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Abstract

Previous studies of samples of subcontinental lithospheric mantle (SCLM) that underlay the North China Craton (NCC) during the
Paleozoic have documented the presence of thick Archean SCLM at this time. In contrast, samples of SCLM underlying the NCC during
the Cenozoic are characterized by evidence for melt depletion during the Proterozoic, and relatively recent juvenile additions to the lith-
osphere. These observations, coupled with geophysical evidence for relatively thin lithosphere at present, have led to the conclusion that
the SCLM underlying the NCC was thinned and modified subsequent to the late Paleozoic. In order to extend the view into both the
Paleozoic and modern SCLM underlying the NCC, we examine mantle xenoliths and xenocrystic chromites extracted from three Paleo-
zoic kimberlites (Tieling, Fuxian and Mengyin), and mantle xenoliths extracted from one Cenozoic basaltic center (Kuandian). Geo-
chemical data suggest that most of the Kuandian xenoliths are residues of small degrees of partial melting from chemically primitive
mantle. Sr–Nd–Hf isotopic analyses indicate that the samples were removed from long-term depleted SCLM that had later been variably
enriched in incompatible elements. Osmium isotopic compositions of the two most refractory xenoliths are depleted relative to the mod-
ern convecting upper mantle and have model melt depletion ages that indicate melt depletion during Paleoproterozoic. Other relatively
depleted xenoliths have Os isotopic compositions consistent with the modern convecting upper mantle. This observation is generally con-
sistent with earlier data for xenoliths from other Cenozoic volcanic systems in the NCC and surrounding cratons. Thus, the present
SCLM underlying the NCC has a complex age structure, but does not appear to retain materials with Archean melt depletion ages.
Results for what are presumed to be early Paleozoic xenoliths from Teiling are generally highly depleted in melt components, e.g. have
low Al2O3, but have also been metasomatically altered. Enrichment in light rare earth elements, low eNd values (��10), and relatively
high 87Sr/86Sr (0.707–0.710) are consistent with a past episode of metasomatism. Despite the metasomatic event, 187Os/188Os ratios are
low and consistent with a late Archean melt depletion event. Thus, like results for xenoliths from other early Paleozoic volcanic centers
within the NCC, these rocks sample dominantly Archean SCLM. The mechanism for lithospheric thinning is still uncertain. The complex
age structure currently underlying the NCC requires either variable melt depletion over the entire history of this SCLM, or the present
lithospheric material was partly or wholly extruded under the NCC from elsewhere by the plate collisions (collision with the Yangtze
Craton and/or NNW subduction of the Pacific plate) that may have caused the thinning to take place.
� 2006 Elsevier Inc. All rights reserved.
1. Introduction

Studies of the eastern portion of the North China Cra-
ton (NCC) (Fig. 1a), have proposed that a significant part
of the original underlying subcontinental lithospheric man-
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tle (SCLM) was removed subsequent to the early Paleozoic
(e.g. Menzies et al., 1993). This conclusion was based on
the occurrence and characteristics of early Paleozoic dia-
mondiferous kimberlites in Mengyin of the Shandong
Province (central eastern China) and Fuxian of the Liaon-
ing Province (northeastern China) (Fig. 1a). The presence
of these diamond-bearing rocks implies the existence of
thick (�200 km) SCLM at the time of volcanism (Fan
and Menzies, 1992; Menzies et al., 1993; Chi and Lu,
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Fig. 1. Simplified distribution map of Cenozoic volcanic rocks in Eastern China (a). Paleozoic and Cenozoic volcanic rocks from the North China Craton
(NCC) where mantle xenoliths were sampled by Gao et al. (2002a) (Fuxian, Hannuoba, and Qixia) and Wu et al. (2003) (Longgang, Wangqing, and
Shuangliao) are also shown for comparison. Kuandian volcanoes and Tieling kimberlites are located in the Liaodong Peninsula (b). The Huangyishan
volcano is composed of five stages of eruptions of basaltic magma (c), and the Tieling kimberlites are composed of 26 veins (d).
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1996; Griffin et al., 1998; Wang et al., 1998). Furthermore,
isotopic data for mantle xenoliths entrained in these kim-
berlites indicate that at least some portions of the SCLM
at that time recorded Archean melt depletion ages (Gao
et al., 2002a). In contrast, geophysical data, and isotopic
studies of mantle xenoliths taken from Cenozoic basalts re-
veal that the present lithosphere is much thinner (60–
120 km) and may also be younger (Menzies et al., 1993;
Griffin et al., 1998; Menzies and Xu, 1998).

Lithospheric thinning of the NCC has been attributed
by some studies to result from thermal-mechanical erosion
of the SCLM (Menzies et al., 1993; Xu, 2001; Xu et al.,
2004). If so, this could result in present SCLM that is a
mixture of juvenile and ancient materials. In contrast,
other studies that have focused on compositions of the
Mesozoic high-Mg lavas, mineral compositions and Sr–
Nd isotopic compositions of mantle xenoliths from this re-
gion, have concluded that a significant portion of the
SCLM was delaminated (Deng et al., 1994; Wu and Sun,
1999; Wu et al., 2000; Gao et al., 2004). This would require
that the present SCLM was partly or entirely added from
the ambient convecting upper mantle subsequent to thin-
ning. In this case, the SCLM may be dominated by mantle
similar to the depleted source of mid-ocean ridge basalts
(DMM).

The age structure of the SCLM underlying the NCC,
however, remains unclear due in part to scarce age data
from a limited number of locations. For example, Os isoto-
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pic data for only three mantle xenoliths from two Paleozoic
kimberlites have been reported (Gao et al., 2002a), so it re-
mains unclear whether Archean SCLM was prevalent un-
der the NCC during the Paleozoic. Furthermore, the
significance of Proterozoic model ages from some mantle
xenoliths transported to the surface by Cenozoic volcanism
remains poorly understood (Wu et al., 2003). Does the
presence of this material require a Proterozic replacement
of Archean SCLM that has survived until the present?
Was this material added to the SCLM as part of the natu-
ral growth process for lithospheric mantle? Or was Protero-
zoic lithospheric mantle that formed elsewhere somehow
added after the Paleozoic?

The objectives of this study are to expand the geograph-
ical sampling of SCLM xenoliths in the NCC and to fur-
ther examine the age/composition structure of the SCLM
underlying that region. Towards that end, we have exam-
ined mantle xenoliths from the Cenozoic Kuandian basalts,
located in the Liaoning Province of the northeastern por-
tion of the NCC (Fig. 1a–b). This location is about
300 km to the north of the Paleozoic Fuxian kimberlite.
In addition, peridotites from Tieling, in the same province,
approximately 200 km to the north of Kuandian, were
examined (Fig. 1d). These xenoliths are of great interest be-
cause they are present in kimberlites that are very similar to
the Paleozoic kimberlites at Fuxian and Mengyin.
Although the age of these kimberlites is not well con-
strained at present, the presence of diamonds in some re-
quire that they formed pre-lithospheric thinning. In
addition, some chromite megacrysts from Fuxian, Mengyin
and Tieling kimberlites, presumably mechanically separat-
ed from mantle xenoliths being transported by the kimber-
lites, are also analyzed in order to further constrain the
nature of the SCLM prior to lithospheric thinning.

