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It is now well established that lithospheric thinning of the eastern

North China Craton (NCC) occurred during the Phanerozoic.The

cause and extent of the thinning, however, remains highly debated.

In this study, mantle xenoliths from the Paleozoic Mengyin kimber-

lites, along with xenoliths from the Cenozoic Penglai and

Shanwang basalts in Shandong Province, are investigated via tradi-

tional petrographic and elemental, Sr^Nd^Hf^Os isotopic and pla-

tinum-group element (PGE) analyses. Late Archean Os model ages

of c. 2�5 Ga for the Mengyin peridotites provide confirmation

that refractory, Archean lithospheric mantle existed beneath the east-

ernmost portion of the NCC during the Paleozoic. Some

Paleoproterozoic lithospheric mantle fragments may also be present

in the Mengyin xenolith suite. In contrast, the spatially associated

Penglai and Shanwang peridotite xenoliths are more fertile, and

have Sr^Nd isotopic compositions similar to the depleted mantle.

They differ dramatically from the Archean peridotites sampled by

the Mengyin kimberlites. Osmium model ages for single samples

range from mid-Proterozoic to modern, similar to variations observed

in Phanerozoic convecting upper mantle as sampled by modern abys-

sal peridotites. This suggests that the present lithospheric mantle

beneath the eastern NCC formed in the Phanerozoic, despite the fact

that Os model ages extend back to the Proterozoic. Some samples

from the Penglai suite yield Proterozoic Lu^Hf clinopyroxene min-

eral isochron ages that are consistent with the Os model ages,

suggesting that Hf isotopes in modern convective upper mantle can

preserve evidence for ancient melt depletion, similar to Os isotopes.

Our results are consistent with thinning of the eastern NCC as a

result of foundering of the deep crust and lithospheric mantle, but

are inconsistent with stretching or refertilization models, as remnants

of Archean mantle are expected to be present in these scenarios.The

match between 187Os/188Os in convective upper mantle and the east-

ern China lithopspheric mantle also precludes models that seek to

explain the present lithosphere as being due to lateral translation of

Proterozoic lithosphere.
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I NTRODUCTION
Many studies have shown that a significant part of the
original lithospheric mantle beneath the eastern portion
of the North China Craton (NCC) was removed during
the Phanerozoic (Fan & Menzies, 1992; Menzies et al.,
1993, 2007; Griffin et al., 1998; Menzies & Xu, 1998; Xu,
2001). Early Paleozoic (�470 Ma) diamondiferous
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kimberlites in Mengyin, Shandong Province, and Fuxian,
Liaoning Province, indicate the presence of lithosphere
with a thickness of �200 km at the time of volcanism
(Menzies et al., 1993; Griffin et al., 1998; Wang et al., 1998;
Menzies & Xu, 1998) (Fig. 1). Nevertheless, geophysical
data and petrological studies of mantle xenoliths collected
from Cenozoic basalts suggest that the present lithosphere
is much thinner (60^120 km) and considerably more fertile
(Menzies et al., 1993; Griffin et al., 1998; Menzies & Xu,
1998; Fan et al., 2000; Xu, 2001; Rudnick et al., 2004; Chen
et al., 2006). Because of these extensive studies, the eastern
NCC is now recognized as the best example of a reacti-
vated craton with decoupled crust and mantle lithosphere
(Carlson et al., 2005; Menzies et al., 2007).
Despite extensive investigation, the cause of lithospheric

thinning beneath the eastern block of the NCC remains
highly debated. One school of thought suggests that the
original Archean lithospheric mantle and associated lower
crust were removed via density foundering, and were
replaced by peridotite residues formed by melting of con-
vecting upper mantle during the Mesozoic to early
Cenozoic (Gao et al., 2002, 2004, 2008; Wu et al., 2003,
2005a). Another model suggests that mantle with

Proterozoic Os model ages originated by mixing the origi-
nal Archean mantle lithosphere with juvenile astheno-
spheric mantle via melt^peridotite interaction (Zhang,
2005; Zhang et al., 2008). Others have proposed that this
mantle lithosphere might be exotic, derived from southern
China or elsewhere, and has no relationship with the
crustal^mantle evolution of the NCC (Wu et al., 2006).
Mapping of spatial variations in mantle melt depletion

ages of the lithospheric mantle underlying the NCC
before and after the loss of the deep lithosphere is essential
to diagnose the cause of the loss (Carlson et al., 2005;
Foley, 2008). However, despite much recent study, the age
structure of the lithospheric mantle underlying the NCC
remains unclear, partly because of the paucity of data for
appropriate xenolith locations. This is especially true for
the easternmost portion of the NCC. To date, Os isotopic
data have been reported for peridotite xenoliths from the
Paleozoic Mengyin, Fuxian and Tieling kimberlites. These
data reveal the existence of Archean lithospheric mantle
beneath the eastern NCC during the early Paleozoic (Gao
et al., 2002;Wu et al., 2006; Zhang et al., 2008). In contrast,
peridotite xenoliths from Cenozoic basalts in Qixia,
Longgang, and Kuandian (Fig. 1) show considerable

Fig. 1. Map of the North China Craton showing the xenolith localities discussed in the text. Tectonic subdivisions are based on Zhao et al.
(2005). Inset shows location of the North China Craton (NCC) relative to other cratonic blocks (e.g. South China Craton) and intervening
fold belts.
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variations in Os model ages. These model ages range from
Proterozoic to Phanerozoic and have been interpreted in
different ways. Most importantly, no peridotite xenoliths
with Archean Os model ages have been documented in
the Cenozoic basalts from the eastern NCC (Gao et al.,
2002;Wu et al., 2003, 2006).
With the intent of providing a much more detailed pic-

ture of the age structure of the mantle lithosphere underly-
ing the eastern portion of the NCC, we have determined
the petrography, major and trace element chemistry, Sr^
Nd^Hf^Os isotope and platinum-group element (PGE)
concentrations for two large suites of peridotite xenoliths
from the Cenozoic Penglai and Shanwang basalts in
Shandong Province. These data complement published
data for the nearby Qixia peridotites (Gao et al., 2002;
Rudnick et al., 2004).To bolster limited earlier data and fur-
ther constrain the nature of the lithospheric mantle present
during the Paleozoic, we also analyzed additional mantle
xenoliths from the Paleozoic Mengyin kimberlites.

GEOLOGICAL BACKGROUND
AND SAMPLE DESCR IPT IONS
Eastern China is composed of the three main lithotectonic
domains, the Central Asian Orogenic Belt and the NCC
in the north, the Dabie^Sulu ultrahigh-pressure collisional
belt in the central region, and the South China Craton
(including the Yangtze Craton and Southeastern China
orogenic belt) in the south (Fig. 1). The NCC is the oldest
tectonic unit in China, containing crust as old as 3800
Ma (Liu et al., 1992; Wu et al., 2008). Neodymium TDM

model ages of felsic rocks are generally Archean and
range mainly between 2�5 and 3�9 Ga, with two age
peaks at 2�6^2�8 Ga and 3�2^3�6 Ga (Wu et al., 2005b),
indicating Archean crust formation. Petrologically, the
NCC is composed mainly of various gneisses, granulites,
amphibolites and supracrustal rocks.
The NCC can be divided into Eastern and Western

blocks, which collided along the Trans-North China
Orogen at �1�85 Ga (Zhao et al., 2005) (Fig. 1). The
Western Block can be further divided into the Yinshan
Block in the north and Ordos Block in the south, which
are separated by the east^west-trending Paleoproterozoic
Khondalite Belt (Zhao et al., 2005). Within the Eastern
Block, a Paleoproterozoic collisional belt is also present on
the Liaodong^Jiaodong peninsulas (darker gray shading
in northeastern NCC in Fig. 1; Faure et al., 2004; Zhao
et al., 2005; Lu et al., 2006).
From �1�85 Ga until the late Mesozoic, the NCC

remained stable. Starting in the Mesozoic, intensive defor-
mation, mineralization, and igneous activity occurred,
including extensive eruption of intermediate^acid volcanic
rocks and widespread emplacement of granites (Wu et al.,
2005a, 2005c). During the Cenozoic, the NCC has

witnessed extensive intraplate basaltic volcanism. Some
of these basalts contain abundant ultramafic xenoliths
(Fig. 1).
In Shandong Province, three stages of igneous rocks

from the Paleozoic, Mesozoic, and Cenozoic contain
mantle xenoliths and provide a unique opportunity to
study the evolution of the lithospheric mantle throughout
the critical period of lithosphere transformation within a
spatially restricted region. The Mengyin kimberlite,
emplaced during the Paleozoic at �470 Ma (Dobbs et al.,
1994; Zhang & Yang, 2007; Yang et al., 2009), contains
abundant harzburgite xenoliths (Chi & Lu, 1996; Gao
et al., 2002; Zheng et al., 2007; Zhang et al., 2008). Among
the Mesozoic rocks, the Tietonggou diorite in Laiwu
(�125 Ma) contains harzburgite and dunite xenoliths,
some of which yield Archean Os model ages (W. L. Xu,
et al., 2008; Gao et al., 2008). During the Cenozoic, alkaline
volcanic activity occurred in numerous localities, including
Qixia (Gao et al., 2002; Rudnick et al., 2004), Penglai and
Shanwang (Fig. 1). The Penglai volcanoes, erupted during
the Neogene at 5�7^4�2 Ma (Liu, 1999), are located in the
northeastern portion of the Shandong Peninsula, about
500 km to the NE of the Mengyin kimberlite, and about
100 km to the north of Qixia. The Shanwang volcanoes,
erupted at �16 Ma (Liu, 1999; Zheng et al., 2007), are
located c. 100 km to the north of the Paleozoic Mengyin
kimberlite, within theTan^Lu Fault.
Mantle xenoliths in the Mengyin kimberlite are rounded

and average 5^8 cm across. They have been intensively
altered, and only garnet remains as a primary mineral
(Chi & Lu, 1996; Zhang et al., 2008; Gao et al., 2002).
In contrast, lavas at both the Penglai and Shanwang volca-
noes contain abundant, fresh xenoliths of lherzolite and
pyroxenite, with minor harzburgite and wehrlite.
Photographs of outcrop and hand specimens of some
Penglai and Shanwang xenoliths are provided in an elec-
tronic supplement (available for downloading at http://
www.petrology.oxfordjournals.org/). Petrographic descrip-
tions of the samples analysed in this study are given in
Appendix A.
At Penglai, most xenoliths range in size between 5 and

10 cm. These peridotite xenoliths are fresh, generally
coarse-grained (1^3mm) and equigranular, with some
showing porphyroclastic textures (Fig. 2a and b). No
strongly foliated types have been found. Primary minerals
are olivine, orthopyroxene (opx), clinopyroxene (cpx),
and spinel (Fig. 2a and b); most xenoliths are lherzolites,
but minor harzburgite also occurs (Table 1).
The xenoliths at Shanwang are larger, typically ranging

from 10 to 20 cm across. These xenoliths are characterized
by four types of microstructures (protogranular, transi-
tional, tabular equigranular, and porphyroclastic texture)
(Fig. 2c and d), with primary mineral assemblages consist-
ing of olivine, cpx, opx, and spinel (Fig. 2c and d). Again,
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lherzolite dominates the rock types, but harzburgites also
occur, as well as pyroxenites (SW04) and wehrlites (SW01,
SW21) (Table 1). The lack of garnet in peridotite xenoliths
from both Penglai and Shanwang studied here indicates
derivation of these samples from depths of 580 km.
Reports of garnet-bearing lherzolites from Shanwang,
however, indicate that some peridotites from this locale
were derived from depths of ��80 km (Zheng et al., 2006).

ANALYT ICAL TECHNIQUES
The xenoliths were sawn from their lava hosts and the cut
surfaces were abraded with quartz in a sand blaster to
remove any possible contamination from the saw blade.
The samples were first crushed using an alumina ceramic
jaw crusher, and then small chips, devoid of surface alter-
ation and host lava, were ground into a fine powder using
an agate shatterbox. A portion of the crushed fraction was

sieved and cpx separates were handpicked under a binocu-
lar microscope to a purity of498%.

Elemental analysis
Major element data for whole-rock samples were obtained
by X-ray fluorescence spectrometry (XRF) on fused glass
disks using a Shimadzu XRF-1500 instrument at the
Institute of Geology and Geophysics, Chinese Academy
of Sciences (see Appendix B for details). Precisions are
�1^3% relative for elements present in concentrations
41wt %, and about �10% relative for elements present in
concentrations51�0wt %. A Chinese ultramafic rock ref-
erence material, DZE-1, was analyzed during the same
period, and the values determined are well within the
range of consensus values (Appendix B: Table B1).
Trace element concentrations, including the rare earth

elements (REE), were determined by inductively coupled
plasma mass spectrometry (ICP-MS) using an Agilent

Fig. 2. Photomicrographs of representative textures in mantle xenoliths from Penglai (a, b) and Shanwang (c, d). (a, b) Penglai xenoliths PL18
and PL19 show equigranular to porphyroclastic textures (plane-polarized light); (c) Shanwang xenolith SW16 with granuloblastic texture
(plane-polarized light); (d) Shanwang xenolith SW18 with porphyroclastic texture (plane-polarized light). Petrographic descriptions of the sam-
ples are given in Appendix A.
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Table 1: Major and trace element compositions of the studied xenoliths

MY9 MY10 MY33 MY34 MY35 PL01 PL02 PL03 PL06 PL07 PL08

Lithology: Hz D Hz Hz Px Lz Hz Lz Lz Lz Lz

Modal compositions (%)�

Ol 58�9 75�2 53�1 56�1 56�0 73�2

Opx 25�7 20�5 30�1 24�8 25�9 19�3

Cpx 12�4 3�4 14�1 15�4 15�2 5�8

Sp 3�1 1�0 2�7 3�7 3�0 1�7

Fo 89�8 90�8 88�7 89�9 89�6 91�3

Major elements (wt %)

SiO2 40�8 36�3 39�7 40�8 37�1 45�0 44�2 44�2 44�7 45�2 44�1

TiO2 0�10 0�04 0�49 0�05 0�32 0�11 0�04 0�22 0�18 0�13 0�06

Al2O3 0�32 0�06 0�27 0�79 8�67 3�56 1�19 3�97 4�31 3�96 1�69

TFe2O3 4�22 7�75 6�05 3�96 8�08 8�34 8�15 10�92 8�28 8�47 7�97

MnO 0�07 0�07 0�05 0�05 0�13 0�11 0�12 0�14 0�11 0�12 0�11

MgO 39�4 44�6 38�7 39�3 28�9 39�3 44�5 36�1 38�2 37�9 43�8

CaO 0�64 0�21 0�44 0�46 2�72 2�61 1�01 2�79 3�27 3�08 1�39

Na2O 0�00 0�00 0�00 0�00 0�00 0�21 0�05 0�44 0�33 0�28 0�10

K2O 0�04 0�02 0�02 0�03 0�21 0�04 0�05 0�12 0�07 0�05 0�05

P2O5 0�05 0�03 0�03 0�02 0�20 0�02 0�02 0�07 0�04 0�02 0�03

LOI 14�0 10�5 14�0 14�0 13�4 �0�17 �0�13 0�55 0�03 0�13 0�10

Total 99�7 99�6 99�7 99�5 99�7 99�2 99�2 99�4 99�5 99�4 99�4

Trace elements (ppm)

Ni 2447 2729 2587 3227 427 2290 2743 2168 1964 1888 2704

Cu 1�74 6�52 3�87 2�52 3�42 16�7 13�9 28�1 24�2 23�7 25�8

Zn 23�8 38�1 23�3 33�6 52�7 57�8 51�1 102 61�1 57�8 49�5

Sr 40�1 23�9 32�8 50�3 225 20�3 19�9 132 52�3 24�5 37�4

Y 3�37 0�264 3�88 2�98 3�93 3�18 0�638 4�58 4�01 3�62 1�12

Zr 15�2 5�78 25�9 19�4 72�9 8�76 5�18 33�1 16�8 9�77 8�27

Nb 15�1 5�89 17�7 14�2 60�7 0�640 1�30 7�54 3�27 1�21 2�34

Ba 24�2 66�1 3�38 14�2 308 7�32 7�65 58�0 23�0 13�0 10�7

Hf 0�386 0�113 1�61 1�13 1�42 0�184 0�085 0�547 0�407 0�261 0�151

Ta 0�294 0�259 0�976 0�322 2�46 0�019 0�048 0�348 0�155 0�051 0�093

Pb 0�383 0�699 0�211 0�229 0�770 0�330 0�403 0�856 1�13 1�27 0�236

Th 0�270 0�564 0�325 0�155 7�58 0�073 0�075 0�495 0�311 0�103 0�157

U 0�742 0�088 0�760 0�495 1�71 0�019 0�024 0�137 0�092 0�031 0�047

S 480 510 210 440 140 550 550 260 50 550 50

Rare earth elements (ppm)

La 20�5 3�77 26�4 24�7 90�7 0�464 0�570 4�65 1�77 1�18 1�09

Ce 24�5 6�42 31�6 29�2 120 1�14 1�20 9�12 3�78 1�88 2�24

Pr 2�01 0�629 2�41 2�29 10�0 0�160 0�137 1�27 0�454 0�318 0�270

Nd 6�94 2�05 7�31 7�27 30�4 0�828 0�572 5�57 2�11 1�49 1�15

Sm 1�11 0�262 1�00 0�915 3�64 0�280 0�120 1�22 0�580 0�432 0�252

Eu 0�397 0�076 0�187 0�233 0�779 0�103 0�040 0�420 0�209 0�157 0�084

Gd 1�26 0�206 1�14 0�971 3�13 0�399 0�120 1�30 0�723 0�580 0�258

Tb 0�130 0�018 0�125 0�095 0�263 0�071 0�017 0�175 0�121 0�100 0�036

Dy 0�635 0�068 0�648 0�439 1�01 0�478 0�108 0�946 0�773 0�677 0�210

Ho 0�109 0�010 0�130 0�078 0�152 0�106 0�021 0�170 0�167 0�144 0�040

Er 0�262 0�025 0�338 0�194 0�386 0�314 0�061 0�424 0�477 0�433 0�114

Tm 0�030 0�003 0�041 0�024 0�043 0�044 0�009 0�053 0�067 0�062 0�016

Yb 0�167 0�016 0�235 0�145 0�274 0�316 0�070 0�329 0�442 0�425 0�114

Lu 0�021 0�002 0�030 0�021 0�040 0�047 0�011 0�048 0�068 0�066 0�017

(continued)
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Table 1: Continued

PL10 PL11 PL12 PL13 PL14 PL15 PL16 PL17 PL18 PL19 PL23

Lithology: Lz Lz Lz Lz Lz Lz Lz Lz Hz Lz Hz

Modal compositions (%)

Ol 59�2 61�2 58�2 59�8 70�9 68�0 64�2

Opx 24�5 23�4 24�5 25�6 21�8 22�4 30�0

Cpx 12�8 12�5 14�4 11�3 4�7 7�6 3�7

Sp 3�4 2�9 2�9 3�3 2�7 2�0 2�1

Fo 89�5 90�4 88�1 90�3 90�7 90�4 91�1

Major elements (wt %)

SiO2 44�4 44�3 44�2 44�6 44�6 45�0 44�0 44�7 43�7 44�5 45�6

TiO2 0�14 0�08 0�11 0�15 0�11 0�08 0�18 0�12 0�09 0�02 0�05

Al2O3 3�22 2�77 1�85 3�89 3�45 2�46 3�83 3�67 2�26 2�43 1�87

TFe2O3 8�38 8�30 8�15 8�52 7�97 8�45 10�79 8�23 8�88 8�28 7�97

MnO 0�12 0�11 0�11 0�12 0�10 0�12 0�13 0�12 0�12 0�11 0�10

MgO 40�4 41�8 43�0 39�0 40�0 41�2 37�2 39�7 43�0 42�1 42�5

CaO 2�42 1�81 1�56 2�84 2�81 1�98 2�85 2�59 1�17 1�94 1�19

Na2O 0�27 0�12 0�18 0�24 0�24 0�16 0�34 0�22 0�09 0�07 0�07

K2O 0�06 0�07 0�14 0�04 0�04 0�05 0�05 0�06 0�06 0�03 0�04

P2O5 0�03 0�03 0�07 0�03 0�03 0�02 0�04 0�03 0�03 0�01 0�02

LOI �0�27 �0�12 �0�23 �0�02 �0�05 �0�23 0�17 �0�02 0�03 �0�28 �0�05

Total 99�1 99�2 99�2 99�4 99�3 99�2 99�5 99�4 99�4 99�2 99�3

Trace elements (ppm)

