poor lherzolite
to refractory harzburgites. The proportion of refractory sam-
ples among xenolith population is significantly higher than
that beneath the Tanlu fault zone, outlining the spatial hetero-
geneity of the SCLM beneath Shandong province.

(2) Some of the Yantai peridotites show variable enrichment in
LILE, recording the multiple metasomatic enrichments of the
SCLM involving small melt fractions derived from the astheno-
sphere. Nevertheless, their HREE and Y contents are unaffected
by post-melting metasomatism and point to a polybaric melt-
ing that started in garnet stability field then continued in spinel
stability field after breakdown of garnet to pyroxenes and spi-
nel. Such a polybaric melting due to adiabatic decompression
of upwelling mantle creates a residual mantle in which degree
of depletion decreases with depth.
(3) The Yantai peridotites show a wide range in 187Os/188Os ratio
(0.117–0.126), corresponding to Proterozoic to Phanerozoic
Re-depletion model ages. Unlike this conventional interpreta-
tion for a co-existence of Proterozoic and Phanerozoic mantle
beneath the studied area, we suggest that the SCLM beneath
Yantai is all made of Phanerozoic mantle, because of the simi-
larity of Os isotopic composition between the studied samples
and abyssal peridotites. Such an interpretation gains its sup-
ports from the oceanic mantle affinity of the Yantai peridotites,
and the contrasting Nd isotopic signature between Mesozoic
and Cenozoic SCLM beneath this region.
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