2. Geological background

Eastern China is composed of the Xing’an-Mongolian
orogenic belt and the NCC in the north, the Dabie-Sulu
ultrahigh-pressure collisional belt in the central region,
and the Yangtze Craton and Southeastern China Orogenic
Belt in the south (Fig. 1a). The NCC is the oldest tectonic
unit in China, containing crust as old as 3800 Ma (Liu DY
et al., 1992). Neodymium TDM model ages of felsic rocks
are generally Archean and range mainly between 2.5 and
2.9 Ga, but with two age peaks at 2.6–2.8 Ga and 3.2–
3.6 Ga (Wu et al., 2005a). The Liaodong Peninsula is locat-
ed in the eastern segment of the NCC (Fig. 1a) and can be
subdivided into three tectonic units: the Archean Liaonan
(southern Liaoning) block in the south, the Archean Lia-
obei (northern Liaoning) block in the north and the Paleo-
proterozoic (Liaoji) orogenic belt between them (Faure
et al., 2004; Luo et al., 2004; Fig. 1b). The Liaonan and
Liaobei blocks are composed of a series of late Archean
diorite–tonalite–granodiorite suites that are extensively de-
formed and contain minor supracrustal rocks. Neodymium
isotopic model ages for these rocks are mainly between
2800 and 2500 Ma, although 3800 Ma crust has been found
near Anshan (Liu DY et al., 1992). Between the two
blocks, the Paleoproterozoic strata were deposited and
then metamorphosed during a 1.85 Ga orogenic event
(Lu et al., 2006), considered to be the time of cratonization
of the NCC (Zhao et al., 2005). Subsequently, the Lia-
odong Peninsula was covered by thick sequences of Meso-
to Neoproterozoic and Paleozoic sediments. A sedimentary
gap developed during the early- to middle-Paleozoic (O1–
C2). The Fuxian, Mengyin and presumably Tieling kimber-
lites were formed during this period with the former having
a phlogopite Rb–Sr isochron age of �460 Ma (Dobbs
et al., 1994).

Since the late Mesozoic, eastern China has become an
important part of the circum–Pacific tectonic–magmatic
zone. During this time, intensive deformation, mineraliza-
tion, and igneous activity occurred, including extensive
eruption of intermediate-acid volcanic rocks and wide-
spread emplacement of granites (Wu et al., 2005b,c).

During the Cenozoic, the NCC has been characterized
by extensive intraplate basaltic volcanism. Some of these
basalts contain ultramafic xenoliths that have been the fo-
cus of numerous studies (e.g E and Zhao, 1987; Chi, 1988;
Zhou et al., 1988; Fan and Hooper, 1989; Liu CQ et al.,
1992; Tatsumoto et al., 1992; Fan et al., 2000). Ultramafic
xenoliths are mostly found in Neogene and Quaternary
alkaline basalts, and are generally not found in tholeiitic
flows, or in late Cretaceous–Paleogene basalts (Fan and
Hooper, 1989).

3. Sample descriptions

The Kuandian volcanic field contains more than 20
Quaternary volcanoes with eruption ages of less than
0.6 Ma (Fig. 1c; LBGMR, 1989; Xie et al., 1992). Samples
were collected from the Huangyishan volcano. According
to published data, the basaltic rocks of this volcanic field
are alkaline and are enriched in light and depleted in heavy
rare earth elements (REE), interpreted as indicating deriva-
tion from relatively deep mantle with garnet in the residue
(Liu CQ et al., 1992). Mantle xenoliths of peridotites and
pyroxenites, and megacrysts of garnet and clinopyroxene
are widely distributed, with diameters ranging mostly be-
tween 30 and 80 cm in the 1st, 2nd and 4th lava flows,
and associated pyroclastic deposits (Fig. 1c; Lu et al.,
1983; LBGMR, 1989; Tatsumoto et al., 1992). Spinel lherz-
olite is the dominant rock type in the Huangyishan xenolith
suite with minor harzburgite, typical of other basaltic local-
ities in eastern China and world-wide (Fan and Hooper,
1989; Pearson et al., 2003). The xenoliths are mostly
coarse-grained and equigranular, with occasional porphy-
roblastic textures, but no strongly foliated types. The rocks
are generally fresh and do not contain secondary alteration
minerals. Primary minerals are clinopyroxene (16–3%),
orthopyroxene (31–23%), olivine (75–52%) and spinel (3–
1%). Sample HY2-06 contains approximately 2% amphi-
bole, indicating modification via aqueous-rich fluid and/
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or melt metasomatism (Ionov et al., 1997; Downes, 2001;
Pearson et al., 2003).

The Tieling kimberlites were intruded into Archean
gneiss in the Liaobei Block (Fig. 1a and d). According to
the regional geological survey of Yu (1987), 26 kimberlitic
pipes have been identified. Although diamond is sparingly
present, no major occurrences for any pipe have been
reported. The eruption age of the kimberlites is presently
unknown. Griffin et al. (1998) proposed that these kimber-
lites could be of Cretaceous–Tertiary age. Because the Tiel-
ing kimberlites have the same petrological and geochemical
characteristics as those in Mengyin and Fuxian (Chi and
Lu, 1996), we speculate that their eruption ages may have
been coeval (at 460 Ma), consistent with the conclusions
of Lu et al. (1995). Consequently, because of the similari-
ties with the known Paleozoic kimberlites, we will hereafter
assume eruption occurred at approximately the same time
(460 Ma) as for Mengyin and Fuxian. A well constrained
age of formation is not necessary for the purposes here,
although may ultimately be critical for containing the tim-
ing of the lithospheric thinning. The identification of occa-
sional diamond in the kimberlites indicates that the
lithosphere was thick when the kimberlites erupted
(�150 km or greater, Chi and Lu, 1996), so as with the
Mengyin xenoliths, there is little doubt that the kimberlites,
and the included xenoliths sample the SCLM that existed
prior to thinning. The Tieling xenoliths present in some
of the Tieling kimberlites have diameters ranging mostly
from about 10 to 30 cm and were intensively serpentinized
and carbonatized, similar to those at Mengyin and Fuxian.
Only relict chromites are identified.