Ni 2356 2178 2232 2284 2039 2020 1871 2312 2260 2115 2113

Cu 20�9 14�8 11�5 17�6 15�2 11�2 25�3 24�6 16�0 12�2 12�0

Zn 61�7 61�8 51�9 59�3 57�4 46�4 79�6 59�5 60�3 52�0 53�2

Sr 51�4 43�8 113 43�6 39�8 34�1 62�4 49�9 46�8 18�4 25�0

Y 3�18 1�33 1�88 3�82 3�03 1�91 3�34 2�90 1�33 1�08 0�634

Zr 12�8 11�7 16�5 14�0 10�7 8�13 19�6 12�1 11�4 3�89 6�75

Nb 2�32 3�85 5�17 2�08 1�89 1�41 2�61 3�15 3�34 0�826 1�65

Ba 29�3 30�3 45�9 12�4 12�9 14�1 13�1 19�3 22�7 7�00 10�9

Hf 0�286 0�240 0�289 0�312 0�271 0�169 0�389 0�257 0�254 0�083 0�159

Ta 0�111 0�199 0�235 0�095 0�099 0�066 0�134 0�147 0�178 0�043 0�090

Pb 0�748 0�471 0�671 0�446 0�685 0�544 0�347 0�436 0�417 0�236 0�595

Th 0�180 0�317 0�459 0�148 0�182 0�140 0�245 0�241 0�264 0�141 0�184

U 0�059 0�097 0�125 0�054 0�054 0�038 0�073 0�070 0�077 0�046 0�055

S 550 550 550 550 550 550 60 550 50 550 50

Rare earth elements (ppm)

La 1�52 2�18 3�80 1�22 1�39 0�836 1�96 1�75 1�77 0�873 0�985

Ce 3�05 3�50 7�48 2�63 2�89 1�89 4�35 3�59 3�88 1�77 2�18

Pr 0�387 0�440 0�842 0�345 0�348 0�220 0�539 0�386 0�402 0�183 0�226

Nd 1�71 1�77 3�35 1�62 1�56 0�980 2�44 1�63 1�70 0�721 0�939

Sm 0�447 0�354 0�671 0�451 0�410 0�253 0�602 0�403 0�367 0�143 0�187

Eu 0�173 0�119 0�221 0�174 0�155 0�099 0�211 0�144 0�121 0�049 0�064

Gd 0�539 0�361 0�641 0�605 0�527 0�320 0�682 0�492 0�382 0�164 0�188

Tb 0�090 0�049 0�081 0�100 0�090 0�053 0�107 0�080 0�054 0�029 0�026

Dy 0�570 0�275 0�416 0�663 0�571 0�337 0�643 0�501 0�303 0�202 0�133

Ho 0�119 0�055 0�069 0�139 0�123 0�071 0�124 0�106 0�055 0�044 0�026

Er 0�343 0�148 0�174 0�405 0�355 0�218 0�341 0�298 0�153 0�142 0�071

Tm 0�048 0�021 0�021 0�059 0�049 0�030 0�047 0�043 0�020 0�022 0�011

Yb 0�322 0�151 0�130 0�381 0�330 0�216 0�313 0�299 0�144 0�163 0�079

Lu 0�050 0�025 0�019 0�059 0�051 0�034 0�044 0�045 0�023 0�027 0�014

(continued)
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Table 1: Continued

SW01 SW02 SW03 SW04 SW05 SW06 SW07 SW08 SW09 SW10 SW11 SW12

Lithology: W Lz Lz Px Lz Lz Hz Lz Lz Lz Lz Lz

Modal compositions (%)

Ol 58�7 51�7 34�9 63�7 60�8 76�6 60�7 72�8 62�6 64�9 56�7

Opx 21�0 35�2 15�1 23�0 27�1 17�8 22�1 17�7 22�3 20�8 25�2

Cpx 17�7 11�0 50�0 11�2 10�4 4�8 14�4 7�6 12�2 12�8 15�2

Sp 2�6 2�1 0�02 2�2 1�8 0�8 2�7 1�9 2�9 1�5 2�9

Fo 90�0 89�9 90�3 86�1 89�6 90�7 89�1 90�9 90�2 90�8 89�3

Major elements (wt %)

SiO2 41�3 44�3 44�9 43�2 44�3 44�9 43�7 44�3 43�6 44�5 44�2 44�8

TiO2 0�30 0�08 0�06 0�08 0�09 0�11 0�02 0�12 0�02 0�07 0�06 0�09

Al2O3 2�29 3�29 3�07 3�19 2�70 2�93 1�21 3�46 1�79 3�08 2�22 3�58

TFe2O3 14�23 8�18 8�94 7�60 9�51 8�42 8�13 8�88 8�13 8�05 7�95 8�54

MnO 0�18 0�12 0�10 0�10 0�13 0�11 0�10 0�13 0�09 0�11 0�09 0�12

MgO 34�8 37�7 37�2 26�0 38�8 39�9 44�1 38�6 42�9 40�0 40�5 38�0

CaO 5�05 3�75 2�36 9�26 2�64 2�38 1�09 3�02 1�62 2�62 2�78 3�31

Na2O 0�17 0�16 0�13 0�20 0�19 0�18 0�05 0�21 0�09 0�12 0�12 0�18

K2O 0�09 0�06 0�10 0�20 0�09 0�04 0�05 0�08 0�05 0�03 0�03 0�03

P2O5 0�03 0�02 0�03 0�03 0�02 0�03 0�03 0�05 0�03 0�04 0�03 0�02

LOI 1�05 1�88 2�48 9�69 0�98 0�40 0�95 0�48 1�02 0�78 1�42 0�79

Total 99�5 99�4 99�4 99�5 99�5 99�4 99�4 99�4 99�4 99�4 99�4 99�4

Trace elements (ppm)

Ni 1808 2412 2686 2363 2449 2343 2854 2294 2630 2391 2507 2266

Cu 47�1 29�8 24�0 32�4 2�7 33�2 12�4 12�0 14�1 26�9 20�6 41�2

Zn 93�4 53�7 61�2 57�4 75�1 60�0 53�7 63�2 59�5 56�2 52�4 52�4

Sr 111 75�8 59�2 2120 72�6 34�1 27�7 53�9 42�8 34�2 159 18�3

Y 3�46 2�82 2�14 2�54 2�80 2�91 0�668 4�27 0�882 2�31 1�67 3�24

Zr 16�9 2�48 2�30 6�04 6�59 9�95 3�39 11�7 4�04 2�09 4�00 2�25

Nb 0�983 0�083 0�362 1�15 1�41 0�972 0�327 1�09 0�231 0�078 0�445 0�032

Ba 4�47 1�44 2�36 14�3 4�80 2�44 2�10 4�09 0�985 1�44 1�56 0�225

Hf 0�453 0�101 0�084 0�094 0�166 0�237 0�055 0�267 0�075 0�086 0�101 0�114

Ta 0�061 0�001 0�005 0�003 0�050 0�046 0�017 0�050 0�020 0�016 0�016 —

Pb 0�161 0�117 0�100 1�13 0�083 0�393 0�636 0�071 0�173 0�154 0�248 0�090

Th 0�119 0�015 0�012 0�020 0�032 0�045 0�044 0�107 0�052 0�039 0�089 0�006

U 0�035 0�012 0�011 0�019 0�053 0�021 0�013 0�033 0�017 0�013 0�039 0�004

S 550 50 80 60 550 80 60 550 550 80 90 270

Rare earth elements (ppm)

La 1�76 0�052 0�220 0�262 1�28 1�29 1�03 2�49 0�980 0�082 0�595 0�053

Ce 4�04 0�147 0�380 0�497 3�18 3�21 1�95 5�71 2�02 0�168 1�08 0�138

Pr 0�554 0�039 0�053 0�067 0�421 0�420 0�203 0�724 0�219 0�035 0�122 0�038

Nd 2�688 0�304 0�299 0�364 1�83 1�87 0�731 3�25 0�846 0�254 0�550 0�329

Sm 0�774 0�173 0�138 0�158 0�428 0�436 0�120 0�726 0�162 0�134 0�162 0�194

Eu 0�272 0�074 0�056 0�073 0�152 0�160 0�043 0�247 0�057 0�061 0�062 0�084

Gd 0�863 0�303 0�240 0�270 0�490 0�526 0�133 0�818 0�175 0�261 0�233 0�352

Tb 0�131 0�061 0�048 0�054 0�078 0�084 0�019 0�122 0�025 0�051 0�042 0�076

Dy 0�736 0�450 0�348 0�399 0�497 0�527 0�108 0�755 0�151 0�376 0�283 0�549

Ho 0�136 0�104 0�079 0�091 0�102 0�112 0�023 0�151 0�035 0�087 0�064 0�123

Er 0�335 0�318 0�251 0�274 0�304 0�315 0�068 0�420 0�101 0�261 0�194 0�373

Tm 0�041 0�045 0�038 0�042 0�042 0�043 0�010 0�059 0�014 0�039 0�028 0�057

Yb 0�246 0�328 0�268 0�284 0�291 0�297 0�070 0�405 0�097 0�277 0�194 0�375

Lu 0�034 0�049 0�043 0�047 0�044 0�044 0�011 0�057 0�016 0�044 0�030 0�059

(continued)
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Table 1: Continued

SW13 SW14 SW15 SW16 SW16-R SW17 SW18 SW19 SW20 SW21 SW22

Lithology: Lz Lz Lz Lz Lz Lz Lz Lz W Lz

Modal compositions (%)

Ol 65�0 61�5 61�5 66�3 57�8 71�6 60�3 73�1 63�5 61�3

Opx 22�1 21�4 23�7 22�7 26�2 16�2 16�1 15�8 3�0 25�7

Cpx 10�3 14�3 13�3 9�6 13�3 10�4 22�3 9�2 29�9 11�0

Sp 2�6 2�8 1�5 1�5 2�7 1�8 1�3 2�0 3�6 2�1

Fo 90�6 90�0 90�8 91�0 89�9 90�6 89�2 90�7 89�8

Major elements (wt %)

SiO2 44�3 43�8 44�6 44�3 44�5 43�8 43�8 43�5 41�2 45�0

TiO2 0�07 0�10 0�06 0�03 0�09 0�04 0�10 0�05 0�48 0�07

Al2O3 2�70 3�40 2�39 2�05 3�53 1�94 2�85 2�13 3�75 2�89

TFe2O3 7�86 8�59 7�69 7�79 8�51 8�17 9�06 8�08 14�3 8�67

MnO 0�10 0�12 0�09 0�10 0�12 0�10 0�12 0�11 0�17 0�12

MgO 41�2 39�2 40�2 41�9 39�0 42�5 36�8 42�8 32�7 39�8

CaO 2�31 2�83 2�84 2�09 2�74 2�25 4�35 1�99 5�73 2�38

Na2O 0�13 0�14 0�11 0�11 0�17 0�09 0�22 0�09 0�22 0�13

K2O 0�03 0�05 0�03 0�05 0�08 0�03 0�05 0�03 0�07 0�05

P2O5 0�03 0�03 0�06 0�02 0�04 0�06 0�02 0�02 0�05 0�02

LOI 0�65 1�05 1�32 0�95 0�67 0�42 2�03 0�68 0�92 0�38

Total 99�4 99�3 99�4 99�4 99�4 99�4 99�4 99�4 99�5 99�5

Trace elements (ppm)

Ni 2311 2094 2571 2219 2279 1829 2254 2089 2292 1324 1929

Cu 27�2 29�8 24�3 26�2 27�0 8�78 27�4 13�2 18�8 63�8 2�56

Zn 55�6 60�1 52�0 47�6 48�3 60�3 48�7 58�2 47�9 95�2 67�9

Sr 16�4 65�0 79�3 122 123 64�3 17�0 383 31�5 105 22�6

Y 2�33 2�86 1�90 1�18 1�19 3�12 1�47 3�20 1�73 4�22 2�20

Zr 3�75 5�17 3�62 2�85 2�87 7�33 3�62 7�35 2�08 18�8 4�31

Nb 0�318 0�490 0�134 0�664 0�670 1�01 0�027 0�545 0�034 1�40 0�237

Ba 1�45 1�30 1�08 2�23 2�28 4�69 0�480 1�69 0�348 6�97 0�920

Hf 0�116 0�151 0�086 0�054 0�049 0�216 0�079 0�199 0�083 0�725 0�131

Ta 0�011 0�026 0�004 0�041 0�039 0�061 0�001 0�031 0�001 0�091 0�015

Pb 0�410 0�331 0�108 0�392 0�383 0�143 0�106 0�299 0�053 0�604 0�057

Th 0�024 0�074 0�071 0�226 0�222 0�121 0�008 0�094 0�005 0�202 0�042

U 0�014 0�024 0�027 0�081 0�082 0�038 0�004 0�033 0�003 0�070 0�018

S 180 150 140 110 60 230 100 160 510 550

Rare earth elements (ppm)

La 0�188 1�59 0�397 1�01 0�999 2�11 0�144 0�902 0�032 2�94 0�786

Ce 0�466 3�52 0�758 2�12 2�09 5�01 0�533 1�86 0�149 6�60 1�88

Pr 0�075 0�422 0�094 0�226 0�217 0�621 0�093 0�225 0�038 0�859 0�239

Nd 0�450 1�78 0�457 0�814 0�801 2�67 0�532 1�02 0�266 4�20 1�09

Sm 0�194 0�425 0�147 0�159 0�150 0�595 0�168 0�314 0�128 1�16 0�287

Eu 0�076 0�148 0�058 0�054 0�053 0�209 0�060 0�122 0�057 0�409 0�106

Gd 0�303 0�503 0�228 0�187 0�182 0�663 0�222 0�472 0�235 1�34 0�371

Tb 0�058 0�084 0�041 0�033 0�031 0�106 0�040 0�083 0�046 0�195 0�067

Dy 0�418 0�540 0�290 0�224 0�219 0�663 0�279 0�586 0�329 1�10 0�439

Ho 0�092 0�115 0�064 0�052 0�051 0�138 0�064 0�127 0�075 0�197 0�097

Er 0�278 0�338 0�195 0�161 0�160 0�407 0�200 0�385 0�223 0�481 0�290

Tm 0�041 0�051 0�029 0�025 0�024 0�057 0�030 0�056 0�033 0�058 0�043

Yb 0�267 0�329 0�187 0�173 0�173 0�387 0�203 0�392 0�224 0�343 0�292

Lu 0�043 0�051 0�030 0�028 0�028 0�060 0�033 0�059 0�036 0�047 0�045

�Calculated using MINSQ (Hermann & Berry, 2002).
Lz, lherzolite; Hz, harzburgite; D, dunite; W, wehrlite; Px, pyroxenite; R, replicate analysis.

JOURNAL OF PETROLOGY VOLUME 50 NUMBER 10 OCTOBER 2009

1864

D
ow

nloaded from
 https://academ

ic.oup.com
/petrology/article/50/10/1857/1456688 by guest on 25 April 2024



7500a system after digestion of samples using a mixture of
ultra-pure HF and HNO3 in Teflon bombs (see Appendix
B for analytical details), also at the Institute of Geology
and Geophysics, Chinese Academy of Sciences. Peridotite
reference materials JP-1 and WPR-1 were measured to
monitor the accuracy of the analytical procedure, and the
results are in good agreement with reference values
(Appendix B: Table B2). Precisions are generally better
than 5% for most elements based on replicate analyses of
several samples (e.g. SW16; seeTable 1).
The major element compositions of minerals were mea-

sured at the Institute of Geology and Geophysics, Chinese
Academy of Sciences using a JEOL-JXA8100 electron
microprobe operated in wavelength-dispersive (WDS)
mode. The operating conditions were as follows: 15 kV
accelerating voltage, counting time of 20 s, and a 20 nA
beam current. Natural minerals and synthetic oxides were
used as standards, and a program based on the ZAF proce-
dure was used for data correction.
Sulfur concentrations were determined at the National

Research Center for Geoanalysis, Chinese Academy of
Geological Sciences, using a high-frequency infrared
absorption spectrometer (HIR-944B, Wuxi High-speed
Analyzer Co., Ltd., China) (Shi et al., 2001) (see
Appendix B for method details). The quantification limit
for S of the method was about 50 ppm. As Shi et al. (2001)
reported, the analytical results for several Chinese rock
reference materials using this method are comparable
with their nominal values. Precisions are better than
3% for samples with S concentrations of 4100 ppm and
better than 10% for samples with S concentrations of
5100 ppm.

Clinopyroxene Sr^Nd^Hf isotope analyses
Strontium, Nd, and Hf isotope compositions of cpx sepa-
rates from the Penglai and Shanwang peridotite xenoliths
were determined at the State Key Laboratory of
Lithospheric Evolution, Institute of Geology and
Geophysics, Chinese Academy of Sciences. The mineral
separates were washed with ultra-pure (Milli-Q) water,
and ground to 200^400 mesh using an agate mortar
before isotopic analysis. Analytical details for sample
digestion and column separation procedures are described
in Appendix B. For comparison, some cpx separates were
treated with the following steps and then reanalyzed for
Sr^Nd^Hf isotopes: (1) the separate was leached with 6M
HCl at 1008C overnight; (2) the leached fraction was subse-
quently rinsed with Milli-Q water (18 M�) several times;
(3) the leached fraction was ground to 200^400 mesh
using an agate mortar.
The Rb^Sr and Sm^Nd isotopic analyses were con-

ducted using a Finnigan MAT 262 thermal ionization
mass spectrometer. Measured 87Sr/86Sr and 143Nd/144Nd
ratios were corrected for mass-fractionation using
86Sr/88Sr¼ 0�1194 and 146Nd/144Nd¼ 0�7219, respectively.

During the period of data collection, the measured values
for the NBS-987 Sr standard and the JNdi-1 Nd standard
were 87Sr/86Sr¼ 0�710245�16 (2s, n¼ 8) and 143Nd/144Nd
¼ 0�512117�10 (2s, n¼ 8), respectively. Lutetium and Hf
were measured using a ThermoElectron Neptune multi-
collector ICP-MS system. Hafnium isotopic ratios were
normalized to 179Hf/177Hf ¼ 0�7325 and 176Lu/175Lu isotopic
ratios were normalized using Yb isotopic ratios. During
the analytical campaign, an Alfa Hf standard was mea-
sured 10 times and the average value of 176Hf/177Hf was
0�282179� 4 (2s). The USGS reference material BCR-2
was measured for Rb^Sr, Sm^Nd and Lu^Hf isotopic
composition to monitor the accuracy of the analytical pro-
cedures, with the following results: 46�54 ppm Rb,
339�7 ppm Sr, 87Sr/86Sr ¼ 0�704986�13 (2s), 6�676 ppm
Sm, 28�04 ppm Nd, 143Nd/144Nd ¼ 0�512623�13 (2s), and
0�5175 ppm Lu, 4�912 ppm Hf, 176Hf/177Hf ¼ 0�282830� 4
(2s). These values are comparable with the reported refer-
ence values (GeoREM, http://georem.mpch-mainz
.gwdg.de/). The procedural blanks were about 40 pg for
Rb, 300 pg for Sr, 20 pg for Sm, 60 pg for Nd, 20 pg for Lu
and 40 pg for Hf. With the exception of sample PL19,
which has an Hf blank to sample ratio of about 0�5%, of
which 176Hf/177Hf is blank-corrected, maximum blank to
sample ratios are 0�02% for Sr (PL11), 0�09% for Nd
(PL11) and 0�4% for Hf (PL11), requiring no correction of
the measured isotopic ratios.