As a means of building a larger database for the SCLM
of the NCC, we also analyzed chromite megacrysts from
the previously studied Paleozoic kimberlites, Fuxian and
Mengyin, and also analyzed a chromite megacryst from
Tieling. The assumption is that the chromite megacrysts
were mechanically separated from the very rare peridotitic
xenoliths present in these volcanic systems. Chromite was
targeted for study here because it is normally characterized
by high Os concentrations and very low Re/Os (e.g. Walker
et al., 2002). These characteristics would make it an ideal
phase with which to place high confidence constraints on
Os model melt depletion ages of the mantle beneath these
volcanic sites.

4. Analytical techniques

4.1. Elemental analyses

The xenolith samples studied here were first crushed
using a corundum jaw crusher, then small chips without
surface alteration were selected to make powders, using
an agate mortar. Elemental analyses were conducted at
the Department of Geology, Northwest University in
Xi’an, China. Major element analyses of whole-rock
powders were determined using a RIGAKU 2100 X-ray
fluorescence (XRF) instrument. Thirty-eight standards,
ranging from ultramafic to felsic rocks and sediments, were
used to construct calibration curves. During the digestion
of the standards and samples, 0.5 g of powder were mixed
with 3.6 g of Li2B4O7, 0.4 g of LiF, 0.3 g of NH4NO3 and a
small quantity (<20 mg) of LiBr. A glass bead was formed
via fusion. The current and voltage during analyses were
50 mA and 50 kV, respectively. According to the measured
values of standards (GSR-1 and GSR-3), the uncertainties
are �±1% for elements with concentrations >1.0 wt%, and
about ±10% for the elements with concentrations
<1.0 wt%.

Trace element concentrations, including the REE, were
determined using a PE Elan 6000 inductively-coupled plas-
ma mass spectrometer (ICP-MS). About 50 mg of crushed
whole-rock powder was dissolved using HF/HNO3 (2:1)
mixtures in a Teflon bomb, which was heated on a hot
plate at �140 �C. This was followed by evaporation to dry-
ness, refluxing with 1.5 mL HF and 1.5 mL HNO3 before
sealing and placing in a steel jacket, and heating in an oven
at 190 �C for 48 h. The third step was evaporating the solu-
tion to dryness, dissolving it with 3 mL HNO3, and drying
it again. Then, 3 mL HNO3 was added before it was again
sealed and heated at 140 �C for 12 h. Finally, the solution
was extracted after cooling, and diluted to 80 g. External
standards BHVO-1, AGV-1 and G-2 were used to monitor
drift in mass response during mass spectrometric
measurement.

4.2. Mineral compositional analyses

Mineral major element compositions were obtained
using a JEOL-JAX8100 microprobe with 15 kV accelerat-
ing potential and 12 nA beam current at the Department
of Geology, Peking University. Counting times were 20 s.
Total iron is expressed as FeO.

Mineral trace element compositions (including REE)
were made via laser ablation inductively-coupled plasma
mass spectrometry (LA-ICP-MS) at the Northwest Univer-
sity, China. Detailed analytical procedures are provided in
Gao et al. (2002b). The ICP-MS used was an Elan 6100

from Perkin-Elmer/SCIEX. The instrument offered a sensi-
tivity of ca. 90 million counts per second (cps) for 1 lg/mL
of In (indium) when used in the standard solution nebuliza-
tion mode (Meinhard concentric nebulizer and cyclonic
spray chamber). Background intensities were usually a
few cps for elements above m/z = 85 (Rb), except for Sn
and Pb, which may reach 100–200 cps due to memory
effects.

A GeoLas 200 M laser-ablation system was used for
the laser ablation measurements. The system is equipped
with a 193 nm ArF-excimer laser and a homogenizing,
imaging optical system. The set-up delivers a flat top
beam onto the sample surface and the laser wavelength
and energy density (40 J/cm2) allows controlled ablation
of highly transparent samples. A 30 lm spot size was
used for this study. Helium was used as the carrier gas
to enhance transport efficiency of ablated material. The
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helium carrier gas inside the ablation cell is mixed with
argon as a makeup gas before entering the ICP to main-
tain stable and optimum excitation conditions. The mea-
surements were carried out using time resolved analysis
operating in a fast, peak hopping sequence in dual detec-
tor mode. Each spot analysis consisted of approximately
30 s background acquisition (gas blank) followed by 60 s
data acquisition from the sample. Calibration was per-
formed using NIST SRM 610 as an external calibration
sample in conjunction with internal standardization using
Ca.

4.3. Sr–Nd–Hf isotopic analyses

Strontium, Nd and Hf isotopic analyses of clinopyrox-
enes from Kuandian and whole-rock xenoliths from Tiel-
ing were conducted at the MC-ICPMS Laboratory,
Chinese Academy of Sciences, Beijing, using a Thermo-
Electron Neptune multi-collector-ICPMS. For Sr and Nd
isotopes, �150 mg of sample were dissolved in sealed Savil-
lex� beakers for more than 2 weeks. Separation of Sm and
Nd was done using a routine two-column ion exchange
technique which includes: (1) a group separation of light
REE through a cation exchange column (1 · 8 cm, packed
with Bio-Rad AG50X8, 200–400 mesh resin), and (2) a
purification of Sm and Nd through a second exchange col-
umn (0.6 · 7 cm) packed with Kel-F teflon powder with an
exchange medium of HDEHP. For Hf isotopes, 200 mg of
sample powder was used to make a similar glassy bead as
described previously for XRF analyses. The glassy bead
was digested in 3 N HCl, and then Hf was separated using
Ln resin.

87Sr/86Sr, 143Nd/144Nd and 176Hf/177Hf ratios were nor-
malized to 86Sr/88Sr = 0.1194, 146Nd/144Nd = 0.7219 and
179Hf/177Hf = 0.7325. In the course of this study, two anal-
yses of the NBS-987 Sr standard yielded 87Sr/86Sr =
0.710264 ± 12 and 0.710262 ± 13. Two analyses of the
Lo Jolla Nd standard yielded 143Nd/144Nd =
0.511845 ± 12 and 0.511850 ± 14. One analysis of the
JMC 475 Hf standard gave value of 176Hf/177Hf =
0.282159 ± 7. During the period of data acquisition,
BCR-1 was also processed for Sr–Nd–Hf isotopes, and
gave ratios of 0.705128 ± 11 for 87Sr/86Sr, 0.512619 ± 8
for 143Nd/144Nd and 0.282861 ± 3 for 176Hf/177Hf, all
agreeing well with the recommended values.

4.4. Re–Os isotopic analyses

The chemical-separation techniques used in this study
for Re–Os analysis are those of Shirey and Walker
(1995). About 2 g of whole rock powder, a spike of mixed
185Re and 190Os, and approximately 9 g of aqua regia were
sealed inside Carius tubes, and heated at 280 �C for two
days to obtain sample-spike equilibration. Osmium was
purified using a carbon tetrachloride (CCl4) solvent extrac-
tion technique (Cohen and Waters, 1996) followed by mic-
rodistillation purification. The Os total processing blank
was 3 ± 2 pg and was inconsequential for all measure-
ments. Rhenium was separated and purified from the ma-
trix by using two successive anion exchange columns
(200–400 mesh) with resin volumes of 0.8 and 0.1 mL,
respectively. The samples were loaded and eluted on col-
umns using 0.1 N HNO3, Re was then collected using
6 M HNO3, and then dried under a heat lamp (<80 �C).
The Re blank for this procedure was 8 ± 2 pg.

Purified Os was then loaded using Ba(OH)2 as an emis-
sion enhancer on platinum filaments and analyzed by neg-
ative thermal ionization mass spectrometry at the
University of Maryland, College Park. Mass spectrometric
procedures have been discussed in Walker et al. (1994,
2002). Most of the analyses in this paper were conducted
in a static mode using six Faraday cups on a VG Sector

54 thermal ionization mass spectrometer. For these levels
of Os (2–5 ng), external reproducibility in the 187Os/188Os
ratio was about ±0.1% (2r), based on repeated analyses
of comparable quantities of a standard. Rhenium analyses
were determined using a Nu Plasma multi-collector-ICP-
MS at the University of Maryland. In-run precisions were
typically ±0.1 to 0.3% (2r). Repeated measurements of an
internal Re standard give an external precision of approx-
imately ±0.3% (2r). Blank corrections limit absolute uncer-
tainties for most samples with low Re abundances
(<100 pg/g) to approximately ±20–30%.

5. Results

5.1. Whole-rock geochemistry

Kuandian peridotites range from refractory harzburgite
to relatively fertile lherzolite. Ten fresh samples were ana-
lyzed for bulk composition (Electronic Annex EA-1). The
gain of mass on ignition was �0.5%, consistent with the
oxidation of FeO to Fe2O3 being more significant than
the loss of volatiles. This, in turn, indicates generally low
degrees of alteration in the xenoliths. Whole-rock SiO2

concentrations range from 43.2% to 45.4%, and MgO con-
centrations range from 38.3% to 45.8%, indicating that
these xenoliths were plucked from generally fertile mantle
(Palme and O’Neill, 2003). Eight of the ten peridotites
examined have Al2O3 concentrations >2 wt%. Most lie
along the oceanic trend of Boyd (1989). The two harzburg-
ites plot in the depleted portion of the field (Fig. 2a).

Three distinct types of whole-rock REE patterns are
present in this suite (Fig. 3a–c): (1) the two refractory harz-
burgites (HY1-01, HY2-05) and two clinopyroxe-poor
lherzolites (HY2-01, HY2-06) are LREE-enriched,
although with chondrite-normalized values for all REE less
than 4. The amphibole-bearing rock HY2-06 has the high-
est abundances of the LREE (Fig. 3a); (2) the moderately
fertile lherzolites (HY2-02, HY2-07, and HY2-14) are char-
acterized by relatively flat chondrite normalized patterns
with normalized values for all REE of �1–2 (Fig. 3b); (3)
the most fertile lherzolites (HY2-03, HY2-04, and HY2-
29) are LREE-depleted (Fig. 3c). Trace element distribu-



Fig. 2. (a) Plots of Ca (wt%) against Al (wt%) for the Kuandian peridotites. The oceanic trend and depleted area are from Boyd (1989) and are shown for
comparison. (b) Modal olivine versus forsterite content in olivine in peridotites. Compiled fields for xenoliths found in Archean, Proterozoic and
Phanerozoic terranes are from Boyd et al. (1997) and Griffin et al. (1999a). (c) Fo numbers of olivines in peridotite xenoliths found in Cenozoic basalts and
(d) Fo numbers of olivines in peridotite xenoliths and diamonds found in Paleozoic kimberlites of Mengyin and Fuxian (modified after Wu et al., 2000).
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tions for whole-rock samples normalized to primitive man-
tle are highly irregular (Fig. 3d–f). The LREE-enriched
harzburgites have complex patterns, and contain generally
higher concentrations of incompatible elements, with pro-
nounced enrichments of La, Ce, Sr, Nd, and for some sam-
ples, Sm and Eu, compared to the other rocks from this
suite (Fig. 3d). The moderately fertile lherzolites with rela-
tively flat REE patterns are also characterized by similar
primitive-mantle normalized values for other trace ele-
ments (Fig. 3e). In contrast, the most fertile, LREE-deplet-
ed lherzolites contain much lower abundances of most
other incompatible elements, although here too, HY2-04
is anomalous with relative enrichments of Th, Nb along
with La and Ce (Fig. 3f). As with peridotites worldwide
(Pearson et al., 2003), the enrichments of incompatible ele-
ments are more pronounced in samples with relatively low
heavy-REE (HREE) contents, and are coupled with the
depletion of high field strength elements (HFSE) Zr, Hf,
and Ti.

Among the seven Tieling xenoliths analyzed (Electronic
Annex EA-2), loss of mass on ignition ranged from 15.5%
to 26.1%, consistent with intensive alteration and addition
of volatiles. If whole-rock compositions are recalculated
excluding the ignition loss, SiO2 concentrations range from
46.4% (FW04-351) to 31.8% (FW04-355), and MgO con-
centrations range from 40.3% (FW04-350) to 28.4%
(FW04-354). The Al2O3 concentrations range from 0.87%
(FW04-351) to 2.21% (FW04-355). In addition, sample
FW04-354 has a much higher CaO content of 22.3% than
other samples, indicating that this sample may have origi-
nally been an olivine–pyroxenite. Whole-rock REE pat-
terns are similar for all samples, with major enrichment
of LREE (Fig. 4a). Other trace element abundances within
the Tieling suite are generally similar within suite. The Tiel-
ing peridotites contain higher concentrations of incompat-
ible elements, with pronounced depletions of Nb, Zr, Hf,
and Ti (Fig. 4b), so it is likely that the Tieling peridotites
came from a melt-depleted, but subsequently metasomati-
cally enriched mantle source.

5.2. Mineral chemistry and equilibration temperatures

The major element compositions of minerals from the
Kuandian and spinels from the Tieling xenoliths are pro-
vided in Electronic Annex EA-3, and the trace element con-
centrations of clinopyroxene and amphibole are provided
in Electronic Annex EA-4. The olivines have Fo numbers
ranging from 90.2 to 91.7, and plot in the field of Protero-



Fig. 3. Chondrite normalized rare earth element patterns (a–c) and primitive mantle normalized element patterns (d–f) for Kuandian peridotites. The trace
elements are arranged in the order of decreasing incompatibility from left to right. The data were normalized to the values of Sun and McDonough (1989).
The peridotites are divided into three groups based on REE pattern type.
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zoic–Phanerozoic lithospheric mantle of Boyd (1989) and
Griffin et al. (1999a) (Fig. 2b). The Fo compositions are
also comparable with olivines from other Cenozoic locales
in eastern China (Fig. 2c), but are significantly lower than
those obtained from xenoliths transported by the Paleozoic
kimberlites (Zheng, 1999) (Fig. 2d). The spinels from the
Tieling xenoliths show much higher Cr/(Cr + Al) ratios
of 41–91 than those from the Kuandian peridotites (9.0–
28.5).