Re^Os and PGE analyses
Re^Os isotopic compositions and PGE abundances were
determined at both the State Key Laboratory of
Lithospheric Evolution, Institute of Geology and
Geophysics, Chinese Academy of Sciences (IGGCAS) and
the Isotope Geochemistry Laboratory, University of
Maryland (UMD). Some samples were analyzed in both
laboratories for comparison. As shown in Appendix B
(Fig. B1), the results from the two laboratories are in good
agreement for Os isotopic compositions.
The methods used at both laboratories are similar to

those described by Shirey & Walker (1995), Pearson &
Woodland (2000) and Walker et al. (2008). Rhenium, Os,
Ir, Ru, Pt, Pd concentrations and Os isotopic compositions
were obtained from the same Carius tube sample digestion
(for details of Re^Os and PGE chemistry see Appendix B).
Osmium isotopic compositions were measured by nega-

tive thermal ionization using either a GV Isoprobe-T
mass spectrometer at IGGCAS (Chu et al., 2007), or aVG
Sector 54 mass spectrometer at UMD (Walker et al., 2002,
2008). For these measurements, purified Os was loaded
onto platinum filaments and Ba(OH)2 was used as an ion
emitter. At IGGCAS, all samples were run in static mode
using Faraday cups. At UMD, samples were run in static
mode on Faraday cups, or in peak-jumping mode with a
single electron multiplier, depending on the amount of Os.
The measured Os isotopic ratios were corrected for mass
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fractionation using 192Os/188Os ¼ 3�0827. The in-run preci-
sions for Os isotopic measurements were better than
�0�2% (2RSD) for all the samples. During the period of
measurements of our samples, the 187Os/188Os ratio of the
Johnson^Matthey standard of UMD was 0�11380� 4 (2s,
n¼ 5) at IGGCAS, and 0�11379�2 (2s, n¼5) for Faraday
cups and 0�1138�1 (2s, n¼ 5) for electron multiplier
at UMD.
The isotope dilution analyses of Re, Ir, Ru, Pt, and Pd

were conducted either at IGGCAS using a Thermo-
Electron Neptune MC-ICP-MS system with an electron
multiplier in peak-jumping mode or using Faraday cups in
static mode, according to the measured signal intensity, or
at UMD using a Nu-Plasma MC-ICP-MS system with a
triple electron multiplier configuration in static mode.
Mass fractionations (and gain effects of different multi-
pliers for the UMD method) for Re, Ir, Ru, Pt, and Pd
were corrected using Re, Ir, Ru, Pt and Pd standards that
were interspersed with the samples. In-run precisions for
185Re/187Re, 191Ir/193Ir, 194Pt/196Pt, 105Pd/106Pd, and
99Ru/101Ru were typically 0�1^0�3% (2RSD).

RESULTS
Major element geochemistry
The intense serpentinization of the five xenoliths from the
Mengyin diamondiferous kimberlites is reflected in the
high loss-on-ignition values (LOI; from 10�5 to 14�0%)
(Table 1). Sample MY35 is characterized by high Al2O3,
Fe2O3 and CaO contents, and relatively low MgO content,
indicating that this sample may have originally been a pyr-
oxenite. The other four samples have relatively low Al2O3

and CaO contents. Whole-rock compositions normalized
to 100% volatile-free are refractory, with CaO ranging
from 0�2 to 0�75wt %, and Al2O3 from 0�07 to 0�37wt
%, similar to accepted values for the Archean cratonic
mantle (e.g. Lee & Rudnick, 1999; Carlson et al., 2005).
The Mg-number of the whole-rocks ranges from 91�9 to
95�2, with samples MY9 and MY34 having the highest
whole-rock Mg-number, close to 95. Sulfur concentrations
in the Mengyin xenoliths are relatively high (from 140 to
510 ppm,Table 1).
The 17 Penglai peridotites have low LOI values, from
�0�3 to 0�5wt %, consistent with the generally low
degrees of alteration of the xenoliths (Table 1, Fig. 2).
Some samples have negative LOI values, indicating that
oxidation of FeO to Fe2O3 was more significant than loss
of volatiles. Whole-rocks are relatively fertile, with Al2O3

ranging from 1�2 to 4�3wt %, and CaO ranging from 1�0
to 3�3wt %. Most samples lie near the oceanic trend of
Boyd (1989) (Fig. 3), which is considered typical of post-
Archean peridotites. Except for PL03, Al2O3 and CaO
show well-defined negative correlations with MgO content
(Fig. 4a and b). There are also negative correlations
between the Al2O3 content in whole-rocks and Fo and

Cr-number values of olivine and spinel (not shown).
Sulfur concentrations in most Penglai samples are
550 ppm (the quantification limit), except for samples
PL03 and PL16, which have S concentrations of 260 and
60 ppm, respectively (Table 1).
The 22 Shanwang xenoliths also have relatively low LOI

(from 0�4 to 2�5wt %, Table 1), except for sample SW04,
for which LOI was 9�7wt %. Whole-rock xenoliths show
variable fertility, as reflected by their Al2O3 contents,
which range from 1�2 to 3�8wt %, and CaO contents,
which range from 1�1 to 5�7wt %. Again, most samples lie
near the oceanic trend of Boyd (1989) (Fig. 3). Al2O3 and
CaO contents correlate negatively with the MgO content,
except for samples SW01, SW04 and SW21 (Fig. 4c and
d). The latter samples have high CaO and relatively low
MgO contents, reflecting their pyroxene-rich compositions
(they are pyroxenites or wehrlites). Except for these sam-
ples, the negative linear correlations between the Al2O3

content of whole-rocks and Fo and Cr-number values of
olivine and spinel are also reasonably good (not shown).
Sulfur contents are generally higher than those of Penglai
(Table 1), with the wehrlite sample SW21having the highest
S content of 510 ppm.

Mineral chemistry and equilibration
temperatures
Major element compositions of minerals from Penglai and
Shanwang are provided in Table 2. Overall, olivines have
Fo-numbers ranging from 86�1 to 91�3 (Fig. 3). The Fo-
numbers of olivines from the Penglai peridotites range
from 88�1 to 91�3 (Table 2), with only two samples (PL03
and PL16) having Fo-numbers lower than 89. Olivines
from the Shanwang xenoliths exhibit a similar range in Fo
(89�0^91�0), with the exception of two samples having
very low Fo (Fe-rich lherzolite SW05, with Fo of 86�1, and
wehrlite SW21, with Fo of 81�8). Generally, the mineral
modes and Fo compositions indicate that the Penglai and
Shanwang peridotites are relatively fertile lherzolites.
They are, thus, comparable with peridotite xenoliths from
other Cenozoic locales in eastern China and distinct from
the very refractory xenoliths present in the Paleozoic
Mengyin and Fuxian kimberlites (Fan et al., 2000;
Rudnick et al., 2004; Zheng et al., 2007) (Fig. 3).
The Cr-number of spinels from the Penglai and

Shanwang xenoliths range from 9�53 to 39�4 and from
9�03 to 28�4, respectively (Table 2), never reaching the
high Cr-number of spinels that are typical of cratonic peri-
dotites and inclusions in diamonds (Cr-number460, e.g.
Lee & Rudnick, 1999), as well as chromites from the
Paleozoic kimberlites from eastern China (Zheng, 1999).
The equilibration temperatures of the mantle xenoliths

from Penglai and Shanwang can be constrained via appli-
cation of various geothermometers (Wood & Banno, 1973;
Wells, 1977; Bertrand & Mercier, 1985; Brey & Kohler,
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Fig. 3. Modal olivine vs Mg-number of olivine in peridotites after Boyd (1989). Black diamond, Fe-rich lherzolite SW05 from Shanwang; small
open diamonds, literature data for Shanwang garnet-lherzolites from Zheng et al. (2006).

Fig. 4. Whole-rock Al2O3 and CaO vs MgO contents for Penglai (a, b) and Shanwang (c, d) peridotites. Large open diamonds, wehrlites and
pyroxenites from Shanwang; small open diamonds, literature data for Shanwang peridotites from Zheng et al. (2005); P.M., Primitive mantle
(McDonough & Sun,1995); star, average peridotitic xenoliths from Archean cratons (Griffin et al.,1999); gray field represents cratonic peridotite
xenoliths from theTanzanian craton (Lee & Rudnick, 1999).
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Table 2: Mineral compositions of peridotites from Penglai and Shanwang (n¼ 3)

Sample Mineral SiO2 TiO2 Cr2O3 Al2O3 FeO NiO MnO MgO CaO Na2O K2O Total

PL01 Ol 41�12 0�00 0�01 0�00 9�88 0�40 0�14 48�62 0�04 0�01 0�00 100�22

Opx 55�59 0�09 0�31 4�09 6�28 0�07 0�14 32�53 0�52 0�10 0�01 99�74

Cpx 52�35 0�54 0�87 7�04 2�68 0�04 0�10 14�25 19�68 2�12 0�00 99�68

Sp 0�01 0�09 10�14 56�43 10�77 0�37 0�12 20�12 0�00 0�00 0�01 98�05

PL02 Ol 41�02 0�00 0�02 0�00 8�80 0�36 0�12 49�00 0�04 0�02 0�00 99�38

Opx 56�28 0�06 0�58 2�67 5�58 0�09 0�12 33�37 0�69 0�06 0�00 99�48

Cpx 53�40 0�13 1�04 3�11 2�37 0�05 0�09 16�54 21�79 0�78 0�00 99�29

Sp 0�06 0�66 32�34 33�43 15�95 0�19 0�22 15�74 0�00 0�03 0�00 98�63

PL03 Ol 40�71 0�01 0�01 0�01 10�81 0�37 0�16 47�45 0�07 0�00 0�00 99�60

Opx 54�46 0�08 0�40 5�27 6�84 0�07 0�18 30�65 0�85 0�32 0�01 99�11

Cpx 52�09 0�47 0�78 7�05 3�36 0�04 0�10 14�61 18�33 2�28 0�00 99�10

Sp 0�04 0�12 10�50 54�35 12�56 0�37 0�13 19�61 0�01 0�00 0�00 97�70

PL06 Ol 41�02 0�01 0�00 0�01 9�73 0�38 0�13 48�41 0�02 0�00 0�01 99�72

Opx 54�85 0�15 0�28 4�30 6�05 0�09 0�15 32�14 0�59 0�11 0�00 98�71

Cpx 52�08 0�59 0�71 6�73 2�60 0�02 0�10 14�49 19�76 1�92 0�01 99�01

Sp 0�02 0�09 9�01 57�37 10�10 0�39 0�13 20�66 0�00 0�00 0�00 97�78

PL07 Ol 40�79 0�02 0�00 0�06 9�91 0�36 0�14 47�76 0�04 0�01 0�01 99�08

Opx 55�15 0�11 0�32 4�46 6�35 0�10 0�12 32�08 0�61 0�09 0�00 99�40

Cpx 53�07 0�53 0�70 6�95 2�67 0�05 0�09 15�07 19�02 1�60 0�00 99�76

Sp 0�09 0�09 9�06 57�16 10�20 0�40 0�12 20�10 0�00 0�02 0�00 97�24

PL08 Ol 41�33 0�00 0�01 0�00 8�38 0�36 0�11 49�53 0�04 0�01 0�00 99�77

Opx 56�29 0�03 0�50 3�34 5�30 0�07 0�16 33�41 0�65 0�07 0�00 99�80

Cpx 53�06 0�16 1�16 4�54 2�12 0�04 0�06 15�68 21�26 1�27 0�00 99�34

Sp 0�03 0�09 21�64 46�50 10�47 0�29 0�15 19�19 0�01 0�01 0�00 98�38

PL13 Ol 40�85 0�01 0�00 0�00 10�08 0�36 0�15 47�96 0�01 0�02 0�00 99�45

Opx 55�77 0�10 0�25 3�79 6�41 0�08 0�17 32�57 0�45 0�08 0�00 99�66

Cpx 51�91 0�63 0�78 6�71 2�50 0�04 0�08 14�00 20�24 2�00 0�01 98�89

Sp 0�02 0�07 9�18 57�18 10�82 0�36 0�13 19�90 0�00 0�01 0�00 97�67

PL14 Ol 40�89 0�00 0�03 0�01 9�18 0�39 0�12 48�71 0�04 0�00 0�00 99�36

Opx 55�31 0�07 0�45 4�20 5�84 0�07 0�13 32�42 0�66 0�11 0�00 99�26

Cpx 52�61 0�45 0�98 6�11 2�36 0�03 0�08 14�89 20�05 1�83 0�00 99�40

Sp 0�04 0�09 13�98 53�31 10�04 0�32 0�11 19�92 0�00 0�01 0�01 97�84

PL16 Ol 40�64 0�01 0�02 0�02 11�31 0�29 0�14 47�06 0�05 0�01 0�00 99�54

Opx 54�41 0�15 0�41 5�15 7�02 0�10 0�15 30�76 0�88 0�16 0�00 99�19

Cpx 52�13 0�53 0�80 7�16 3�53 0�05 0�10 14�77 18�34 2�20 0�01 99�62

Sp 0�07 0�19 10�28 54�33 12�17 0�28 0�13 19�69 0�00 0�01 0�00 97�15

PL17 Ol 41�02 0�01 0�02 0�02 9�30 0�36 0�13 48�41 0�04 0�00 0�01 99�29

Opx 55�13 0�06 0�39 4�21 5�92 0�10 0�16 32�07 0�65 0�11 0�00 98�80

Cpx 52�40 0�30 0�80 5�71 2�54 0�04 0�10 15�25 20�32 1�43 0�00 98�89

Sp 0�03 0�04 12�02 54�63 10�20 0�33 0�12 20�01 0�00 0�02 0�01 97�40

PL18 Ol 41�05 0�00 0�02 0�01 8�91 0�40 0�13 48�81 0�04 0�01 0�00 99�37

Opx 55�68 0�06 0�48 3�55 5�60 0�10 0�15 32�73 0�66 0�06 0�01 99�07

Cpx 52�83 0�22 1�04 4�53 2�34 0�02 0�08 15�85 21�25 1�09 0�01 99�28

Sp 0�01 0�08 20�34 47�17 10�75 0�31 0�14 18�94 0�00 0�00 0�00 97�72

PL19 Ol 40�98 0�01 0�01 0�00 9�20 0�41 0�14 48�63 0�05 0�00 0�00 99�44

Opx 55�39 0�01 0�40 3�68 5�81 0�08 0�14 32�33 0�62 0�08 0�01 98�54

Cpx 53�58 0�04 0�74 4�61 2�41 0�05 0�09 15�87 20�93 1�36 0�01 99�68

Sp 0�06 0�01 16�95 48�55 14�47 0�29 0�18 17�16 0�01 0�00 0�01 97�70

(continued)
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Table 2: Continued

Sample Mineral SiO2 TiO2 Cr2O3 Al2O3 FeO NiO MnO MgO CaO Na2O K2O Total

PL23 Ol 41�23 0�00 0�00 0�01 8�58 0�40 0�13 48�98 0�04 0�01 0�00 99�40

Opx 56�69 0�02 0�44 2�38 5�60 0�09 0�12 33�58 0�53 0�01 0�00 99�46

Cpx 53�41 0�06 0�73 2�49 2�02 0�04 0�09 16�66 22�88 0�46 0�01 98�85

Sp 0�02 6�55 19�37 20�39 42�66 0�10 0�45 8�26 0�00 0�01 0�00 97�80

SW02 Ol 41�01 0�00 0�00 0�01 9�65 0�37 0�14 48�52 0�02 0�01 0�00 99�75

Opx 55�43 0�08 0�29 3�74 6�20 0�11 0�16 32�58 0�42 0�05 0�00 99�06

Cpx 52�62 0�49 0�70 5�97 2�30 0�04 0�10 14�55 20�95 1�79 0�00 99�50

Sp 0�02 0�02 9�91 57�41 10�19 0�35 0�11 19�82 0�00 0�01 0�00 97�83

SW03 Ol 40�84 0�00 0�01 0�00 9�77 0�35 0�13 48�54 0�01 0�01 0�00 99�65

Opx 55�79 0�07 0�26 3�61 6�36 0�11 0�15 32�66 0�44 0�04 0�00 99�51

Cpx 52�61 0�42 0�73 6�37 2�41 0�05 0�07 14�26 20�72 1�81 0�00 99�44

Sp 0�09 0�03 9�02 57�36 10�05 0�35 0�11 20�11 0�01 0�02 0�01 97�16

SW04 Ol 40�96 0�00 0�01 0�01 9�31 0�37 0�15 48�55 0�01 0�03 0�00 99�40

Opx 55�07 0�09 0�43 4�41 6�03 0�08 0�16 32�59 0�47 0�05 0�01 99�40

Cpx 52�33 0�39 0�83 5�93 2�35 0�04 0�08 14�85 20�67 1�64 0�00 99�13

Sp 0�03 0�07 11�36 55�89 9�89 0�35 0�11 19�92 0�00 0�01 0�00 97�64

SW05 Ol 40�33 0�00 0�01 0�02 13�27 0�34 0�22 46�06 0�05 0�01 0�01 100�31

Opx 55�09 0�10 0�38 3�93 8�09 0�08 0�21 31�10 0�61 0�13 0�01 99�72

Cpx 52�66 0�40 0�81 4�21 2�93 0�04 0�07 15�76 21�04 1�25 0�01 99�19

Sp 0�01 0�03 11�98 54�03 11�91 0�38 0�12 19�41 0�01 0�03 0�00 97�91

SW06 Ol 40�43 0�00 0�00 0�01 9�88 0�36 0�16 48�00 0�05 0�00 0�00 98�89

Opx 54�64 0�11 0�34 4�16 6�05 0�13 0�16 32�22 0�63 0�10 0�00 98�55

Cpx 52�16 0�60 0�91 6�59 2�50 0�06 0�09 14�54 19�74 1�99 0�01 99�19

Sp 0�01 0�13 11�70 54�34 10�72 0�38 0�11 20�01 0�01 0�01 0�00 97�40

SW07 Ol 40�64 0�00 0�02 0�00 8�89 0�37 0�13 48�77 0�03 0�02 0�01 98�89

Opx 56�12 0�06 0�53 3�29 5�74 0�04 0�13 32�92 0�61 0�15 0�00 99�61

Cpx 53�51 0�16 1�40 4�85 2�46 0�04 0�09 15�24 19�12 2�19 0�00 99�06

Sp 0�03 0�15 25�10 42�43 11�80 0�24 0�19 17�76 0�00 0�01 0�00 97�72

SW08 Ol 40�84 0�01 0�02 0�00 10�49 0�38 0�15 47�84 0�05 0�03 0�01 99�83

Opx 54�82 0�10 0�28 4�43 6�62 0�10 0�15 31�80 0�66 0�13 0�01 99�08

Cpx 51�59 0�58 0�70 6�59 2�81 0�05 0�09 14�54 19�67 1�97 0�03 98�63

Sp 0�02 0�04 9�07 56�84 10�85 0�38 0�12 20�06 0�00 0�01 0�01 97�40

SW09 Ol 41�47 0�02 0�03 0�01 8�87 0�36 0�12 49�44 0�08 0�04 0�00 100�45

Opx 55�64 0�06 0�55 3�30 5�58 0�08 0�14 33�23 0�65 0�14 0�01 99�36

Cpx 53�72 0�13 1�39 5�04 2�41 0�04 0�08 15�37 19�09 2�16 0�00 99�45

Sp 0�08 0�20 23�56 44�05 11�34 0�27 0�18 18�72 0�00 0�02 0�00 98�42

SW10 Ol 41�53 0�01 0�02 0�01 9�54 0�38 0�14 49�08 0�03 0�01 0�01 100�75

Opx 55�98 0�03 0�27 3�41 6�14 0�12 0�13 33�06 0�32 0�03 0�00 99�49

Cpx 52�36 0�43 0�74 5�84 2�34 0�03 0�08 14�40 20�89 1�76 0�00 98�88

Sp 0�06 0�03 10�24 56�66 9�98 0�35 0�10 19�83 0�01 0�00 0�00 97�28

SW11 Ol 40�92 0�00 0�02 0�00 8�94 0�39 0�13 49�23 0�05 0�02 0�00 99�69

Opx 55�46 0�10 0�43 3�75 5�65 0�11 0�12 32�91 0�63 0�09 0�01 99�27

Cpx 52�37 0�44 1�02 5�52 2�35 0�05 0�08 15�18 20�70 1�65 0�01 99�37

Sp 0�02 0�13 16�35 51�22 10�46 0�30 0�13 19�99 0�00 0�02 0�01 98�63

SW12 Ol 40�84 0�01 0�01 0�00 10�29 0�36 0�18 48�10 0�02 0�01 0�00 99�81

Opx 55�81 0�08 0�25 3�89 6�67 0�06 0�13 32�57 0�44 0�03 0�01 99�93

Cpx 0�00 0�01 8�57 57�91 10�39 0�36 0�09 20�18 0�01 0�01 0�01 97�54

Sp 52�19 0�48 0�63 6�21 2�45 0�04 0�09 14�56 21�08 1�69 0�01 99�43

(continued)
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1990), a selection of which are shown in Table 3. Despite
systematic temperature differences between the thermo-
meters, the temperatures returned for each locality vary
by no more than 3008C and the temperature ranges for a
given thermometer are indistinguishable between local-
ities. If the xenoliths equilibrated to a geotherm similar to
that proposed by Zheng et al. (2006) for garnet-bearing
Shanwang peridotites, the temperatures imply sampling

over a depth range of �20 km, all within the spinel stabil-
ity field.
As mentioned above, because of poor preservation of

primary minerals in the Mengyin peridotites, their P^T
conditions cannot be constrained. Minimum derivation
depths of 50^100 km, however, can be inferred from the
presence of garnet peridotites previously noted (Gao et al.,
2002).