Rare earth and other trace element patterns for Kuan-
dian clinopyroxenes are similar to the associated whole-
rocks (Fig. 5a–f), indicating that clinopyroxene is the main
host of most of the trace elements. There is some discrep-
ancy, however, between whole-rock and clinopyroxe
enrichments/depletions for Nb and Ti. For example, anal-
yses of clinopyroxene in most samples show negative Nb
and Ti anomalies, which are not observed in the bulk
rocks. This may be related to the compensation effects of
orthopyroxene, which can generate a positive Ti anomaly
(Rampone et al., 1991; McDonough et al., 1992).

No compositional zoning has been detected in any of the
clinopyroxene grains analyzed. It is noted that the clinopy-
roxenes from the depleted samples show significant deple-
tions in Nb, Zr, Hf, and Ti in most cases. The amphibole
from sample HY2-06 has the highest concentrations of
most trace elements analyzed, but with relative depletions
of Zr and Hf (Fig. 5a).

Using various geothermometers (Wood and Banno,
1973; Nehru and Wyllie, 1974; Lindsley and Dixon, 1975;
Wells, 1977; Sachtleben and Seck, 1981; Bertrand and Mer-
cier, 1985; Brey and Kohler, 1990), data for the 10 samples
from Kuandian volcanoes indicate a large range of equili-



Fig. 4. Chondrite normalized rare earth element patterns (a) and primitive
mantle normalized element patterns (b) for Tieling peridotites. The trace
elements are arranged in the order of decreasing incompatibility from left
to right. The normalized values are from Sun and McDonough (1989).
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bration temperatures from 528 to 1236 �C (Electronic An-
nex EA-5). The temperature results obtained from the
Wood and Banno (1973) and Bertrand and Mercier
(1985) thermometers are systematically higher (from 954
to 1167 �C obtained from Wood and Banno (1973) and
873–1236 �C from Bertrand and Mercier (1985)), compared
with 836–1096 �C obtained from the Wells (1977), and
807–1150 �C from Brey and Kohler (1990) thermometers.
If the thermometer of Brey and Kohler (1990) is applied,
the equilibrium temperature from these samples range from
807 �C to 1150 �C with most samples at 925–1150 �C. The
amphibole-bearing sample of HY2-06 has the lowest equi-
librium temperature of 807 �C.

The nearly complete replacement/recrystallization of
primary minerals in the Tieling suite precludes the acquisi-
tion of usable primary mineral composition data for these
rocks.

5.3. Sr–Nd–Hf isotopes

Previously published data for the Sr–Nd isotopic com-
positions of xenoliths from Kuandian have included analy-
ses of peridotite, pyroxenite, megacryst (garnet,
clinopyroxene, and amphibole) and host basalt (Liu CQ
et al., 1992; Tatsumoto et al., 1992; Xu et al., 1998). The
data for peridotites from this area, however, are limited,
and it is not clear whether the analyses reported for mega-
crysts are from peridotite or pyroxenite. According to a
survey (Fang and Ma, 1999), garnet only occurs in pyrox-
enite, but clinopyroxene and amphibole occur in both the
peridotite and pyroxenite.

Our new Sr–Nd isotopic compositions of clinopyroxenes
from Kuandian peridotites and whole-rocks from the Tiel-
ing peridotites are provided in Table 1. The clinopyroxenes
from the Kuandian peridotites are characterized by gener-
ally low 87Sr/86Sr ratios of 0.7023–0.7045 and highly vari-
able eNd with present day eNd values ranging from �3.4
to +26.2 (Fig. 6a). It is noted that the hornblende-bearing
sample HY2-06 has the highest 87Sr/86Sr ratio of 0.7045
and negative eNd values of �3.4 among these peridotites.
There is a crude negative correlation between 87Sr/86Sr
and eNd. It is clear that the Sr–Nd isotopic data of clinopy-
roxenes from the Kuandian peridotites are very different
from Paleozoic and Mesozoic mafic rocks of the NCC,
all of which are characterized by Sr–Nd systematics that
are common to enriched mantle (Fig. 6a).

With the exception of sample of HY2-06, all Kuandian
clinopyroxene data plot along a linear trend on a
143Nd/144Nd versus 147Sm/144Nd diagram (Fig. 6b). The
meaning of this correlation is not clear, given that there
is no reason to believe the samples are genetically related.
If the data are regressed, an errorchron age of
358 ± 56 Ma is obtained (using ISOPLOT). The linearity
may also result from mixing between two isotopically dis-
parate components. Sample HY2-04, which is the most
depleted in incompatible elements (Fig. 5f) and has the
highest 147Sm/144Nd ratio of 0.601, gives a Nd TDM age
of 320 Ma, similar to the regression age of the other sam-
ples. The other samples do not provide meaningful Nd
model ages because they have 147Sm/144Nd ratios that are
very similar to that of the depleted mantle.

The clinopyroxenes from the Kuandian xenoliths have
eHf values that range from +15.2 to +88.6 (Fig. 6c), indi-
cating derivation from long-term depleted mantle. In con-
trast to the Sm–Nd system, there is no correlation
between 176Lu/177Hf and 176Hf/177Hf ratios (Fig. 6d). All
Kuandian samples have eNd–eHf values similar to or higher
than the depleted mantle source of MORB except for
amphibole-bearing HY2-06 (Fig. 6c). Most samples have
meaningless TDM (Hf) ages because they have very similar
176Lu/177Hf ratios to the depleted mantle. However, sample
HY2-04, which has the highest 176Lu/177Hf of 0.104, gives a
Hf TDM age of 725 Ma, considerably older than its corre-
sponding Nd model age. Variation plots of Sr–Nd–Hf iso-
topic composition versus indices of rock fertility (e.g. MgO
concentrations of whole-rocks) (Fig. 7), reveal no correla-
tion between eNd or eHf and MgO for the Kuandian perido-
tites. Samples with MgO of approximately 43 wt% have the
highest 87Sr/86Sr.



Fig. 5. Chondrite normalized rare earth element patterns (a–c) and primitive mantle normalized element patterns (d–f) for the clinopyroxenes and
amphibole of Kuandian peridotites. The normalized values are from Sun and McDonough (1989).
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Seven Tieling peridotites are characterized by high
87Sr/86Sr ratios of 0.7074–0.7101 and low 143Nd/144Nd ra-
tios of 0.512094–0.512215 with eNd values ranging from
�8.2 to �10.6 (Fig. 6a), comparable to the peridotites from
Fuxian and Mengyin kimberlites (Chi and Lu, 1996;
Zheng, 1999). Because of low Hf concentrations, Hf isoto-
pic compositions were not determined for Tieling
peridotites.