Table 2: Continued

Sample Mineral SiO2 TiO2 Cr2O3 Al2O3 FeO NiO MnO MgO CaO Na2O K2O Total

SW13 Ol 41�25 0�00 0�01 0�01 9�10 0�34 0�13 49�11 0�01 0�01 0�00 99�97

Opx 55�43 0�10 0�39 3�41 5�83 0�09 0�14 33�35 0�39 0�06 0�01 99�20

Cpx 52�41 0�51 0�94 5�64 2�06 0�05 0�06 14�79 21�44 1�77 0�01 99�70

Sp 0�01 0�09 14�24 53�61 10�07 0�32 0�11 19�72 0�00 0�01 0�01 98�19

SW14 Ol 40�97 0�00 0�03 0�03 9�71 0�37 0�13 49�04 0�07 0�00 0�00 100�35

Opx 55�32 0�13 0�34 4�18 6�20 0�10 0�15 32�55 0�62 0�12 0�01 99�72

Cpx 52�66 0�42 0�79 6�65 2�89 0�04 0�12 15�54 18�83 1�84 0�00 99�77

Sp 0�03 0�15 10�41 56�21 10�55 0�35 0�12 20�40 0�01 0�02 0�00 98�25

SW15 Ol 41�33 0�01 0�01 0�01 9�01 0�38 0�12 50�20 0�04 0�00 0�00 101�11

Opx 56�04 0�07 0�41 3�87 5�66 0�09 0�15 33�69 0�63 0�10 0�01 100�73

Cpx 52�69 0�39 1�05 5�70 2�37 0�06 0�09 15�41 20�48 1�66 0�01 99�91

Sp 0�04 0�12 16�22 52�20 10�41 0�32 0�13 20�31 0�00 0�01 0�01 99�76

SW16 Ol 41�46 0�00 0�01 0�00 8�91 0�37 0�13 50�37 0�04 0�02 0�00 101�33

Opx 56�23 0�05 0�45 3�69 5�48 0�09 0�11 33�66 0�62 0�13 0�01 100�51

Cpx 53�20 0�22 1�06 5�27 2�13 0�02 0�08 15�52 20�47 1�74 0�01 99�70

Sp 0�04 0�07 17�24 51�73 10�20 0�29 0�14 20�34 0�00 0�01 0�00 100�06

SW17 Ol 41�12 0�00 0�00 0�00 9�91 0�39 0�14 49�37 0�06 0�01 0�02 101�02

Opx 55�34 0�08 0�32 4�43 6�38 0�10 0�16 32�74 0�60 0�13 0�00 100�28

Cpx 52�62 0�39 0�66 6�49 2�73 0�05 0�10 15�02 19�45 2�11 0�01 99�62

Sp 0�02 0�06 9�99 57�88 10�60 0�39 0�11 20�77 0�00 0�01 0�01 99�84

SW18 Ol 41�70 0�00 0�01 0�00 9�25 0�38 0�15 50�13 0�01 0�00 0�00 101�63

Opx 56�55 0�07 0�40 3�23 5�91 0�07 0�15 33�91 0�40 0�04 0�00 100�74

Cpx 53�53 0�34 1�01 5�08 2�35 0�04 0�06 15�33 21�39 1�55 0�00 100�67

Sp 0�06 0�03 17�49 51�09 10�86 0�30 0�13 19�56 0�01 0�02 0�00 99�54

SW19 Ol 41�16 0�00 0�02 0�01 10�50 0�37 0�13 48�65 0�03 0�01 0�01 100�87

Opx 55�53 0�09 0�32 4�57 6�51 0�08 0�15 32�47 0�62 0�10 0�00 100�45

Cpx 52�66 0�51 0�74 6�63 2�89 0�06 0�09 15�13 19�64 1�81 0�00 100�16

Sp 0�04 0�12 9�74 57�21 10�59 0�40 0�13 20�47 0�01 0�01 0�00 98�72

SW20 Ol 41�51 0�00 0�02 0�00 9�14 0�39 0�13 49�69 0�02 0�01 0�00 100�91

Opx 56�49 0�09 0�34 3�48 5�86 0�11 0�13 33�80 0�45 0�05 0�00 100�82

Cpx 53�02 0�47 0�91 5�85 2�18 0�03 0�07 15�08 20�85 1�72 0�01 100�18

Sp 0�02 0�07 13�89 54�65 10�02 0�33 0�13 20�40 0�00 0�01 0�01 99�52

SW22 Ol 41�24 0�02 0�00 0�00 9�86 0�39 0�14 48�55 0�05 0�00 0�00 100�24

Opx 55�81 0�07 0�34 4�20 6�10 0�13 0�16 32�63 0�65 0�11 0�00 100�21

Cpx 52�91 0�43 0�90 6�30 2�63 0�03 0�06 14�93 20�01 1�82 0�00 100�02

Sp 0�01 0�08 12�11 55�79 10�40 0�38 0�12 20�03 0�00 0�01 0�00 98�94

n, number of spot analyses for minerals; total iron is expressed as FeO.
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Rare earth and trace elements
All Mengyin peridotites are strongly light REE (LREE)
enriched (Fig. 5a), and, except for sample MY10, are char-
acterized by relatively high total REE concentrations. On
a primitive mantle-normalized diagram, the Mengyin
samples show significant Sr depletion, as well as variable
depletion inTh (Fig. 5b).
The REE patterns of the Penglai peridotites display little

variation (Fig. 5c). The cpx-poor lherzolites (PL08, PL19)

and harzburgites (PL02, PL18, PL23), are relatively
LREE enriched and heavy REE (HREE) depleted.
Sample PL19 is characterized by a spoon-shaped REE pat-
tern, and the two harzburgites, PL02 and PL23, have the
lowest HREE abundances of this suite. LREE enrichment
of cpx-poor mantle xenoliths is common worldwide
(McDonough & Frey, 1989). The cpx-rich lherzolites, such
as PL01, PL06, PL07, PL16 and PL17, show more limited
LREE enrichment, with the exception of sample PL03.
The LREE-depleted character of many of the Penglai cpx
separates (eight out of 19 samples, Table 5, including most
of the lherzolites), suggests that the whole-rock REE pat-
terns may have been compromised by addition of a
LREE-enriched grain boundary phase (see Discussion).
Compared with those from the Mengyin kimberlites, the
Penglai xenoliths have lower La/Yb ratios. Similar to the
REE patterns, the primitive mantle-normalized trace ele-
ment patterns of the Penglai peridotites show relatively
uniform variations with slight enrichments in Sr and
depletions inTi (Fig. 5d).
The REE patterns of the Shanwang samples are more

variable (Fig. 5e). The most refractory samples, SW07 and
SW09, are strongly enriched in LREE and depleted in
HREE. Lherzolites SW02, SW03, SW04, SW10, SW12,
SW13, SW18, and SW20 are LREE depleted, albeit with
some showing La enrichment relative to Ce. The remain-
ing samples are LREE enriched. The primitive mantle-
normalized plots for the Shanwang samples are different
from those of the Penglai xenoliths, showing pronounced
positive Sr and negative Ti anomalies (Fig. 5f), possibly
reflecting some form of Sr-rich (carbonate) melt interac-
tion (Zheng et al., 2005). The two wehrlites (SW01 and
SW21) have the highest REE contents, do not show the
TiO2 depletions, and show only modest Sr enrichments.

Clinopyroxene Sr^Nd^Hf isotopic data
Rb^Sr and Sm^Nd isotopic compositions of cpx from the
Penglai and Shanwang xenoliths are provided in Tables 4
and 5, respectively. Most of the Penglai samples have
87Rb/86Sr ratios less than 0�06 and 87Sr/86Sr ratios between
0�7022 and 0�7042, except for unleached cpx PL15, which
has a higher 87Rb/86Sr of 0�11 (Fig. 6a). The Shanwang
samples show even less variation in 87Rb/86Sr and
87Sr/86Sr ratios (Fig. 6a). Generally, the leached cpx are
slightly less radiogenic in 87Sr/86Sr, compared with their
paired, unleached cpx (Table 4; Fig. 6a). Although the dif-
ferences in Sr concentration between leached and
unleached cpx are insignificant, the Rb concentrations in
leached cpx are much lower than their paired, unleached
cpx (Table 4; Fig. 6a). Similar to other worldwide xenolith
suites, no Rb^Sr isochron can be generated from the data.
Penglai and Shanwang samples show modest variations in
147Sm/144Nd and 143Nd/144Nd ratios (Fig. 6b). The leached
cpx have 147Sm/144Nd and 143Nd/144Nd ratios nearly identi-
cal to their paired, unleached cpx, except for samples

Table 3: Temperature calculations for Penglai and

Shanwang peridotites using various geothermometers�

Wood & Wells Bertrand & Brey &

Banno (1973) (1977) Mercier (1985) Kohler (1990)

PL01 1055 958 1071 1005

PL02 1069 963 1019 965

PL03 1110 1038 1178 1094

PL06 1065 967 1075 1012

PL07 1127 1047 1176 1113

PL08 1059 947 1008 956

PL13 1014 910 999 935

PL14 1072 973 1069 1012

PL16 1113 1044 1188 1101

PL17 1080 984 1074 1014

PL18 1067 962 1028 973

PL19 1075 976 1052 996

PL23 1009 893 910 855

SW02 1002 894 963 903

SW03 1009 904 981 918

SW04 1037 933 1010 952

SW05 1036 961 1036 970

SW06 1064 966 1074 1013

SW07 1111 1016 1132 1075

SW08 1056 965 1073 1004

SW09 1119 1022 1143 1088

SW10 998 888 954 892

SW11 1050 943 1020 963

SW12 992 888 952 888

SW13 974 856 899 839

SW14 1134 1053 1181 1115

SW15 1072 967 1057 1001

SW16 1077 970 1055 1005

SW17 1084 993 1110 1046

SW18 1028 918 984 926

SW19 1093 1007 1123 1056

SW20 1041 933 1010 956

SW22 1078 982 1087 1024

�Pressure of 1�5 GPa assumed throughout.
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Fig. 5. Chondrite-normalized rare earth element patterns (a, c, e) and primitive mantle-normalized trace element patterns (b, d, f) for the
xenoliths from Mengyin, Penglai and Shanwang. Chondrite normalizing values are from Masuda et al. (1973) divided by 1�2, and those of prim-
itive mantle for trace elements are from McDonough & Sun (1995). R, replicate analysis.
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Table 4: Cpx Rb^Sr isotopic compositions of the Penglai and Shanwang peridotites

Sample t (Ma) Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr 2s ISr

PL01 5 0�190 71�70 0�00767 0�702319 0�000014 0�702318

PL02 5 0�408 139�2 0�00847 0�702696 0�000014 0�702695

PL03 5 0�116 155�5 0�00215 0�703476 0�000020 0�703476

PL03-leached 0�109 164�6 0�00191 0�703373 0�000007 0�703373

PL06 5 0�338 75�45 0�0130 0�702646 0�000013 0�702645

PL07 5 0�207 54�44 0�0110 0�702570 0�000014 0�702569

PL11 5 0�266 13�18 0�0584 0�704250 0�000046 0�704245

PL12 5 0�168 89�95 0�00541 0�702552 0�000010 0�702551

PL13 5 0�359 307�9 0�00338 0�703293 0�000014 0�703292

PL14 5 0�492 75�13 0�0190 0�702897 0�000014 0�702896

PL15 5 2�19 59�09 0�107 0�702831 0�000014 0�702824

PL15-leached 0�100 60�58 0�00479 0�702795 0�000027 0�702795

PL16 5 0�271 160�2 0�00490 0�703339 0�000012 0�703339

PL17 5 0�257 34�96 0�0212 0�703335 0�000013 0�703334

PL17-leached 0�0983 32�88 0�00864 0�702914 0�000010 0�702914

PL18 5 0�346 20�21 0�0495 0�704127 0�000014 0�704123

PL19 5 0�0766 41�13 0�00539 0�703623 0�000013 0�703622

PL19-leached 37�53 0�703496 0�000014

PL19-leached-R 0�0173 37�40 0�00133 0�703470 0�000011 0�703470

PL23 5 0�308 34�26 0�0260 0�703646 0�000013 0�703644

PL23-leached 0�094 32�97 0�0083 0�703590 0�000016 0�703590

SW01 16 2�22 117�7 0�0546 0�703220 0�000013 0�703207

SW01-leached 0�0806 100�3 0�00232 0�703053 0�000013 0�703053

SW02 16 0�350 20�21 0�0500 0�702676 0�000013 0�702664

SW03-leached 16 0�0230 10�51 0�00632 0�702895 0�000016 0�702893

SW04 16 0�447 28�87 0�0463 0�703135 0�000018 0�703124

SW04-leached 0�0074 20�02 0�0011 0�702450 0�000014 0�702450

SW05 16 0�569 165�0 0�0100 0�703183 0�000015 0�703181

SW05-leached 0�0525 161�7 0�000938 0�703031 0�000011 0�703031

SW07 16 0�860 277�4 0�00896 0�703131 0�000013 0�703129

SW08 16 1�49 146�8 0�0294 0�703391 0�000015 0�703384

SW09 16 0�845 282�9 0�00863 0�703145 0�000013 0�703143

SW10 16 0�372 23�18 0�0464 0�702631 0�000013 0�702620

SW11 16 0�264 90�52 0�00845 0�703176 0�000013 0�703174

SW11-leached 0�0148 82�26 0�000519 0�703158 0�000017 0�703158

SW12 16 0�231 14�44 0�0463 0�702590 0�000036 0�702579

SW13 16 0�481 27�93 0�0498 0�702665 0�000012 0�702654

SW14 16 0�469 127�6 0�0106 0�703132 0�000014 0�703129

SW15 16 0�307 104�6 0�00849 0�703259 0�000011 0�703257

SW16 16 0�626 176�5 0�0103 0�703525 0�000014 0�703522

SW17 16 0�260 224�3 0�00335 0�703133 0�000012 0�703132

SW18 16 0�048 60�99 0�00228 0�702268 0�000013 0�702268

SW19 16 0�261 109�9 0�00688 0�702905 0�000013 0�702904

SW20 16 0�279 29�24 0�0276 0�702499 0�000013 0�702493

SW21 16 0�622 126�0 0�0143 0�703100 0�000013 0�703097

SW22 16 167�5 0�703064 0�000012

SW22-leached 0�0878 162�9 0�00156 0�703041 0�000013 0�703041

‘leached’ indicates that the minerals were leached with 6M HCl at 1008C overnight before crushing to 200–400 mesh; ‘R’,
replicate analysis.
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Table 5: Cpx Sm^Nd isotopic compositions of the Penglai and Shanwang peridotites

Sample t (Ma) Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd 2s eNd(t) eNd(0) TDM (Ma)

PL01 5 1�349 3�391 0�2406 0�513215 0�000014 11�4 11�3 364

PL02 5 1�082 4�399 0�1487 0�513003 0�000012 7�3 7�1 347

PL03 5 3�291 13�20 0�1508 0�512983 0�000010 6�9 6�7 408

PL03-leached 4�161 16�96 0�1483 0�512977 0�000008 6�7 6�6 406

PL06 5 1�463 3�725 0�2375 0�513080 0�000012 8�7 8�6 �457

PL07 5 1�340 3�254 0�2490 0�513168 0�000013 10�5 10�3 76

PL11 5 0�1487 0�5354 0�1679 0�512971 0�000040 6�6 6�5 601

PL12 5 1�681 4�176 0�2433 0�513176 0�000015 10�6 10�5 128

PL13 5 2�614 12�44 0�1270 0�512908 0�000012 5�4 5�3 428

PL14 5 1�313 3�528 0�2251 0�513285 0�000010 12�7 12�6 1794

PL15 5 1�102 2�781 0�2396 0�513190 0�000014 10�9 10�8 232

PL15-leached 1�246 3�202 0�2355 0�513203 0�000007 11�1 11�0 362

PL16 5 2�214 7�993 0�1674 0�513022 0�000013 7�6 7�5 425

PL17 5 0�7616 1�403 0�3283 0�513813 0�000013 23�1 22�9 881

PL17-leached 0�8447 1�491 0�3427 0�513867 0�000009 24�1 24�0 847

PL18 5 0�7417 1�424 0�3150 0�513406 0�000013 15�1 15�0 384

PL19 5 0�2420 1�197 0�1222 0�513054 0�000015 8�2 8�1 162

PL19-leached 0�2335 1�125 0�1255 0�513143 0�000010 10�0 9�8 14

PL19-leached-R 0�2303 1�138 0�1224 0�513126 0�000011 9�6 9�5 42

PL23 5 0�2675 0�9223 0�1754 0�512795 0�000035 3�2 3�1 1412

PL23-leached 0�2559 0�8949 0�1732 0�512894 0�000008 5�1 5�0 967

SW01 16 2�364 8�035 0�1778 0�512944 0�000013 6�4 6�0 878

SW01-leached 2�882 9�875 0�1765 0�512964 0�000013 6�8 6�4 766

SW02 16 0�9915 1�678 0�3571 0�513411 0�000011 15�5 15�1 277

SW03 16 1�031 1�673 0�3725 0�513018 0�000012 7�8 7�4 �128

SW03-leached 1�174 1�927 0�3684 0�513076 0�000007 8�9 8�5 �74

SW04 16 1�029 1�834 0�3391 0�513479 0�000010 16�8 16�4 400

SW04-leached 1�155 2�070 0�3379 0�513473 0�000007 16�7 16�3 396

SW05 16 2�248 8�976 0�1514 0�513078 0�000012 9�0 8�6 179

SW07 16 2�475 12�85 0�1164 0�512940 0�000013 6�3 5�9 331

SW08 16 2�360 9�530 0�1497 0�512981 0�000013 7�1 6�7 405

SW09 16 2�415 12�13 0�1204 0�512940 0�000013 6�3 5�9 346

SW10 16 1�051 1�796 0�3537 0�513457 0�000012 16�4 16�0 334

SW11 16 1�163 3�262 0�2156 0�513123 0�000009 9�9 9�5 �2301

SW11-leached 1�339 3�830 0�2114 0�513105 0�000007 9�5 9�1 3079

SW12 16 1�057 1�742 0�3669 0�513411 0�000014 15�5 15�1 259

SW13 16 1�204 2�388 0�3048 0�513266 0�000012 12�7 12�3 193

SW14 16 1�551 5�989 0�1566 0�513095 0�000011 9�3 8�9 150

SW15 16 1�188 3�809 0�1886 0�513090 0�000013 9�2 8�8 370

SW16 16 0�9280 4�575 0�1226 0�513078 0�000012 9�0 8�6 123

SW17 16 2�206 9�757 0�1367 0�512982 0�000012 7�1 6�7 336

SW18 16 1�240 3�605 0�2079 0�513291 0�000010 13�1 12�7 �3742

SW19 16 1�492 4�852 0�1859 0�513202 0�000012 11�4 11�0 �281

SW20 16 1�197 2�370 0�3053 0�513267 0�000012 12�7 12�3 194

SW21 16 2�733 9�033 0�1829 0�512986 0�000013 7�2 6�8 815

SW22-leached 16 2�342 9�970 0�1421 0�513039 0�000005 8�2 7�8 240

‘leached’ indicates that the minerals were leached with 6M HCl at 1008C overnight before crushing to 200–400
mesh; R, replicate analysis; eNd values were calculated using (147Sm/144Nd)CHUR(0)¼ 0�1967 and
(143Nd/144Nd)CHUR(0)¼ 0�512638; TDM values were calculated using (147Sm/144Nd)DM(0)¼ 0�2137 and
(143Nd/144Nd)DM(0)¼ 0�513151.
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Fig. 6. Rb^Sr (a), Sm^Nd (b) and Lu^Hf (c) isotopic compositions of the cpx from the Penglai and Shanwang peridotites. Open circles, lea-
ched Penglai cpx; open diamonds, leached Shanwang cpx; In (c) the Lu^Hf isochron with an age of 1259�22 Ma (using leached PL19 cpx
data) is for Penglai samples only (although Shanwang data are also plotted in the figure). If the Penglai and Shanwang xenoliths are combined,
an isochron age of 1262�35 Ma (using leached PL19 cpx data) is obtained (not shown). The inset shows the data for samples with 176Lu/177Hf
50�1.
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PL19 and PL23, which have slightly more radiogenic Nd in
the leached cpx (Table 5; Fig. 6b). Except for samples
PL17 and SW03, all samples plot near an errorchron with
an age of �300 Ma (Fig. 6b).
Hafnium isotopic compositions of the cpx are provided