5.4. Re–Os isotopic systematics

Osmium and Re concentrations in the Kuandian perido-
tites range from 0.69 to 2.78 ppb, and from 0.01 to
0.21 ppb, respectively (Table 2). Samples HY2-02 and
HY2-04 have Os concentrations of <1.0 ppb. Such low
concentrations in peridotites are rare (e.g. Meisel et al.,
2001), and have usually been attributed to melt percolation
of S-undersaturated melts that remove Os-bearing sulfides
(e.g. Reisberg et al., 2005). Low Os concentrations are of-
ten accompanied by more radiogenic Os isotopic composi-
tions, suggestive of possible fluxing and Os exchange with
oxidized melts or fluids (e.g. Brandon et al., 1996, 1999).
The Os and Re concentrations for most of the Kuandian
peridotites, however, are typical of worldwide occurrences
of mantle peridotites. Kuandian samples have 187Re/188Os
ratios ranging from 0.04 to 0.51, but nine of 10 samples
have ratios less than the chondritic ratio of �0.4. Six of
the samples have very low ratios <0.1. Consequently, all



Table 1
Sr-Nd-Hf isotopic compositions of clinopyroxene separates of Kuandian peridotites and bulk samples of Tieling peridotites

Sample Location t
(Ma)

87Rb/86Sr 87Sr/86Sr 2r 147Sm/144Nd 143Nd/144Nd 2r 176Lu/177Hf 176Hf/177Hf 2r eNd(0) eNd(t) eHf(0) TDM(Nd)
(Ma)

TDM(Hf)
(Ma)

HY1-01 Kuangdian 0 0.0052 0.704030 12 0.2145 0.513248 16 0.0303 0.283500 18 11.9 25.7 17554 �1672
HY2-01 Kuangdian 0 0.0029 0.703390 13 0.1112 0.512763 14 0.0705 0.285267 17 2.4 88.2 576 3264

Duplicate 0 0.703343 25 0.512761 10 0.285278 40 2.4 88.6 579 3281
HY2-02 Kuangdian 0 0.0030 0.703031 15 0.1963 0.513101 8 0.0413 0.283365 9 9.0 21.0 430 2081
HY2-03 Kuangdian 0 0.0058 0.702941 13 0.2498 0.513199 9 0.0401 0.283347 8 10.9 20.3 207 2948
HY2-04 Kuangdian 0 0.0199 0.702680 40 0.6011 0.513948 10 0.1043 0.284148 41 25.6 48.7 315 725

Duplicate 0 0.702813 19 0.513983 13 26.2 328
HY2-05 Kuangdian 0 0.0030 0.702900 15 0.2384 0.513123 12 0.0193 0.283587 21 9.5 28.8 �167 �954
HY2-06 Kuangdian 0 0.0009 0.704534 12 0.1295 0.512470 9 0.0389 0.283330 26 �3.3 19.7 1229 8649

Duplicate 0 0.512464 11 0.283296 8 �3.4 18.5 1240 5139
HY2-07 Kuangdian 0 0.0026 0.702922 11 0.2262 0.513036 11 0.0418 0.283201 9 7.8 15.2 �1402 �777
HY2-14 Kuangdian 0 0.0017 0.704094 12 0.1766 0.512975 13 0.0507 0.283894 34 6.6 39.7 720 2747
HY2-29 Kuangdian 0 0.0036 0.702321 10 0.2724 0.513345 11 0.0519 0.283466 10 13.8 24.5 507 852

FW04-350 Tieling 460 0.0032 0.709055 18 0.0958 0.512107 11 �10.4 �4.44 1347
FW04-351 Tieling 460 0.0036 0.708684 15 0.0948 0.512118 11 �10.2 �4.17 1322
FW04-352 Tieling 460 0.0043 0.709427 14 0.0981 0.512183 16 �8.9 �3.09 1274
FW04-353 Tieling 460 0.0074 0.709077 16 0.0794 0.512094 8 �10.6 �3.72 1198
FW04-354 Tieling 460 0.0003 0.710099 9 0.0844 0.512146 30 �9.6 �3.01 1183
FW04-355 Tieling 460 0.0020 0.707439 6 0.0764 0.512104 9 �10.4 �3.35 1161
FW04-356 Tieling 460 0.0022 0.708172 12 0.0837 0.512215 70 �8.2 �1.61 1095

t: eruption age of basalts/ kimberlites. eHf = ((176Hf/177Hf)S/(176Hf/177Hf)CHUR � 1) · 10000, where (176Lu/177Hf)S and (176Hf/177Hf)S are the measured
values, (176Hf/177Hf)CHUR = 0.282772 (Blichert-Toft and Albarede, 1997).

Fig. 6. Sr–Nd–Hf isotopic compositions of the clinopyroxenes from the Kuandian peridotites. Data sources in (a): Mesozoic mantle-derived igneous rocks
(Guo et al., 2001, 2003; Chen et al., 2003, 2004; Zhang et al., 2003, 2004; Xu et al., 2004); Paleozoic kimberlites and their mantle xenoliths (Chi and Lu,
1996; Zheng, 1999); Literature data on Kuandian basalts, peridotites and megacrysts (Liu CQ et al., 1992; Tatsumoto et al., 1992; Xu et al., 1998).
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Fig. 7. Sr–Nd–Hf isotopic variations of clinopyroxenes versus MgO
(wt%) of the Kuandian peridotites.
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samples have had minimal in situ accumulation of 187Os
since eruption in their host lava.

As is common for peridotite xenolith suites from SCLM,
the 187Re/188Os ratios do not correlate well with their
187Os/188Os ratios, although there is a crude positive corre-
lation between the two parameters (Fig. 8a). The lack of a
well-defined isochron can be attributed to several factors
including the likelihood of derivation of samples from iso-
topically and chronologically distinct portions of the
SCLM, and the possibility of late-stage Re mobility during
transport to the surface (e.g. Chesley et al., 1999; Meisel
et al., 2001). It is important to note, however, that the most
refractory samples have lower 187Re/188Os ratios than
those of the fertile lherzolites (Fig. 8b and c), suggesting
that later-stage metasomatic alteration evident in the litho-
phile trace elements likely did not result in a substantial in-
crease in Re abundances.

Osmium isotopic composition versus 1/Os and Cr# of
spinel variation diagrams indicate that the Kuandian peri-
dotites may have been derived from at least two distinct
mantle sources (Fig. 8c). In the variation diagram of whole
rock 187Os/188Os versus Cr# ([100Cr/(Cr + Al)]) of spinel
(inserted in Fig. 8c), the samples can be divided into two
subgroups; one with relatively high 187Os/188Os ratios of
0.1229–0.1275 and generally lower Cr#, and the other with
lower 187Os/188Os ratios of 0.1137–0.1189 and generally
higher Cr# (Fig. 8c). In the subgroup with the higher
187Os/188Os the most fertile samples, HY2-07 and HY2-
29, have the highest 187Re/188Os and 187Os/188Os ratios of
0.33 and 0.51, and 0.1274 and 0.1269, respectively. The
remaining five peridotites in this subgroup have composi-
tions that are of intermediate fertility and have 187Os/188Os
ratios of 0.1228 to 0.1271. Of note, clinopyroxene from
sample HY2-04 has the most radiogenic Hf and Nd isoto-
pic compositions of this suite (eHf = +48.7; eNd = +26),
indicative of long term depletions in Lu relative to Hf
and Nd relative to Sm. This is consistent with ancient
removal of LREE-enriched melt from this rock. A prior
history of melt depletion is also consistent with the low
187Re/188Os 0.082 in the bulk sample. However, the present
day chondritic 187Os/188Os ratio of 0.1271 is inconsistent
with a long-term depletion in Re/Os. This sample also
has an unusually low Os concentration of 0.694 ppb.
Combined, the relatively high 187Os/188Os and low Os
concentration of this sample may reflect a late-stage
metasomatic replacement of Os with more radiogenic Os.

Except for sample FW04-354, the peridotite xenoliths in
the Tieling kimberlite are characterized by relatively high
Os concentrations of 3.34–5.08 ppb and low Re concentra-
tions of 0.010–0.035 ppb (Table 2). Their 187Os/188Os ratios
range from 0.1112 to 0.1156. All samples have substantially
sub-chondritic 187Re/188Os ratios of 0.009 to 0.045
(Fig. 8a). Therefore, these xenoliths were likely derived
from a refractory mantle source with minimal in situ accu-
mulation of 187Os since their removal to the surface during
the early Paleozoic. As noted above, sample FW04-354 has
a much higher CaO content than other samples and may
have been an olivine-pyroxenite. The much lower Os con-
centration of this sample (0.097 ppb), comparatively high
187Re/188Os (0.537) and much more radiogenic 187Os/188Os
ratio (0.184) is consistent with this conclusion. Despite
strong evidence for metasomatic enrichment in the litho-
phile trace elements (including Sr and Nd isotopes), the
low Re/Os ratios and relatively high Os concentrations
suggest that the metasomatic event had little impact on
Re–Os systematics.

The chromites from the Paleozoic Fuxian, Mengyin and
Tieling kimberlites have variable Re (0.05–0.62 ppb) and
Os (1.00–6.01 ppb) concentrations. The Re concentrations
are generally higher and the Os concentrations are general-
ly lower than are typically found in chromites present in
mafic–ultramafic systems (e.g. Walker and Stone, 2001;
Walker et al., 2002). The chromites have variable
187Re/188Os ratios of 0.05–0.62 that overlap with the range
determined for the Kuandian bulk samples (Fig. 8a). To
our knowledge, however, Re–Os data for chromites sepa-
rated from kimberlites have not previously been reported.
The 187Os/188Os ratios from all three locations range nar-
rowly from 0.1178 to 0.1124 (Fig. 8a).



Table 2
Re-Os isotopic and composition data for peridotites and chromites from Kuandian, Tieling, Fuxian and Mengyin

Sample
No.

Location t
(Ma)

MgO
(wt%)

Al2O3

(wt%)
Fo
(Olivine)

Cr#
(Spinel)

T �C Re
(ppb)

Os
(ppb)

187Re/188Os 187Os/188Os cOs(t) TRD

(Ga)
TMA

(Ga)

Peridotite xenoliths in Cenozoic basalts

HY1-01 Kuandian 0 44.46 1.58 91.67 34.24 991 0.027 2.529 0.051 0.11712 �7.8 1.46 1.67
HY2-01 Kuandian 0 41.73 2.15 91.16 27.46 966 0.057 2.783 0.098 0.12296 �3.2 0.60 0.79
HY2-02 Kuandian 0 40.18 3.09 90.75 11.63 1027 0.017 0.884 0.094 0.12684 �0.1 0.02 0.03
HY2-03 Kuandian 0 41.17 3.08 90.57 13.32 840 0.097 2.192 0.214 0.12488 �1.7 0.32 0.67
HY2-04 Kuandian 0 40.74 2.56 90.22 11.93 925 0.012 0.692 0.082 0.12707 0.1 �0.01 �0.01
HY2-05 Kuandian 0 45.78 1.19 91.79 39.69 973 0.045 1.751 0.124 0.11362 �10.5 1.97 2.82
HY2-06 Kuandian 0 43.13 2.55 90.72 17.57 807 0.020 2.217 0.043 0.11888 �6.4 1.20 1.34
HY2-07 Kuandian 0 38.35 4.06 90.34 11.40 1150 0.072 1.055 0.330 0.12740 0.3 �0.06 �0.33
HY2-14 Kuandian 0 42.35 2.57 91.01 23.77 1055 0.017 1.518 0.055 0.12283 �3.3 0.62 0.72
HY2-29 Kuandian 0 38.62 4.26 90.04 9.88 1038 0.209 1.984 0.508 0.12686 �0.1 0.02 �0.08

Peridotite xenoliths in Paleozoic kimberlites

FW04-350 Tieling 460 1.11 0.022 4.169 0.025 0.11123 �10.4 2.34 2.46
FW04-351 Tieling 460 0.73 0.011 4.646 0.011 0.11124 �10.3 2.32 2.37
FW04-352 Tieling 460 1.36 0.035 4.347 0.039 0.11263 �9.3 2.15 2.32
FW04-353 Tieling 460 1.49 0.010 4.205 0.012 0.11558 �6.8 1.69 1.73
FW04-354 Tieling 460 0.76 0.011 0.097 0.537 0.18390 45.1 �8.45 21.1
FW04-355 Tieling 460 1.63 0.031 3.336 0.045 0.11452 �7.9 1.88 2.06
FW04-356 Tieling 460 0.91 0.010 5.071 0.009 0.11128 �10.3 2.31 2.35

Chromites in Paleozoic kimberlites

FX-2 Fuxian 460 0.054 1.000 0.258 0.11782 �6.5 1.65 3.72
FX-3 Fuxian 460 0.120 4.942 0.117 0.11734 �6.0 1.56 2.00
FX-4 Fuxian 460 0.084 1.847 0.219 0.11668 �7.2 1.77 3.29
MY-06 Mengyin 460 0.618 6.008 0.494 0.11235 �12.4 2.69 �10.3
FW04-347 Tieling 460 0.100 2.170 0.223 0.11666 �7.2 1.77 3.37

Note: (1) all the reported values have been corrected for mass fractionation and; (2) the parameters used in calculation are: kRe = 1.666 · 10�11/year
(187Re/188Os)Chond = 0.40186, (187Os/188Os)Chond,0 = 0.1270 (Shirey and Walker, 1998); (3) T �C is calculated according to Kohler and Brey (1990).
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6. Discussion

6.1. Petrogeneisis of the Kuandian peridotite xenoliths

The Kuandian peridotites are residues of variable ex-
tents of partial melting of the mantle in the spinel field.
The xenoliths contain no garnet, so they probably originat-
ed from mantle source depths of less than �80 km, based
on estimates of the spinel-garnet transition (Klemme and
O’Neill, 2000). After the original partial melting event(s),
the clinopyroxene-poor lherzolites and the harzburgites
underwent metasomatic alteration, as evidenced by enrich-
ments of incompatible lithophile elements (Figs. 3 and 5).