inTable 6 and shown in Fig. 6c. The Penglai samples show
larger ranges of 176Lu/177Hf and 176Hf/177Hf ratios than the
Shanwang xenoliths. Generally, the leached cpx have Hf
isotopic compositions that are indistinguishable from the
paired, unleached cpx, although there are some significant
differences in Lu and Hf concentrations (Table 6). The
only exception is sample PL19, which is characterized by
extremely radiogenic Hf; the leached cpx has slightly
more radiogenic Hf (Fig. 6c). The 176Hf/177Hf of two analy-
ses of leached PL19 cpx are reproducible within uncertain-
ties. Penglai cpx samples define a Lu^Hf isochron with an
age of 1259�22 Ma (using the data for the leached PL19
cpx) (Fig. 6c). If the Penglai and Shanwang xenoliths are
combined, an isochron age of 1262�35 Ma is obtained
(also using data for leached cpx from sample PL19).
All the cpx samples are characterized by low initial

87Sr/86Sr ratios of 0�7022^0�7042, and high initial eNd and
eHf values of þ5�4 to þ23�1 and þ16�0 to þ553, when cor-
rected for the eruption ages of the host basalts (Fig. 7). A
crude negative correlation between 87Sr/86Sr and eNd is
similar to cpx from other Cenozoic mantle xenoliths in
eastern China (Fig. 7a) (Fan et al., 2000; Rudnick et al.,
2004; Wu et al., 2006; and references therein). These Sr^
Nd isotopic compositions differ greatly from those for the
Paleozoic Mengyin and Fuxian kimberlites and the
mantle xenoliths they host (Chi & Lu, 1996; Zheng, 1999;
Wu et al., 2006; Zhang & Yang, 2007; Zhang et al., 2008),
which are characterized by much more enriched Sr^Nd
isotope signatures (Fig. 7a). In a diagram of eNd vs eHf,
most xenoliths straddle a line of eHf¼ 1�5eNd, which is sim-
ilar to the Nd and Hf isotopic ratios seen in oceanic basalts
(Nowell et al., 1998; Vervoort et al., 1999). However, some
samples, such as PL19 and PL11, fall above the line at
much higher eHf values (Fig. 7b). The apparent decoupling
of the Nd^Hf systematics in these samples suggests that
high Lu/Hf was preserved for a much longer period of
time than high Sm/Nd. Leached cpx sample PL19, which
has an extremely high 176Lu/177Hf ratio of about 0�76,
yields a Hf model age of about 1�3 Ga.

Re^Os isotopic geochemistry
Re^Os isotopic data for the Mengyin, Penglai and
Shanwang xenoliths are given in Table 7. All Mengyin
samples have Re concentrations less than 0�1ppb, with a
large range in Os concentrations from 0�1 to 7�8 ppb
(Fig. 8a). Three analyses of sample MY9 yielded Os con-
centrations ranging between 2�0 and 7�8 ppb, indicating a
significant ‘nugget effect’ whereby Os is evidently concen-
trated in trace phases that are not well homogenized
during the preparation of sample powders. Peridotites

MY9, MY10 and MY34 have 187Os/188Os that are identical
within uncertainties: 0�1104^0�1109, corresponding to TRD

ages of 2�5^2�6 Ga (Table 7). These model ages are similar
to ages reported for peridotites from the Fuxian and
Tieling kimberlites (Gao et al., 2002; Wu et al., 2006;
Zhang et al., 2008), and chromites from Mengyin (Wu
et al., 2006). In contrast to the other Mengyin peridotites,
MY33 has a higher 187Os/188Os ratio of 0�1166 correspond-
ing to aTRD age of 1�6 Ga (Table 7). In addition, pyroxe-
nite sample MY35 is characterized by relatively low Os
(0�97 ppb), relatively high 187Re/188Os (0�288) and a high
187Os/188Os ratio of 0�1319. Relatively high ratios like this
are common in pyroxenites from the lithospheric mantle
(e.g. Becker et al., 2004).
The Penglai peridotites are strongly depleted in Re,

with concentrations ranging from50�01ppb to 0�04 ppb;
Os concentrations are mostly 51ppb (Fig. 8a). The
187Re/188Os ratios range from 0�01 to 0�23. As is common
in other peridotite xenoliths from the continental litho-
spheric mantle, the 187Re/188Os ratios do not correlate well
with their 187Os/188Os ratios (Fig. 8b). Generally, the
Penglai samples have 187Os/188Os ratios ranging from
0�1178 to 0�1289, which is lower than the primitive upper
mantle (PUM) estimate of 0�1296 (Meisel et al., 2001).
Among these, relatively refractory samples PL02, PL08,
PL12 and PL23 (52wt % Al2O3) have similar 187Os/188Os
ratios around 0�12, with TRD ages of �1 Ga (Table 7).
Sample PL18, however, which has a slightly higher Al2O3

of 2�27wt %, has the lowest 187Os/188Os of �0�1170, with
TRD and TMA ages of 1�4 and 2�5 Ga, respectively
(Table 7).
Shanwang xenoliths have higher average Re and Os

concentrations than the Penglai xenoliths, with Re of
0�01^0�51ppb and Os of 0�3^ 8�7 ppb (Fig. 8a). The excep-
tion is Fe-rich lherzolite SW05, which has unusually low
Re and Os concentrations of 0�005 and 0�04 ppb, respec-
tively, with high 187Re/188Os and 187Os/188Os of 0�630 and
0�1352, respectively. Lherzolites SW12 and wehrlites SW01
and SW21 have higher 187Re/188Os ratios of 0�589^1�636
than PUM and have correspondingly chondritic to radio-
genic 187Os/188Os of 0�1265^0�1335 (Fig. 8b).The remaining
samples have 187Os/188Os ratios of 0�1196^0�1274. Of these,
relatively refractory samples SW07, SW09, SW11, SW15,
SW16 and SW20 have low 187Os/188Os ratios, ranging
from 0�120 to 0�122, withTRD ages ranging from 0�8 to 1�1
Ga (Table 7). Sample SW03, although not refractory
(3�2wt % Al2O3), also has a

187Os/188Os of �0�12 (Table 7).

Platinum-group elements
The PGE abundances (especially Ir, Ru) in replicate anal-
yses of some samples vary considerably beyond analytical
uncertainties (Table 8), indicating that the ‘nugget effect’
is significant for the Mengyin, Penglai and Shanwang
xenoliths. Despite this, the chondrite-normalized PGE
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Table 6: Cpx Lu^Hf isotopic compositions of the Penglai and Shanwang peridotites

Sample t Lu Hf 176Lu/176Hf 176Hf/177Hf 2s eHf(0) eHf(t) TDM

(Ma) (ppm) (ppm) (Ma)

PL01 5 0�215 0�984 0�0311 0�283283 0�000009 18�1 18�1 �244

PL02 5 0�0940 0�477 0�0280 0�283332 0�000017 19�8 19�8 �423

PL03 5 0�167 0�958 0�0248 0�283432 0�000007 23�4 23�4 �722

PL03-leached 5 0�207 1�08 0�0274 0�283426 0�000005 23�1 23�2 �865

PL06 5 0�208 1�03 0�0288 0�283277 0�000007 17�9 17�9 �153

PL07 5 0�217 0�922 0�0334 0�283265 0�000007 17�4 17�4 �159

PL11 5 0�111 0�0915 0�172 0�286727 0�000062 140 139 1377

PL12 5 0�105 0�581 0�0257 0�283250 0�000013 16�9 16�9 �1

PL13 5 0�248 1�11 0�0318 0�283225 0�000006 16�0 16�0 199

PL14 5 0�194 0�859 0�0321 0�283456 0�000009 24�2 24�2 �1779

PL15 5 0�177 0�699 0�0360 0�283365 0�000012 21�0 21�0 �2614

PL15-leached 5 0�213 0�753 0�0402 0�283396 0�000005 22�1 22�0 4192

PL16 5 0�165 1�14 0�0205 0�283298 0�000008 18�6 18�6 �143

PL17 5 0�175 0�420 0�0593 0�284162 0�000017 49�1 49�1 2285

PL17-R 5 0�171 0�427 0�0569 0�284205 0�000016 50�7 50�6 2694

PL17-leached 5 0�209 0�431 0�0690 0�284259 0�000007 52�6 52�5 1740

PL18 5 0�156 0�582 0�0381 0�283783 0�000012 35�8 35�8 —

PL19 5 0�130 0�0267 0�693 0�298410 0�000177 553 551 1227

PL19-leached 5 0�121 0�0232 0�747 0�301364 0�000048 654 652 1345

PL19-leached-R 5 0�125 0�0232 0�768 0�301392 0�000058 655 652 1308

PL23 5 0�0653 0�133 0�0696 0�284091 0�000075 46�7 46�5 1424

PL23-leached 5 0�0612 0�129 0�0675 0�284299 0�000019 54�0 53�9 1895

SW01 16 0�0974 1�49 0�00928 0�282981 0�000010 7�4 7�7 492

SW02 16 0�202 0�605 0�0474 0�283297 0�000014 18�6 18�4 275

SW03 16 0�221 0�618 0�0509 0�283097 0�000013 11�5 11�3 �660

SW03-leached 16 0�271 0�659 0�0584 0�283098 0�000004 11�5 11�3 �409

SW04 16 0�224 0�591 0�0538 0�283544 0�000016 27�3 27�1 1011

SW04-leached 16 0�252 0�621 0�0577 0�283575 0�000005 28�4 28�1 895

SW05 16 0�222 0�887 0�0356 0�283324 0�000011 19�5 19�5 �1457

SW05-leached 16 0�239 0�944 0�0360 0�283318 0�000006 19�3 19�3 �1548

SW07 16 0�121 0�821 0�0209 0�283327 0�000012 19�6 19�8 �236

SW08 16 0�215 0�989 0�0309 0�283104 0�000010 11�7 11�8 1028

SW09 16 0�114 0�838 0�0193 0�283327 0�000011 19�6 19�8 �218

SW10 16 0�238 0�611 0�0553 0�283371 0�000019 21�2 20�9 380

SW11 16 0�168 0�704 0�0340 0�283410 0�000011 22�5 22�5 �1982

SW11-leached 16 0�194 0�774 0�0356 0�283405 0�000005 22�4 22�4 �3107

SW12 16 0�244 0�584 0�0594 0�283302 0�000013 18�8 18�5 133

SW13 16 0�210 0�691 0�0432 0�283327 0�000011 19�6 19�5 852

SW14 16 0�214 0�633 0�0480 0�283448 0�000011 23�9 23�8 1097

SW15 16 0�162 0�692 0�0334 0�283446 0�000014 23�8 23�8 �2121

SW16 16 0�169 0�256 0�0941 0�284878 0�000026 74�5 73�8 1543

SW17 16 0�221 0�735 0�0428 0�283249 0�000012 16�9 16�8 �12

SW18 16 0�188 0�801 0�0335 0�284044 0�000013 45�0 45�0 �9369

SW19 16 0�216 0�974 0�0315 0�283454 0�000012 24�1 24�1 �1614

SW20 16 0�213 0�709 0�0427 0�283320 0�000015 19�4 19�3 870

SW21 16 0�102 1�71 0�0085 0�282999 0�000010 8�0 8�3 447

SW22 16 0�194 0�867 0�0318 0�283641 0�000010 30�7 30�8 �3255

SW22-leached 16 0�215 0�884 0�0346 0�283666 0�000005 31�6 31�6 �6178

‘leached’ indicates that the minerals were leached with 6M HCl at 1008C overnight before crushing to 200–400 mesh; R,
replicate analysis; eHf values were calculated using (176Lu/177Hf)CHUR(0)¼ 0�0332 and (176Hf/177Hf)CHUR(0)¼ 0�282772;
TDM values were calculated using (176Lu/177Hf)DM(0)¼ 0�0384 and (176Hf/177Hf)DM(0)¼ 0�28325; Hf isotopic ratios of repli-
cate analyses of sample PL19 are blank-corrected (using blank values: Hf, 40 pg; 176Hf/177Hf ratio of 0�283).
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Fig. 7. Sr^Nd (a) and Nd^Hf (b) isotope correlation diagrams for cpx from the Penglai and Shanwang peridotites.‘t’ represents the eruption
age of the host basalts; Open circles, leached Penglai cpx; open diamonds, leached Shanwang cpx. In (a), data sources for Paleozoic kimberlites
and their mantle xenoliths are Chi & Lu (1996), Zheng (1999),Wu et al. (2006), Zhang & Yang (2007) and Zhang et al. (2008); data sources for
Cenozoic mantle xenoliths from the eastern NCC are Fan et al. (2000), Rudnick et al. (2004),Wu et al. (2006), and references therein.
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Table 7: Re^Os isotopic compositions of the mantle xenoliths

Sample T (Ma) Al2O3

(wt %)

Fo

(Ol)

Cr-no.

(Sp)

T

(8C)

Re

(ppb)

Os

(ppb)

187Re/188Os 187Os/188Os 2s% gOs Osi TRD

(Ga)

TMA

(Ga)

MY9 470 0�37 0�068 1�98 0�17 0�11052 0�07 �11�8 0�10921 2�60 4�05

MY9-R 470 0�37 0�089 7�80 0�055 0�11039 0�05 �11�2 0�10996 2�49 2�81

MY9� 470 0�37 0�017 4�26 0�020 0�11056 0�05 �10�9 0�11040 2�43 2�53

MY10� 470 0�06 0�005 0�090 0�3 0�11091 0�31 �12�1 0�10886 2�65 6�44

MY33 470 0�31 0�008 1�19 0�03 0�11662 0�05 �6�0 0�11635 1�57 1�67

MY34 470 0�92 0�050 3�30 0�073 0�11043 0�05 �11�3 0�10986 2�51 2�95

MY35 470 10�0 0�058 0�969 0�29 0�13195 0�10 4�7 0�12969 �0�40 �2�68

PL01 5 3�58 89�8 10�8 1005 0�008 0�280 0�1 0�12544 1�2 �1�2 0�12543 0�23 0�36

PL02 5 1�20 90�8 39�4 965 0�011 0�654 0�081 0�11974 0�26 �5�7 0�11974 1�08 1�34

PL02� 5 0�005 0�835 0�03 0�12103 0�12 �4�7 0�12103 0�89 0�96

PL03 5 4�01 88�7 11�5 1094 0�031 0�710 0�21 0�12677 0�13 �0�2 0�12675 0�04 0�07

PL03-R 5 0�031 0�651 0�23 0�12588 0�06 �0�9 0�12586 0�17 0�39

PL03� 5 0�523 1�15 2�19 0�12618 0�21 �0�8 0�12599 0�15 �0�03

PL06 5 4�33 89�9 9�53 1012 0�019 0�400 0�23 0�12608 0�37 �0�7 0�12606 0�14 0�32

PL07 5 3�99 89�6 9�62 1113 0�181 0�829 1�05 0�12697 0�05 �0�1 0�12688 0�02 0�00

PL07� 5 0�032 0�751 0�20 0�12722 0�11 0�2 0�12720 �0�03 �0�07

PL08 5 1�70 91�3 23�8 956 0�019 0�496 0�19 0�12032 0�27 �5�2 0�12030 0�99 1�83

PL08� 5 0�001 0�426 0�01 0�12060 0�08 �5�0 0�12060 0�95 0�98

PL10 5 3�24 0�020 1�22 0�080 0�12272 0�06 �3�4 0�12271 0�64 0�79

PL11 5 2�79 0�015 0�747 0�098 0�12519 0�10 �1�4 0�12518 0�27 0�36

PL11� 5 0�020 1�01 0�097 0�12479 0�08 �1�7 0�12478 0�33 0�43

PL12 5 1�86 0�028 1�20 0�11 0�12072 0�03 �4�9 0�12071 0�93 1�29

PL13 5 3�91 89�5 9�72 935 0�009 0�406 0�1 0�12885 0�13 1�5 0�12884 �0�28 �0�38

PL14 5 3�47 90�4 15�0 1012 0�011 0�411 0�13 0�12754 0�13 0�4 0�12753 �0�08 �0�12

PL14� 5 0�008 0�470 0�08 0�12529 0�04 �1�3 0�12529 0�26 0�32

PL15 5 2�47 0�014 0�680 0�098 0�12136 0�15 �4�4 0�12135 0�84 1�10

PL16 5 3�86 88�1 11�3 1101 0�009 0�593 0�07 0�12599 0�06 �0�8 0�12598 0�15 0�18

PL16-R 5 0�065 0�729 0�43 0�12596 0�18 �0�8 0�12592 0�16 �2�27

PL16� 5 0�011 1�15 0�046 0�12588 0�10 �0�9 0�12587 0�17 0�19

PL17 5 3�69 90�3 12�9 1014 0�012 0�541 0�10 0�12592 0�10 �0�8 0�12591 0�16 0�22

PL17� 5 0�015 0�688 0�11 0�12546 0�10 �1�2 0�12545 0�23 0�31

PL18 5 2�27 90�7 22�4 973 0�072 0�476 0�73 0�11765 0�14 �7�4 0�11759 1�39 �1�72

PL18-R 5 0�020 0�622 0�16 0�11672 0�09 �8�1 0�11670 1�52 2�48

PL18� 5 0�410 1�02 1�93 0�11741 0�05 �7�7 0�11725 1�44 �0�38

PL19 5 2�44 90�4 19�0 996 0�038 0�810 0�23 0�12711 0�23 0�1 0�12709 �0�01 �0�04

PL19� 5 0�030 1�04 0�14 0�12533 0�06 �1�3 0�12532 0�25 0�38

PL19�-R 5 0�036 0�833 0�21 0�12547 0�22 �1�2 0�12546 0�23 0�47

PL23 5 1�88 91�1 38�9 855 0�012 1�21 0�049 0�12029 0�07 �5�3 0�12028 0�99 1�13

PL23� 5 0�011 1�11 0�046 0�12077 0�04 �4�9 0�12077 0�92 1�04

SW01 16 2�33 0�072 0�282 1�2 0�13351 0�36 5�0 0�13319 �0�93 0�47

SW02 16 3�37 90�0 10�4 903 0�161 2�99 0�259 0�12611 0�04 �0�7 0�12605 0�14 0�37

SW03 16 3�17 89�9 9�55 918 0�100 3�21 0�150 0�12101 0�02 �4�7 0�12097 0�89 1�41

SW04 16 3�55 90�3 12�0 952 0�032 2�22 0�068 0�12278 0�07 �3�3 0�12276 0�63 0�75

SW05 16 2�74 86�1 13�0 970 0�005 0�036 0�6 0�13520 1�30 6�4 0�13503 �1�21 2�12

SW06 16 2�96 89�6 12�6 1013 0�077 2�02 0�18 0�12416 0�05 �2�2 0�12411 0�43 0�78

SW07 16 1�23 90�7 28�4 1075 0�420 1�39 1�44 0�12219 0�03 �4�0 0�12181 0�77 �0�28

(continued)
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patterns (and hence, PGE element ratios) are generally
reproducible.
For the Mengyin samples, the chondrite-normalized

PGE patterns show relatively flat IPGE (Os, Ir, Ru) pat-
terns, with corresponding strong PPGE (Pt, Pd) depletions
(Fig. 9a). Thus, (Os/Ir)N and (Ru/Ir)N of Mengyin perido-
tites straddle unity (Fig. 9d), but (Pt/Ir)N and (Pd/Ir)N
values are uniformly less than 1 (Fig. 9e and 9f). These
characteristics are frequently observed in ancient cratonic
peridotite xenoliths from elsewhere (Rehka« mper et al.,
1997; Pearson et al., 2004), and have previously been
ascribed to large degrees of melt depletion (Pearson et al.,
2004).
The Penglai peridotites show Os depletion relative to Ir,

and are also depleted in Pt and Pd (Fig. 9b). Their (Os/
Ir)N range from 0�13 to 0�63, much lower than those from
the Mengyin xenoliths (Fig. 9d). Similar, dramatic fractio-
nation of Os from Ir has been noted in peridotitic xenoliths
from Vitim, Siberia (Pearson et al., 2004) and North
Queensland, Australia (Handler et al., 1999), and has pre-
viously been attributed to Os loss due to syn- or post-
eruption sulfide breakdown and alteration (Handler et al.,
1999; Pearson et al., 2004). Moreover, the (Pt/Ir)N and
(Pd/Ir)N values of the Penglai xenoliths are mostly less
than unity (Fig. 9e and f). Harzburgite PL18 has the

lowest (Pd/Ir)N value, consistent with its unradiogenic Os
isotopic ratio.
The Shanwang xenoliths show large variations in PGE

concentrations (Table 8). In contrast to peridotites from
Mengyin and Penglai, this suite of xenoliths does not
show significant fractionation between IPGE and PPGE
(Fig. 9c). Although the Shanwang xenoliths have almost
the same (Os/Ir)N values as those from Mengyin, their
(Ru/Ir)N, (Pt/Ir)N and (Pd/Ir)N values are much higher
(Fig. 9e and f), and some samples have PGEþRe patterns
similar to estimates of PUM (e.g. Becker et al., 2006).

DISCUSS ION
Limitations to dating lithospheric mantle
using the Re^Os isotopic system
It has been shown that Re^Os isotopic systematics can be
used to date melt extraction from the mantle, and thus the
age of formation of the lithospheric mantle (Shirey &
Walker, 1998). The principle is that the daughter element,
Os, is strongly compatible in mantle residues, whereas the
parent element, Re, is moderately incompatible during
mantle melting (Walker et al., 1989). Removal of Re accom-
panying melt depletion leads to retardation or cessation in
the growth of 187Os. Because of the lack of the parent

Table 7: Continued

Sample T (Ma) Al2O3

(wt %)

Fo

(Ol)

Cr-no.

(Sp)

T

(8C)

Re

(ppb)

Os

(ppb)

187Re/188Os 187Os/188Os 2s% gOs Osi TRD

(Ga)

TMA

(Ga)

SW07� 16 0�012 1�38 0�041 0�12230 0�08 �3�6 0�12229 0�70 0�78

SW08 16 3�50 89�0 9�67 1004 0�030 0�419 0�34 0�12739 0�16 0�3 0�12729 �0�04 �0�41

SW09 16 1�82 90�9 26�4 1088 0�050 1�45 0�16 0�12171 0�21 �4�1 0�12167 0�79 1�28

SW09� 16 0�028 2�33 0�058 0�12209 0�10 �3�8 0�12208 0�73 0�85

SW10 16 3�12 90�2 10�8 892 0�224 3�27 0�331 0�12395 0�03 �2�4 0�12386 0�47 2�51

SW11� 16 2�27 90�8 17�6 963 0�159 4�83 0�159 0�12131 0�02 �4�4 0�12127 0�85 1�39

SW12 16 3�63 89�3 9�03 888 0�508 4�15 0�589 0�12979 0�04 2�2 0�12964 �0�39 0�89

SW13 16 2�73 90�6 15�1 839 0�312 4�38 0�343 0�12292 0�07 �3�2 0�12283 0�62 4�02

SW14 16 3�46 90�0 11�0 1115 0�262 3�88 0�326 0�12515 0�04 �1�4 0�12506 0�29 1�44

SW15 16 2�44 90�9 17�2 1001 0�248 4�51 0�265 0�12138 0�08 �4�4 0�12131 0�84 2�41

SW16 16 2�08 91�0 18�3 1005 0�263 8�69 0�146 0�11996 0�01 �5�5 0�11992 1�05 1�63

SW17 16 3�57 89�9 10�4 1046 0�113 3�53 0�154 0�12325 0�05 �2�9 0�12321 0�56 0�90

SW18 16 1�96 90�6 18�7 926 0�415 4�83 0�414 0�12501 0�01 �1�6 0�12490 0�31 �11�06

SW18� 16 0�362 4�38 0�398 0�12527 0�11 �1�4 0�12516 0�27 20�71

SW19 16 2�93 89�2 10�3 1056 0�083 2�50 0�16 0�12500 0�03 �1�5 0�12496 0�30 0�49

SW20 16 2�16 90�7 14�5 956 0�200 4�12 0�234 0�11965 0�02 �5�8 0�11959 1�10 2�57

SW21 16 3�80 81�8 21�0 0�332 0�978 1�64 0�12650 0�06 �0�7 0�12606 0�14 �0�02

SW22 16 2�92 89�8 12�7 1024 0�025 0�564 0�21 0�12255 0�09 �3�5 0�12249 0�67 1�39

The parameters used in calculation are: �Re¼ 1�666� 10–11/year, (187Re/188Os)Chond(0) ¼ 0�40186, (187Os/188Os)Chond
(0)¼ 0�1270 (Shirey & Walker, 1998); R, replicate analysis; Al2O3 (wt %) is normalized to 100% volatile-free; Re, Os
concentration and Os isotopic ratios are blank-corrected.
�Measured in UMD.
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isotope, the residue is relatively immune to subsequent dif-
fusive resetting at high temperatures in mantle peridotites.
The most robust method to date mantle melt depletion

using the Re^Os system would be via the generation of

whole-rock isochrons. This method, however, is generally
not viable for peridotites because of the presumption
of lack of isotopic homogeneity in a large mantle domain
at the time of melting, and the possible late-stage mobility

Fig. 8. Re^Os (a) and 187Re/188Os^187Os/188Os (b) variation diagrams for the Mengyin, Penglai and Shanwang xenoliths, (a) PUM (open
square) values from Becker et al. (2006); (b) the larger panel shows a close-up of the data with 187Re/188Os up to 0�5 and the inset shows the
full dataset; PUM (open square) values from Meisel et al. (2001); open diamonds, wehrlites SW01 and SW21, and Fe-rich lherzolite SW05 from
Shanwang that show evidence of metasomatism.
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Table 8: PGE elemental compositions of the mantle xenoliths

Samples Os Ir Ru Pt Pd Re (Os/Ir)N (Ru/Ir)N (Pt/Ir)N (Pd/Ir)N

(ppb) (ppb) (ppb) (ppb) (ppb) (ppb)

MY9 7�80 5�52 5�11 0�76 0�43 0�089 1�31 0�59 0�06 0�06

MY9� 4�26 3�18 5�27 0�44 0�33 0�017 1�24 1�06 0�06 0�08

MY10� 0�09 0�07 0�12 0�03 0�00 0�005 1�26 1�19 0�19 0�06

MY33 1�19 1�48 1�63 0�15 0�09 0�008 0�75 0�70 0�05 0�05

MY34 3�30 3�48 5�27 2�20 0�25 0�050 0�88 0�97 0�29 0�06

MY35 0�97 0�96 1�51 0�34 0�60 0�058 0�93 1�00 0�16 0�52

PL01 0�28 1�99 3�23 2�78 0�94 0�008 0�13 1�04 0�63 0�39

PL02� 0�83 1�92 2�56 4�54 0�51 0�005 0�40 0�85 1�07 0�22

PL03 0�65 2�40 2�39 3�66 1�28 0�031 0�25 0�64 0�69 0�44

PL03� 1�15 1�69 3�76 3�61 1�26 0�523 0�63 1�42 0�96 0�62

PL06 0�56 1�75 3�09 3�29 1�65 0�012 0�30 1�13 0�85 0�78

PL07� 0�75 1�86 4�12 3�72 1�07 0�032 0�38 1�42 0�90 0�48

PL08� 0�43 1�03 2�53 2�22 0�51 0�001 0�38 1�58 0�97 0�41

PL10 1�70 2�57 4�71 4�71 2�18 0�031 0�61 1�17 0�82 0�70

PL11� 1�01 1�91 2�89 4�01 0�81 0�020 0�49 0�97 0�95 0�35

PL12 1�60 2�83 6�08 4�04 0�93 0�033 0�53 1�38 0�64 0�27

PL13 1�58 1�90 3�16 3�49 1�10 0�124 0�77 1�07 0�83 0�48

PL14� 0�47 1�51 2�98 2�02 0�42 0�008 0�29 1�27 0�60 0�23

PL15 0�74 2�11 3�50 2�38 0�83 0�017 0�33 1�06 0�51 0�32

PL16 0�73 2�92 4�62 4�24 1�83 0�065 0�23 1�01 0�65 0�52

PL16� 1�15 2�02 5�10 4�28 1�75 0�011 0�53 1�61 0�95 0�72

PL17� 0�69 2�11 4�20 4�47 1�01 0�015 0�30 1�28 0�95 0�40

PL18 0�62 2�18 2�99 1�76 0�33 0�020 0�26 0�88 0�36 0�12

PL18� 1�02 2�07 3�56 1�65 0�32 0�410 0�46 1�10 0�36 0�13

PL19� 1�04 2�03 3�49 4�44 0�98 0�030 0�48 1�10 0�99 0�40

PL19�-R 0�83 1�94 3�42 4�50 1�00 0�036 0�40 1�13 1�05 0�43

PL23� 1�11 2�37 4�81 4�40 1�63 0�011 0�43 1�30 0�84 0�57

SW01 0�28 0�66 0�78 0�48 0�25 0�072 0�39 0�75 0�33 0�31

SW02 2�99 3�39 6�71 6�76 5�31 0�161 0�82 1�27 0�90 1�30

SW03 3�21 3�99 8�33 7�11 5�56 0�100 0�75 1�34 0�80 1�15

SW04 2�22 3�76 6�99 6�15 5�41 0�032 0�55 1�19 0�74 1�19

SW05 0�04 0�23 0�40 0�11 0�09 0�005 0�15 1�11 0�22 0�32

SW06 2�02 2�27 5�73 4�97 2�90 0�077 0�82 1�62 0�99 1�06

SW07 1�39 1�59 2�37 2�78 1�26 0�418 0�81 0�96 0�79 0�66

SW07� 1�38 1�28 2�32 2�82 1�31 0�012 1�01 1�17 1�00 0�85

SW08 0�42 0�77 1�68 1�83 1�12 0�030 0�51 1�40 1�07 1�21

SW09 1�45 2�75 4�99 6�09 2�71 0�047 0�49 1�16 1�00 0�81

SW09� 2�33 2�55 4�77 5�83 2�60 0�028 0�85 1�20 1�03 0�84

SW10 3�27 3�62 6�67 6�38 4�70 0�224 0�84 1�18 0�79 1�08

SW11� 4�83 3�99 8�13 7�42 4�83 0�159 1�13 1�31 0�84 1�00

SW12 4�15 4�67 7�48 8�49 7�31 0�508 0�83 1�03 0�82 1�30

SW13 4�38 3�81 7�61 6�37 4�99 0�268 1�07 1�28 0�75 1�08

SW14 3�88 3�29 7�31 6�63 5�76 0�262 1�09 1�42 0�91 1�45

SW15 4�51 3�79 8�35 7�45 5�40 0�248 1�11 1�41 0�89 1�18

SW16 8�69 7�40 14�7 13�0 8�93 0�263 1�09 1�27 0�79 1�00

SW17 3�53 2�56 5�63 6�14 4�21 0�113 1�28 1�41 1�08 1�36

SW18 4�83 3�94 8�49 10�1 10�2 0�415 1�14 1�38 1�15 2�14

SW18� 4�38 3�77 7�91 10�0 10�5 0�362 1�08 1�34 1�20 2�31

SW19 2�50 2�23 5�22 5�52 3�10 0�083 1�04 1�50 1�11 1�15

SW20 4�12 3�34 7�61 5�50 4�04 0�200 1�14 1�46 0�74 1�00

SW21 0�98 0�91 1�80 1�37 1�46 0�332 1�00 1�27 0�68 1�33

SW22 0�56 0�41 1�85 0�72 0�58 0�025 1�28 2�90 0�79 1�17

All the concentration data are blank-corrected; subscript N indicates chondrite normalized after McDonough & Sun
(1995).
�Measured in UMD.
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Fig. 9. PGE þRe patterns of the Mengyin (a), Penglai (b) and Shanwang (c) peridotites, normalized to the chondrite values of McDonough &
Sun (1995). (d^f) PGE ratios. R, replicate analysis. �Measured at UMD. In (c) dashed lines are for wehrlites SW01 and Fe-rich lherzolite
SW05 from Shanwang that show evidence of metasomatism. In (d^f) open diamonds show wehrlites SW01 and Fe-rich lherzolite SW05 from
Shanwang that probably experienced melt^rock reaction at high melt^rock ratios.
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of Re. Consequently, Os model ages for mantle melt resi-
dues are more commonly used.
Time of Re depletion (TRD) model ages, calculated by

assuming that a single melting event removes all of the Re
from a peridotite, can provide minimum age constraints
for mantle melt depletion (Walker et al., 1989; Shirey &
Walker, 1998). TRD ages will significantly underestimate
the age of a melt depletion event for samples that
have experienced only partial Re removal, such as in
the case of lower extents of partial melting, and are appli-
cable for only very highly refractory peridotites (e.g.
Al2O3	1�2wt %). ModelTMA ages may be more accurate
(Shirey & Walker, 1998) for peridotites that have under-
gone only modest melt depletion. They are calculated
based on measured 187Re/188Os, and record the intersection
of the isotopic evolution of a sample with a mantle evolu-
tion line. However, the accuracy of TMA model ages may
be compromised by Re addition or loss during the history
of the rock, but especially in transit to the surface in typi-
cally high-Re volcanic systems.
Both TRD and TMA model age calculations are subject

to some further uncertainties. First, it is clear that the
depleted mid-ocean ridge basalt (MORB) mantle
(DMM) is not isotopically homogeneous with respect to
Os, based on analyses of abyssal peridotites, ophiolites
and oceanic basalts. For example, most abyssal peridotites
have 187Os/188Os ratios ranging from about 0�120 to 0�129
(e.g. Snow & Reisberg, 1995), but some can have substan-
tially lower 187Os/188Os (Harvey et al., 2006; C. Z. Liu
et al., 2008). Thus, even the modern DMM includes perido-
tite with ancient melt depletion histories recorded in their
Os isotopic compositions (e.g. Parkinson et al., 1998;
Brandon et al., 2000; Meibom & Frei, 2002; Meibom et al.,
2002; Walker et al., 2002, 2005; Reisberg et al., 2004;
Bizimis et al., 2007; Pearson et al., 2007; C. Z. Liu et al.,
2008). The ancient Os is evidently undisturbed by mantle
stirring because the extremely high partition coefficients
for Os in some trace sulfides and alloy phases inhibit loss
or gain of Os on a whole-rock scale (Pearson et al., 2004).
A single sample with a depleted Os isotopic composition
is, therefore, not strong evidence for the presence of ancient
mantle, and instead a case for mantle with an ancient
provenance must sometimes be made via the distribution
of 187Os/188Os ratios for a sizeable suite of samples
(Rudnick & Walker, 2009).
The second question related to model melt depletion

ages is the extent to which a sample may have been
affected by melt^rock reaction processes, including meta-
somatism. Reactions involving melts or fluids with high
187Os/188Os can potentially elevate the 187Os/188Os ratio of
the affected rock and, hence, decrease the apparent melt
depletion age. However, most metasomatic fluids and
melts have low Os contents and are inefficient at modifying
187Os/188Os in peridotites characterized by high Os

concentrations (Handler et al., 1997; Shirey & Walker,
1998; Walker et al., 2002; Chesley et al., 2004; Rudnick &
Walker, 2009). Only during situations when the melt/
fluid^rock ratio is high, such as when lherzolites or harz-
burgites are transformed into dunite, are such changes
noted (e.g. Becker et al., 2001; Bu« chl et al., 2002).
Refertilization can also affect the Os isotopic and PGE
composition of peridotites (Saal et al., 2001; Beyer et al.,
2006; Rudnick & Walker, 2009). If refertilization occurs
shortly following melt extraction, as might be expected in
a mantle section that experienced adiabatic melting, refer-
tilization will have no obvious impact on the Re^Os
system, as no time has elapsed between melt depletion
and refertilization (Rudnick & Walker, 2009). When a
large time span separates melt depletion and refertiliza-
tion, the latter will affect the 187Os/188Os of the residual
mantle, but to a lesser degree than major elements such as
CaO and Al2O3, which are strongly enriched in the melt
relative to the residual peridotite. In this case, refertiliza-
tion will produce a strongly curved array on an Al2O3 vs
187Os/188Os plot, as Al2O3 is more strongly affected than
187Os/188Os (Reisberg & Lorand, 1995; Rudnick & Walker,
2009). Moreover, as the refertilizing melts are usually
incompatible element (e.g. LREE) enriched, it is likely
that this signature will be imparted to the refertilized
lithospheric mantle and, with time, the eNd and eHf of the
residues will become negative.

Proterozoic lithospheric mantle beneath
the eastern NCC during the Paleozoic?
Previous studies have shown that the lithospheric mantle
beneath the eastern North China craton was dominated
by materials with Archean melt depletion ages during the
Paleozoic, as revealed by mantle peridotites and chromite
separates from the Paleozoic Mengyin, Fuxian and Tieling
kimberlites (Gao et al., 2002; Wu et al., 2006; Zhang et al.,
2008). Our three new late ArcheanTRD model ages (2�4^
2�7 Ga) obtained for mantle xenoliths from Mengyin
(MY9, MY10 and MY34) are consistent with this prior
work. However, one Mengyin sample (MY33) has a TRD

age of �1�6 Ga that is much younger, despite a highly
refractory composition (Table 7, Fig. 10a). Gao et al. (2002)
similarly reported a TRD age of 1�3 Ga, for a refractory
whole-rock sample from Mengyin, but its relatively high
187Re/188Os of 0�48 made the eruption age correction for
this sample potentially problematic. Later, Zhang et al.
(2008) reported a TRD age of 1�8 Ga for a whole-rock
sample collected from the Fuxian kimberlite. Several anal-
yses of chromites from Fuxian and Tieling also yielded
TRD ages of 1�6^1�8 Ga (Wu et al., 2006).
The relatively high S concentrations and LREE enrich-

ments in the Mengyin peridotites suggest that these sam-
ples experienced strong metasomatic enrichment (Table 1,
Fig. 5a), so it may be questioned whether the younger
model ages record a Proterozoic melt depletion event or
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Fig. 10. Osmium isotopic compositions vs Al2O3 (wt %) for peridotites from Mengyin (a), Penglai (b) and Shanwang (c). Other data sources:
MengyinçGao et al. (2002) and Zhang et al. (2008); FuxiançGao et al. (2002) and Zhang et al. (2008); TielingçWu et al. (2006). Osmium isoto-
pic compositions of abyssal peridotites are from Martin (1991), Roy-Barman & Alle' gre (1994), Snow & Reisberg (1995), Brandon et al. (2000),
Standish et al. (2002), Alard et al. (2005), Harvey et al. (2006), C. Z. Liu et al. (2008); Primitive Upper Mantle (P.M., open square) from Meisel
et al. (2001, for Os) and McDonough & Sun (1995, for Al2O3); open diamonds in (c) are wehrlite SW01 and Fe-rich lherzolite SW05 from
Shanwang that probably experienced melt^rock reaction at high melt^rock ratios; diagonal shaded area shows refertilization of Archean peri-
dotites (�3 Ga, 3�5 ppb Os, 0�3wt % Al2O3 and an 187Os/188Os of 0�106) by recent addition of picritic (upper bound, picrite melt with 1ppb
Os, 10wt % Al2O3 and an 187Os/188Os of 0�15) or basaltic melt (lower bound, basaltic melt has 50 ppt Os, 15wt % Al2O3 and an 187Os/188Os
of 0�15).
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complex isotopic systematics resulting from overprinting.
However, none of the Mengyin xenoliths studied here
show evidence for strong accompanying enrichment of Re
(Fig. 8). Moreover, the highly PPGE-depleted Mengyin
xenoliths (Fig. 9a), including sample MY33, reflect PPGE
removal, rather than addition, consistent with high
degrees of melt extraction without subsequent overprint-
ing. Furthermore, IPGE abundances in these rocks are typ-
ical of upper mantle materials. Thus, the Os contained in
these rocks was probably little affected by the apparent
metasomatic event. We conclude that, although the rocks
were modified by subsequent processes, the whole-rock
model TRD ages may represent the dominant melt deple-
tion age(s) of the peridotites.
Collectively, these data suggest that the Ordovician

lithospheric mantle beneath the eastern NCC was domi-
nated by refractory Archean peridotite, containing a
minor amount of Proterozoic peridotite. The Proterozoic
model ages may provide evidence for minor lithos-
pheric mantle formation as a consequence of Paleo-
Mesoproterozoic mantle upwelling related to Columbia
supercontinent break-up (Zhai & Liu, 2003; Hou et al.,
2008). The limited number of samples, coupled with their
highly altered state, precludes a more robust conclusion
regarding the absolute age(s) of melt depletion, the pro-
portion of the Proterozoic material and its position in the
mantle lithosphere relative to Archean peridotite.

Effects of secondary processes on
Cenozoic mantle xenoliths
The Penglai and many of the Shanwang peridotites appear
to have experienced metasomatic overprinting following
melt depletion, as reflected by their REE patterns (Fig. 5b
and c). Moreover, there are discrepancies in the mass bal-
ance of Sr (and Nd) between whole-rocks and cpx in the
Shanwang and Penglai peridotites (especially Shanwang).
Some samples (e.g. PL11, PL17, PL18, SW02, SW03, SW04,
SW10, SW11, SW12, SW19 and SW20) even have higher
bulk-rock Sr concentrations than the cpx separates
(Tables 1 and 4). As suggested by Rudnick et al. (2004), this
may reflect one or both of the following: (1) addition of Sr
(and Nd) to grain boundaries during metasomatism, host
basalt infiltration or post-eruption alteration; (2) the pres-
ence of Sr- (and Nd)-bearing accessory phases in the
Shanwang and Penglai peridotites. The discrepancies in Sr
mass balance in the Shanwang peridotites are greater
than those of the Penglai samples, reflecting stronger Sr-
rich melt/fluid metasomatism in the Shanwang xenoliths,
consistent with their Sr-rich nature (Fig. 5f). Actually,
some basalt glass or minor carbonate was identified on
grain boundaries in some samples (see Appendix A).
Some unleached cpx with slightly higher 87Sr/86Sr and
lower 143Nd/144Nd than their paired leached cpx may be
explained by a grain boundary phase that is isotopically
slightly more enriched than the cpx (Song & Frey, 1989;

Rudnick et al., 2004). Except for sample PL03, unleached
cpx have much higher Rb concentrations than their
paired, leached cpx. This suggests that Rb is present
mainly as a grain boundary phase in the peridotite xeno-
liths. The Sm/Nd ratios calculated from the whole-rock
REE data are lower than those of their paired cpx for
many Penglai and Shanwang xenoliths, especially samples
PL12, PL17 and PL18. This may also reflect later-stage
LREE-rich secondary phase addition to these whole-
rocks. The 176Hf/177Hf of leached PL19 cpx is slightly
higher than its paired, unleached cpx. This may reflect
the presence of less radiogenic Hf on the grain boundaries.
The positive correlation on the Sm^Nd isochron plot is
also consistent with a recent mixing event in the litho-
spheric mantle under the eastern NCC, where an original
LREE-depleted peridotite with positive eNd (e.g. þ12) is
mixed with a LREE-enriched melt with much lower eNd.
A rough positive correlation between 1/Nd and
143Nd/144Nd (not shown) also supports this mixing
hypothesis.
The Penglai xenoliths might have experienced syn- or

post-eruption sulfide breakdown, as reflected in their low
Os/Ir and high Cu/S (Tables 1 and 8; Fig. 9b) (Handler
et al., 1999; Pearson et al., 2004). Collectively, the Penglai
and Shanwang data exhibit a rough negative correlation
between Os/Ir and whole rock Cu/S (not shown). The Pd/
Ir ratios of the Penglai samples are also low, possibly
reflecting a high degree of prior melt extraction. As sug-
gested by J. G. Liu et al. (2008), another possibility is that
the low Pd/Ir ratios of the Pengali xenoliths are also
related to syn- or post-eruption sulfide breakdown, as a
rough positive correlation exists between the Os/Ir and
Pd/Ir ratios for the combined Penglai and Shanwang xeno-
lith data (Fig. 9f).
The higher S concentrations in the Shanwang xenoliths,

compared with the Penglai xenoliths, together with signifi-
cant variations in Re and 187Re/188Os (Fig. 8), may indicate
that the Re^Os system in some Shanwang xenoliths was
influenced by sulfide-bearing melt metasomatism. For
example, some Shanwang xenoliths (SW12 and SW21, and
especially samples SW01 and SW05) have low Fo numbers,
low PGE concentrations, superchondritic 187Re/188Os, and
Os isotopic compositions that are consistent with melt^
rock reaction at high melt^rock ratios (Rudnick &
Walker, 2009, and references therein).

Age of the lithospheric mantle beneath the
eastern NCC sampled by magmatism
during the Cenozoic
Mantle xenoliths from Cenozoic basalts in eastern China
give a wide range of Os model ages, from
Paleoproterozoic to modern (Gao et al., 2002; Wu et al.,
2003, 2006). The meaning of these model ages is highly
debated (Gao et al., 2002; Wu et al., 2003, 2006; Xu et al.,
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2008; Zhang et al., 2008, 2009). Like other mantle xenoliths
from Cenozoic basalts in the eastern NCC, the Penglai
and Shanwang xenoliths also show Os model ages ranging
from Paleoproterozoic to modern.
The Penglai xenoliths (eruption age �5 Ma) may pro-

vide the most robust view of the modern lithospheric
mantle beneath the eastern NCC yet available. Although
the Penglai xenoliths have experienced variable metaso-
matic overprinting, as reflected by their REE and trace
element characteristics, their PGE patterns do not show
PPGE enrichment. Consequently, it is likely that the Re^
Os isotope systematics of the Penglai xenoliths were not
affected by metasomatic modification. Similarly, although
the Penglai xenoliths have experienced post- or syn-
eruption sulfide breakdown, as reflected in their low Os/
Ir, and high Cu/S, this should not affect their Os isotopic
systematics. The Os isotopic compositions of the Penglai
xenoliths display a crude positive correlation with
Al2O3wt % (Fig. 10b). Model ages of relatively refractory
samples, harzburgites PL08 and PL23, and cpx-poor lher-
zolite PL12, are similar at �1 Ga. The most refractory
sample from this locale (based on its low Al2O3 and CaO
contents), harzburgite PL02, which has an olivine Fo-
number of 90�8, a Cr-number of 39�4, as well as the
lowest HREE concentration in the suite, also has a TRD

age of �1�1 Ga. These model ages are in good agreement
with the cpx Lu^Hf errorchron age (�1�3 Ga, Fig. 6c)
obtained from the same suite of samples.
Even though there is a fairly close correspondence

between the maximum Os and Hf model ages for the
Penglai xenolith suite, it should be noted that the two iso-
tope systems do not provide concordant results for single
samples. For example, the two Penglai samples that define
the Hf errorchron age by having very radiogenic Hf
(PL11 and PL19), indicating long-term LREE (and Hf)
depletion, have 187Os/188Os isotope ratios typical of the
modern convecting upper mantle (i.e. 0�12499 and
0�12597, with corresponding TRD ages of 0�3^0�2 Ga,
respectively) (Tables 6 and 7).The reason for these age dis-
cordancies for single samples is unclear, but probably
relates to the very different behavior of lithophile and
highly siderophile elements in the upper mantle.
The Shanwang xenoliths, located within the Tan^Lu

Fault, are also typical examples of the young lithospheric
mantle beneath the NCC during the Cenozoic (Zhang
et al., 2006; Zheng et al., 2007). Although the Shanwang
samples have experienced some sulfide metasomatism, as
mentioned above, most samples have PUM-like PGEþRe
characteristics and high Os concentrations (except for
SW01 and SW05), implying that their Re^Os isotopes
have not been strongly affected (Pearson et al., 2004;
Reisberg et al., 2004, 2005; Rudnick & Walker, 2009). The
Os isotopic ratios of the Shanwang xenoliths show a crude
negative correlation with the Fo-numbers of the olivine in

the samples (not shown), and a crude positive correlation
with the Al2O3wt % of the bulk samples (Fig. 10c). There
is also a rough positive correlation between Os isotopic
ratios and (Pd/Ir)N (not shown). Collectively, these char-
acteristics suggest that the different Os isotopic ratios
relate to the fertility of the xenoliths. The model ages of
relatively refractory Shanwang samples range from 0�8
to 1�0 Ga.
Although mid-Proterozoic OsTRD ages are obtained for

refractory xenoliths from both Penglai and Shanwang, it
cannot be immediately concluded that this mantle litho-
sphere formed in the mid-Proterozoic. The modern
DMM, as recorded by abyssal peridotites and young
ophiolites, includes peridotites with ancient melt depletion
histories (back to 2�0 Ga) recorded in their Os isotopic
compositions. As suggested by Rudnick & Walker (2009),
for post-Archean peridotites, it is necessary to make statis-
tical comparisons via measurement of 187Os/188Os ratios
for a sizeable suite of samples to assess whether or not the
xenoliths are like the DMM or record an older average
melt depletion.
As shown in Fig. 11, the overall distribution of

187Os/188Os for the Penglai and Shanwang samples, as
well as for other Cenozoic mantle xenoliths from the east-
ern NCC, is similar to that of the modern convecting
mantle. Their isotopic compositions are very different
from the Paleozoic xenoliths from the eastern NCC
(Fig. 11). Combined with the fact that the Sr^Nd^Hf iso-
tope compositions of the Cenozoic mantle xenoliths from
the eastern NCC are mostly similar to the modern convect-
ing mantle (Fig. 7), it is likely that the present lithospheric
mantle beneath the eastern NCC is juvenile, and formed
during the Mesozoic or Cenozoic.
Recent analyses suggest that materials in the suboceanic

mantle can also retain a long-term Hf isotopic depletion
history (Salters & Zindler, 1995; Andres et al., 2004;
Graham et al., 2006; Bizimis et al., 2007). It is possible that
the convecting mantle contains materials with high Hf iso-
topic ratios that never were homogenized, as is surmised
for Os. In contrast, all data for the Sm^Nd isotope system
suggest that it is more efficiently homogenized, supporting
the conclusion that the Lu^Hf isotope system has a higher
closure temperature than the Sm^Nd and Rb^Sr systems
(e.g. Bedini et al., 2004;Wittig et al., 2006, 2007). Therefore,
although a cpx Lu^Hf errorchron of 1�3 Ga was obtained,
the Lu^Hf results provide permissive evidence that the
lithospheric mantle currently underlying the eastern por-
tion of the NCC was formed during the Mesozoic or
Cenozoic from the convective upper mantle.
The conclusion that the present lithospheric mantle

beneath the eastern NCC is juvenile may be consistent
with the regional geology. Neodymium model ages that
are mostly between 2�5 and 2�9 Ga indicate that the NCC
was formed during the Archean (Wu et al., 2005b).
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At �1�85 Ga, the NCC underwent cratonization by amal-
gamation of the eastern and western blocks (Zhao et al.,
2005), and the crust experienced reworking without any
juvenile addition. The NCC remained stable during the
Proterozoic and Paleozoic, although very minor amounts
of anorogenic rapakivi granite and anorthosite have been
identified locally (Ramo et al., 1995; Yang et al., 2005; S. H.

Zhang et al., 2007). During the late Paleozoic, the northern
margin of the NCC served as an active continental
margin characterized by subduction of the Paleo-Asian
Ocean to the north (S. H. Zhang et al., 2009). It was not
until the Mesozoic that extensive igneous activity occurred
throughout the NCC, with significant growth of juvenile
crust (Wu et al., 2005a; Yang et al., 2008). The addition of

Fig. 11. Comparison of Os isotopic compositions in modern abyssal peridotites and mantle xenoliths from the North China Craton. (a) Abyssal
peridotites (data sources as in Fig. 10), (b) eastern North China Craton in the Cenozoic (Gao et al., 2002;Wu et al., 2003, 2006; this study), and
(c) eastern North China Craton in the Early Paleozoic (Gao et al., 2002;Wu et al., 2006; Zhang et al., 2008; this study).
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juvenile lithospheric mantle beneath the NCC during the
Mesozoic may, thus, have accompanied the creation of
new crust (Wu et al., 2005a).

Constraints on the mechanism of
lithospheric thinning beneath the NCC
It is widely accepted that a significant part of the deep
lithosphere beneath the eastern NCC was removed during
the Mesozoic. However, the time, extent, mechanism, and
geodynamic setting of the thinning of the lithospheric
mantle underlying the eastern NCC is still highly debated
(Menzies et al., 2007). Several mechanisms have been pro-
posed to explain the lithospheric thinning, including dela-
mination (e.g. Gao et al., 2002, 2004, 2008; Wu et al.,
2005a, 2007), thermo-mechanical erosion (e.g. Xu, 2001;
Zheng et al., 2007) and lithospheric transformation through
peridotite^melt interaction or chemical erosion (e.g.
Zhang, 2005; Zhang et al., 2006, 2008, 2009; Ying et al.,
2006; Tang et al., 2008).
If thermo-mechanical erosion of the lithosphere induced

by the upwelling of the asthenosphere took place gradually
from the base of the lithosphere, a stratified lithospheric
mantle can be envisaged, with an Archean relict litho-
sphere overlying newly accreted lithosphere (Griffin et al.,
1998; Menzies & Xu, 1998). If asthenospheric upwelling
preferentially focused along weak shear zones in the
Archean root (e.g. Zheng et al., 2007), then the Archean
lithospheric mantle would be dispersed in the newly
accreted, Phanerozoic lithospheric mantle. However, the
lithospheric mantle sampled during the Paleozoic appears
to have been mostly Archean (Gao et al., 2002; Wu et al.,
2006; Zhang et al., 2008; this study), whereas in the
Cenozoic the mantle lithosphere appears to be exclusively
juvenile, with no Archean material identified amongst the
xenoliths studied to date (Gao et al., 2002; Wu et al., 2003,
2006; this study). The observation that both garnet- and
spinel-facies mantle peridotite xenoliths from the
Mengyin and Fuxian kimberlites have Archean Re^Os iso-
topic ages indicates no chemical stratification of the
Archean lithospheric mantle beneath the eastern NCC
(Zhang et al., 2008). Furthermore, recent studies indicate
that peridotite xenoliths hosted by the Mesozoic (�125
Ma) Laiwu diorites are refractory, have low equilibration
temperatures, and have enriched Sr^Nd isotopic composi-
tions, similar to peridotites from Mengyin (W. L. Xu
et al., 2008). The lack of garnet in the xenoliths indicates
that they were derived from depths580 km. Osmium iso-
topic compositions indicate that the Laiwu xenoliths are
Archean (Gao et al., 2008), similar to those from
Mengyin.These results further confirm that the refractory,
Paleozoic lithospheric mantle beneath the eastern NCC is
not stratified. We conclude that the Cenozoic lithospheric
mantle is not the upper part of the Paleozoic lithospheric
mantle or a relict after thinning.

A key question remains as to whether peridotite^melt
interaction or melt addition converted the pre-existing
refractory lithospheric mantle beneath the eastern NCC
into fertile mantle, as suggested by recent studies calling
upon lithospheric transformation or refertilization
(Zhang, 2005; Zhang et al., 2006, 2008, 2009; Ying et al.,
2006; Tang et al., 2008). However, as stated above, because
most metasomatic fluids and melts have Os contents two
to three orders of magnitude lower than those of the peri-
dotites, it is seemingly difficult to transform peridotites
with Archean Os model ages to peridotites with
Proterozoic or Phanerozoic model ages through recent
melt addition (see also Rudnick & Walker, 2009).
Furthermore, if refertilization occurred much later than
the formation of the peridotites, it should be recognizable
on a plot of Al2O3 vs 187Os/188Os as a curved trend. As
shown in Fig. 10, the Os isotopic ratios display a crude pos-
itive correlation with Al2O3 for both the Penglai and
Shanwang xenoliths, and lie far above the shaded area
within which they would plot if they represented Archean
lithosphere (�3 Ga, 3�5 ppb Os, 0�3wt % Al2O3 and an
187Os/188Os of 0�106) that had experienced recent melt
addition (upper bound, picrite melt with 1ppb Os, 10wt
% Al2O3 and an 187Os/188Os of 0�15; lower bound, basaltic
melt with 50 ppt Os, 15 wt % Al2O3 and an 187Os/188Os of
0�15). Collectively, the data do not support the idea that
the Cenozoic peridotites are Archean peridotites that have
experienced significant melt addition in the Mesozoic or
later. As argued above, the Shanwang xenoliths may have
experienced intensive sulfide-bearing melt metasomatism.
However, even if sulfides were precipitated, the metasoma-
tized mantle should show significant enrichment of PPGE
along with high Re/Os ratios (Pearson et al., 2004;
Reisberg et al., 2004, 2005; Rudnick & Walker, 2009),
which are not observed in most Shanwang xenoliths.
Moreover, secondary sulfides typically have one to two
orders of magnitude lower Os content than primary sul-
fides (Alard et al., 2000), which means it may also be diffi-
cult to transform peridotites with Archean Os model ages
to peridotites with Proterozoic or Phanerozoic model ages
through recent sulfide metasomatism (Gao et al., 2002;
Reisberg et al., 2004, 2005). Collectively, the present-day
lithospheric mantle beneath the eastern NCC is probably
not refertilized or metasomatized Archean lithospheric
mantle.
It has been long recognized that the mantle lithosphere

that existed beneath the eastern NCC during the
Paleozoic was highly refractory, with an enriched Sr^Nd
isotope composition, in contrast to the lithospheric mantle
that underlies this region at present, which is fertile and
has a Sr^Nd isotope composition similar to that of the
depleted mantle (e.g. Griffin et al., 1998; Menzies et al.,
2007), as shown in the present study (Fig. 7). We have also
shown on the basis of Os isotopes that the Archean
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lithosphere was replaced after the Ordovician by juvenile
lithospheric mantle that has Os isotopic characteristics
indistinguishable from the modern convecting upper
mantle (Fig. 11). Overall, the present lithospheric mantle
beneath the eastern NCC is completely different from that
present in the Paleozoic, and is much younger than its
overlying Archean crust. It is possible that the ancient
lithospheric mantle beneath the eastern NCC was removed
by foundering during the Mesozoic or later, and replaced
by the cooled product of upwelling asthenospheric mantle.
Combined with other lines of evidence from Mesozoic
magmatic rocks (e.g. Gao et al., 2004, 2008; Wu et al.,
2005a), the delamination model is our preferred mecha-
nism to account for the loss of the ancient keel that once
underlay the North China Craton.

CONCLUSIONS
(1) Archean Re^Os model ages for peridotite xenoliths
hosted by the Paleozoic Mengyin diamondiferous kimber-
lites provide further evidence that Archean lithospheric
mantle dominated the eastern North China Craton litho-
sphere during the Paleozoic. Our new data also indicate
that minor Paleoproterozoic lithosphere was also present.
(2) Like peridotite xenoliths from other Cenozoic basalts

in the eastern North China Craton, the Shanwang and
Penglai xenoliths have Os model ages that range back to
the Mesoproterozoic. The distribution of Os isotopic com-
positions for these xenoliths, however, is identical to that
seen in modern abyssal peridotites, which sample the pre-
sent-day convecting mantle. This similarity between
Cenozoic lithosphere and abyssal peridotites suggests that
this lithosphere formed during the Mesozoic or Cenozoic;
it is unlikely that the present lithospheric mantle beneath
the eastern NCC was refertilized or metasomatized
Archean lithospheric mantle.
(3) The high initial eNd (5^24, average¼10) and eHf (7^

75, average¼ 25, excluding the two very radiogenic sam-
ples) and low 87Sr/86Sr (0�7023^0�7042, average¼ 0�7030)
of cpx from the Cenozoic peridotites are consistent with
their derivation from convecting upper mantle during the
Mesozoic or Cenozoic.
(4) Nd^Hf isotope decoupling in cpx from the Penglai

peridotites indicates that the convecting upper mantle
may contain materials with radiogenic Hf isotopic ratios,
similar to the ancient Os that is occasionally recorded in
abyssal peridotites, whereas Nd isotopes do not reflect
such ancient melt depletions.
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APPENDIX A: PETROGRAPH IC DESCR IPT IONS OF THE ANALYZED
PER IDOTITES

Sample Rock type Mineral assemblage Description

(modal %)

PL01 Lherzolite Ol (59)þOpx (26)þCpx (12)þSp (3) Porphyroclastic texture with 3–5mm grain-size of relict exsolved Opx.

The groundmass has a grain-size of 1–2mm, with sieve-textured Cpx

PL02 Harzburgite Ol ((75)þOpx (21)þCpx (3)þSp (1) Protogranular texture with grain-size of 1–2mm. Ol, Opx and Cpx show equilibrium

grain boundaries. Some spinels have broken down with variable residues

PL03 Lherzolite Ol (53)þOpx (30)þCpx (14)þSp (3) Protogranular texture with grain-size of �1mm. Most Cpx show reaction rims

PL06 Lherzolite Ol (56)þOpx (25)þCpx (15)þSp (4) Coarse-grained equigranular texture with grain-size of 2–3mm. Ol, Opx and Cpx

form triple junctions. Some Cpx are modified with sieve-textured rims

PL07 Lherzolite Ol (56)þOpx (25)þCpx (15)þSp (3) Protogranular texture with grain-size of 1mm. Opx porphyoclasts can be found

occasionally, and no reaction rim is identified for Cpx

PL08 Lherzolite Ol (73)þOpx (19)þCpx (6)þSp (2) Porphyroclastic texture with �3mm Opx blasts and 1mm matrix crystals.

Ol occurs as tabular crystals

PL13 Lherzolite Ol (59)þOpx (25)þCpx (13)þSp (3) Coarse-grained peridotite with 4–6mm porphyroclastic Opx; the rest of the miner-

als are �3mm

PL14 Lherzolite Ol (61)þOpx (23)þCpx (13)þSp (3) Porphyroclastic texture with �3mm Opx. The groundmass is51mm

PL16 Lherzolite Ol (58)þOpx (25)þCpx (14)þSp (3) Medium-grained equigranular texture with a grain-size of 1–2mm; triple junctions

are well developed between Ol,Cpx and Opx

PL17 Lherzolite Ol (60)þOpx (26)þCpx (11)þSp (3) Medium-grained equigranular texture with grain-size of 1–2mm. Ol, Opx and Cpx

mostly form equilibrated triple junctions. Some Cpx develops sieve texture along

the grain margin

PL18 Harzburgite Ol (71)þOpx (22)þCpx (5)þSp (3) Tabular, equigranular texture with grain-size of �1mm. Most Sp is decomposed

with a reaction rim

PL19 Lherzolite Ol (68)þOpx (22)þCpx (8)þSp (2) Equigranular texture with grain-size of �1mm. Most Ol, Opx and Cpx form triple

junctions, indicating their equilibrium occurrence. Most Sp have reaction rim

PL23 Harzburgite Ol (64)þOpx (30)þCpx (4)þSp (2) Coarse-grained protogranular texture with grain-size o f 3–5mm. Cpx is character-

ized by reaction rim

SW01 Wehrlite Resorption texture with grain-size of 3–5mm. Ol is surrounded by sieve-textured

clinopyroxene. Some Ol are weakly serpentinized

SW02 Lherzolite Ol (59)þOpx (21)þCpx (18)þSp (3) Protogranular texture with grain-size of 0�5–1�5mm. Opx porphyroclasts occasion-

ally occur up to 4mm. Serpentinization is observed on fractures, along with

minor carbonates

SW03 Lherzolite Ol (52)þOpx (35)þCpx (11)þSp (2) Protogranular texture with grain-size of� 1mm. Most Ol are serpentinized with few

fresh grains

SW04 Pyroxenite Ol (35)þOpx (15)þCpx (50)þSp (51) Mosaic porphyroclastic texture. Opx forms porphyroclasts with maximum grain-size

of �5mm. The groundmass, composed of Ol, Cpx and Opx, is usually50�4mm.

Basaltic glass and minor carbonates are identified on grain boundaries

SW05 Lherzolite Ol (64)þOpx (23)þCpx (11)þSp (2) Protogranular texture with grain-size of 1–2mm. Ol are weakly serpentinized; Cpx

is sieve-textured. Sp mostly occur within the sieve-textured Cpx as inclusions

(continued)
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Appendix A: Continued

Sample Rock type Mineral assemblage Description

(modal %)

SW06 Lherzolite Ol (61)þOpx (27)þCpx (10)þSp (2) Porphyroclastic texture; Opx porphyroclasts have a grain size of �2mm. Other

minerals are50�5mm

SW07 Harzburgite Ol (77)þOpx (18)þCpx (5)þSp (1) Equigranular texture with banded structure. Cpx mostly has thin reaction rims, and

Sp occurs along the layering

SW08 Lherzolite Ol (61)þOpx (22)þCpx (14)þSp (3) Equigranular texture with grain-size of 51mm. Some Cpx and Sp show sieve

textures along their margins

SW09 Lherzolite Ol (73)þOpx (18)þCpx (8)þSp (2) Equigranular texture with grain-size of 51mm; weak serpentinization. Most Cpx

show reaction rims

SW10 Lherzolite Ol (63)þOpx (22)þCpx (12)þSp (3) Porphyroclastic texture with Opx, and sometimes Ol, occurring as porphyroclasts

with grain-size of �4mm. Some Ol inclusions in Opx porphyroclasts

SW11 Lherzolite Ol (65)þOpx (21)þCpx (13)þSp (2) Granuloblastic texture with equilibrated Ol, Opx and Cpx. Serpentinization occurs

along fractures, in which very thin (50�1mm width) carbonate vein is identified

SW12 Lherzolite Ol (57)þOpx (25)þCpx (15)þSp (3) Porphyroclastic texture with Opx as porphyroclast (grain size of �2–3mm). Other

minerals are mostly51mm

SW13 Lherzolite Ol (65)þOpx (22)þCpx (10)þSp (3) Porphyroclastic texture. Opx, and sometimes Ol, occur as porphyroclasts with

grain-sizes of �3–4mm

SW14 Lherzolite Ol (62)þOpx (21)þCpx (14)þSp (3) Granuloblastic texture with grain-size of 51mm. Serpentinization is developed

along fractures. Minor basalt glass droplet is identified

SW15 Lherzolite Ol (62)þOpx (24)þCpx (13)þSp (2) Granuloblastic texture with grain-size of 1–2mm. Fresh Ol, Opx and Cpx form triple

junctions

SW16 Lherzolite Ol (66)þOpx (23)þCpx (10)þSp (2) Granuloblastic texture with grain-size of 1–2mm. Some Cpx develop reaction rims;

weak serpentinization occurs along fractures

SW17 Lherzolite Ol (58)þOpx (26)þCpx (13)þSp (3) Mosaic porphyroclastic texture. Opx and sometimes Ol occur as porphyroclasts

with a grain-size of �3mm. Most Cpx show resorption textures, and Sp usually

coexists with the sieve-textured Cpx

SW18 Lherzolite Ol (72)þOpx (16)þCpx (10)þSp (2) Mosaic porphyroclastic texture; Opx and Ol occur as porphyroclasts with grain-size

of �3mm. The relatively fine-grained minerals have grain-size of �1mm

SW19 Lherzolite Ol (60)þOpx (16)þCpx (22)þSp (1) Granuloblastic texture with grain-size of �1mm. Serpentinization is developed

along fractures, in which some thin carbonate veins with width of 50�1mm

are identified

SW20 Lherzolite Ol (73)þOpx (16)þCpx (9)þSp (2) Mosaic porphyroclastic texture with Opx occurring as porphyroclasts with grain-

size of �4mm

SW21 Wehrlite Ol (64)þOpx (3)þCpx (30)þSp (4) Coarse and poikilitic texture. The coarse-grained Ol has grain-size of �4–6mm;

some fine-grained Ol occurs as inclusions within Opx. Most Cpx show sieve

texture. Serpentinite occurs along fractures with minor carbonate

SW22 Lherzolite Ol (61)þOpx (26)þCpx (11)þSp (2) Granuloblastic texture with grain-size of 52mm. The fresh Cpx rarely develops

sieve texture

Ol, olivine; Opx, orthopyroxene; Cpx, clinopyroxene; Sp, spinel. Numbers in parentheses are modal abundances calcu-
lated from mass balance (Hermann & Berry, 2002).
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APPENDIX B: ANALYT ICAL
METHODS
XRF
Approximately 0�5 g of rock powder was mixed with
�3�6 g of Li2B4O7, and 3^4 drops of NH4Br and the mix-
ture was fused in a furnace to form a glass disk. The disks
were then analyzed using a Shimadzu XRF 1500 with a
current and voltage of 50mA and 50 kV, respectively. The
analytical results for Chinese ultramafic rock standard
DZE-1 are reported inTable B1.

ICP-MS
About 100mg of crushed whole-rock powder were dis-
solved in 2ml HF and 1ml HNO3 in a closed Teflon
bomb, which was heated on a hot plate at �1408C, then
opened and subsequently evaporated to dryness to remove
silica. Then, 1�5ml HF, 1�5ml HNO3 and 10 ml HClO4

were added to theTeflon bomb. The bomb was placed in a
steel jacket and heated in an oven at 1908C for 5 days to
completely dissolve the sample. This was followed by dry-
down and addition of concentrated HNO3 to form nitrates,
followed by a final evaporation. Then, 2ml 50% HNO3

was added to the Teflon bomb, which was subsequently
put it into the jacket again and heated to 1508C for 24 h.
Finally, 0�5 g Rh (1ppm) was added to the solution as an
internal standard, and then the solution was diluted by a
factor of 500. The solutions were then ready for ICP-MS
analysis. The analytical results for peridotite reference
materials JP-1 andWPR-1 are reported inTable B2.

S analysis
Samples were weighed into crucibles with Fe and W chips
added as accelerators to ensure complete combustion of
the sample. The crucible was then heated in an RF induc-
tion furnace in a stream of O2 and the sulfur derived as
gaseous SO2 and SO3.The gases were then passed through
a dust filter, drying tube (SO2 dissolves in water, thus
water must be removed) and finally through a catalyst
tube to ensure conversion to dioxides. From there the
gases were directed into a sulfur IR absorption cell and
the SO2 peak was converted to S values. These values
were then adjusted for calibration and sample weight to
give the final concentration.

Sr^Nd^Hf isotopic analysis
About 150^300mg of cpx powder was weighed into 7ml
SavillexTM Teflon beakers, and appropriate amounts of
mixed 87Rb^84Sr, 149Sm^150Nd, 176Lu, and 180Hf spikes
were added. The samples were dissolved using a mixed
acid of 2ml HFand 0�2ml HClO4 on a hotplate at 1208C
for more than 1 week. After the samples were completely
dissolved, the solutions were dried on hotplate at 130^
1808C to remove the HFand HClO4. The sample residues

were re-dissolved in 4ml of 6M HCl, and then dried
down again. Finally, the samples were dissolved in 5ml of
3M HCl.
The solutions were loaded onto pre-conditioned

Eichrom� LN (LN-C-50A, 100^150 mm, 2ml) chromato-
graphic columns. The Rb, Sr, Sm, Nd, and matrix ele-
ments were eluted with 3M HCl. Then, the Lu was
stripped with 4M HCl. After this step, Ti was removed
with a mixed solution of 4M HCl and 0�5% H2O2. Then,
Hf (and Zr) was stripped with a mixed acid of 6M HCl
and 0�2M HF.
The Sr, Nd collections from the LN columns were dried

down and re-dissolved in 1ml 2�5M HCl, and then the
solutions were loaded onto pre-conditioned cation
exchange columns packed with AG50W�12 resins (200^
400 mesh, 2ml). Rubidium and Sr were stripped with
5M HCl, and then REE were stripped with 6M HCl.
The REE collections were dried down and re-dissolved

in 0�4ml 0�25M HCl, and then the solutions were loaded
onto pre-conditioned Eichrom� LN (LN-C-50B, 100^
150 mm, 2ml) chromatographic columns. The La, Ce and
a portion of the Pr were eluted with 6ml 0�25M HCl, and
the Nd was stripped with 3ml 0�4M HCl, and then the
Sm was stripped with 4ml 0�8M HCl.

Re^Os and PGE analysis
About 2 g of finely ground sample powder (200^400 mesh),
and appropriate amounts of a 187Re^190Os mixed spike
and a 191Ir^99Ru^194Pt^105Pd mixed spike were weighed
into a clean, dry, chilled Pyrex� borosilicate glass Carius
tube. Then, 3ml of purified concentrated HCl and 6ml of
purified concentrated HNO3 were added into the tube,
and then the tube was sealed (Shirey & Walker, 1995). The
digestions were performed at �2408C for 48^72 h in an
oven at IGGCAS and at �2608C for 48^72 h in an oven
at UMD. After opening the tubes, Os was extracted from
the aqua regia solution into CCl4 (Cohen & Waters, 1996)
and then back-extracted into HBr, followed by purification
via microdistillation (Birck et al., 1997). The total proce-
dural Os blank was 3^5 pg with a 187Os/188Os of about
0�15 at IGGCAS and about 0�5 pg with a 187Os/188Os of
about 0�17 at UMD, respectively. The blank correction on
Os concentrations and Os isotopic ratios was negligible
for all samples.
Rhenium and remaining PGE (Ir, Ru, Pt, Pd) were

separated from the matrix and purified by anion exchange
chromatography using 2ml resin (AG 1�8, 100^200
mesh) (Walker et al., 2008). The Re, Ru fraction was
eluted with 6M HNO3, Ir and Pt were eluted with 13�5M
HNO3, and the Pd was eluted with 10M HCl. The Re was
further purified using a small anion exchange column
packed with 0�1ml resin at UMD. All the collected frac-
tions were dried down and re-dissolved in 1ml of 0�8M
HNO3, for ICP^MS measurement. Total procedural
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blanks were about 3 pg for Re, 7 pg for Ir, 7 pg for Ru, 4 pg
for Pt and 4 pg for Pd at IGGCAS, and about 5 pg for Re,
4 pg for Pd, 10 pg for Pt, 1pg for Ir, and 3 pg for Ru at

UMD. The blank corrections were negligible (51%) for
Ir, Ru, Pt and Pd, but were as great as 10^70% for Re for
some low-Re samples.

Table B1: Analytical results of Chinese ultramafic rock standard DZE-1 by XRF (wt %)

SiO2 TiO2 Al2O3 TFe2O3 MnO MgO CaO Na2O K2O P2O5 LOI Total

Measured 34�54 0�01 0�75 6�88 0�07 40�95 0�03 0�01 0�04 0�01 15�20 98�49

Reference value� 34�34 0�008 0�67 6�9 0�068 41�03 0�1 0�008 0�01 0�004

�Source: Govindaraju (1994).

Table B2: Analytical results of ultramafic rock standard materials by ICP-MS (ppm)

Element JP-1 WPR-1

Measured References Measured References

(n¼ 1) Dulski (2001) Qi et al. (2005) Makishima et al. (2006) GeoREM� (n¼ 1) GeoREM�

Ni 2508 2460 2780 2900

Cu 5�0 5�7–6�72 1514 1640

Zn 50 43–61 91�8 95

Sr 0�605 0�63 0�546 7�05 7

Y 0�088 0�097 0�088 0�082 4�18 5

Zr 5�6 5�5 19�2 18

Nb 0�042 0�0336–1 1�97 2�4

Ba 9�05 9�2 9�5 25�6 22

La 0�029 0�034 0�031 0�027 2�03 2�2

Ce 0�060 0�063 0�054 0�060 5�63 6

Pr 0�0078 0�0089 0�0076 0�0074 0�773 0�7

Nd 0�033 0�033 0�030 0�0318 3�59 3�5

Sm 0�0097 0�009 0�0077 0�0084 0�907 0�9

Eu 0�0029 0�0021 0�0011 0�0024 0�294 0�31

Gd 0�012 0�0092 0�0064 0�0097 1�00 0�9

Tb 0�0024 0�0016 0�0017 0�0019 0�155 0�1–0�2

Dy 0�015 0�013 0�013 0�015 0�938 1�1

Ho 0�0038 0�003 0�0031 0�0036 0�184 0�18

Er 0�012 0�011 0�011 0�012 0�511 0�5

Tm 0�0024 0�0023 0�0021 0�0024 0�0711 0�09

Yb 0�022 0�021 0�019 0�021 0�466 0�48

Lu 0�0046 0�004 0�0034 0�0042 0�0716 0�07

Hf 0�13 0�127 0�579 0�61

Ta 0�0035 0�00304–0�068 0�117 0�21

Pb 0�128 0�18 0�0765 5�25 6

Th 0�010 0�012 0�013 0�329 0�4

U 0�014 0�0116 0�014 0�182 0�17

GeoREM: http://georem.mpch-mainz.gwdg.de/.
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Fig. B1. Comparison of analytical results of Os isotopic ratios between UMD and IGGCAS. UMD: measured at University of Maryland;
IGGCAS: measured at Institute of Geology and Geophysics, Chinese Academy of Sciences.
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