The nature of metasomatic agents involved in the alter-
ation of SCLM, in general, has been highly debated (Meen
et al., 1989; Bodinier et al., 1990; Ionov et al., 1997; Downes,
2001; Pearson et al., 2003). Possible metasomatic agents in-
clude water, CO2, and carbonatitic and silicate melts. Yaxley
et al. (1998) suggested that carbonatite metasomatism of
SCLM leads to a reduction in the Ti/Eu of bulk peridotites,
whereas this ratio normally remains unchanged at�8000 by
variable degrees of partial melting. Most Kuandian xeno-
liths have Ti/Eu ratios between 8700 and 11900 with only
two samples having low ratios of 2970 and 4900, hence car-
bonatite metasomatism can be ruled out.

The presence of amphibole in one sample (HY2-06), cou-
pled with strong enrichments in incompatible trace elements
indicates that aqueous metasomatism affected at least one
of the samples. Either aqueous or silicate melt metasomatic
transport of incompatible elements could have had a major
impact on Sr–Nd–Hf isotopic systematics of these rocks,
hence, mineral and whole rock compositions may not reflect
the isotopic systematics of the pre-metasomatized mantle.
The negative trend for eNd versus 87Sr/86Sr (Fig. 6a) and
the relatively low eHf value of some samples is consistent
with the variable addition of Sr, Nd, and Hf from a source
with long-term enrichment in Rb/Sr, Nd/Sm, and Hf/Lu, to
a long-term variably melt depleted source. Although aque-
ous transport can evidently lead to the transport and depo-
sition of Os, particularly in supra-subduction zone mantle,
such transport is also normally accompanied by net loss of
Os, e.g. low Os concentrations in peridotitic rocks (e.g.
Brandon et al., 1996). For the Kuandian suite, the two sam-
ples (HY2-04 and HY2-07) with the highest 187Os/188Os ra-
tios of �0.127 have the lowest Os concentrations within the
suite, 0.69 and 1.1 ppb, which may implicate aqueous addi-
tion of Os with high 187Os/188Os to these rocks. However, it
should be noted that the amphibole-bearing sample HY2-
06 has a substantially higher Os concentration (2.2 ppb)
and lower 187Os/188Os (0.119).

6.2. Petrogenesis of the Tieling peridotite xenoliths

Due to the alteration and a paucity of primary minerals,
P–T conditions of the Tieling peridotites can not be well
constrained at present. Chi and Lu (1996) reported the



Fig. 8. Os isotopic compositions and variations of the peridotite xenoliths in Kuandian. The Os isotopic ratios correlate well with the melt depletion
degree shown by MgO (wt%) of whole-rock (a) and Cr# number of spinel (b). In the Re–Os variation diagram, no isochron could be yielded although
there is no Re addition after formation (c). (d) Plots of equilibrium temperature (Brey and Kohler, 1990) against Os isotopic composition, indicating the
complex vertical age structure for the SCLM in the Kuandian area.
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presence of garnet in mantle xenoliths from neighboring
kimberlite pipes. Only spinel, however, has been observed
in the samples studied here, suggesting minimum deriva-
tion depths of �80 km, similar to those of the Kuandian
xenoliths. Further petrological and mineralogical studies
will be required to more firmly constrain depth of origin
and original compositions.

The residual mineral assemblage after alteration indi-
cates that the Tieling peridotites originated as harzburgites.
This assumption is also supported by their low concentra-
tions of Al2O3, suggesting that these xenoliths were the res-
idue of a higher degree of partial melting than those from
Kuandian. However, the very LREE enriched nature of
the rocks, especially given the depleted major element com-
positions suggest an initial melt depletion event, followed
after some time by an event that transported incompatible
trace elements into the peridotite. Sample FW04-354 has a
high Ca content and was originally probably a pyroxenite.
Sr–Nd results are all consistent with the metasomatic addi-
tion of materials with long-term enrichments in Rb/Sr and
Nd/Sm, characteristics that are considerably different (par-
ticularly higher Rb/Sr) from that in the Kuandian
xenoliths.

6.3. Paleozoic SCLM age constrained by peridotites and

chromites in kimberlites

Gao et al. (2002a) reported Archean Os model melt deple-
tion ages for two xenoliths erupted from an early Paleozoic
kimberlite pipe at Fuxian. One highly refractory sample
from another early Paleozoic kimberlite at Mengyin,
approximately 500 km to the southwest of Fuxian, in con-
trast, had a younger TRD age of 1.4 Ga (Gao et al., 2002a).
The Mengyin bulk sample, however, had a relatively high
Re/Os, so if that ratio was substantially greater than zero
during the evolution in the mantle, the melt depletion age
could have been considerably older and more similar to the
Fuxian results.

Accumulation of more melt-depletion age information
for mantle xenoliths from these and other Paleozoic volca-
nic centers is critical to deciphering the evolution of the
SCLM underlying the NCC. However, peridotite xenoliths
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of suitable size for analysis at Fuxian and Mengyin are
rare. Chromite megacrysts are an alternate material to
study that may give complementary age information to
peridotite xenoliths, and we analyzed four from these two
locales for this study. Chromites are highly resistant to
alteration, and chromites from mafic–ultramafic intrusions
and ophiolites typically have the desirable features of low
Re concentrations, high Os concentrations, and very low
Re/Os ratios. Also, the Re/Os ratios of chromites may be
more representative of compositions at eruption, or even
mantle compositions than those of bulk samples. Rhenium
is likely located in sulfides that are shielded within the alter-
ation resistant chromite. Dispersed sulfides in bulk samples
are much more easily modified by melt contamination and
surface weathering processes.

There have been numerous mineralogical studies of the
compositions of chromites from the Mengyin and Fuxian
kimberlites (Dobbs et al., 1994; Bao et al., 1995; Chi and
Lu, 1996; Zhao, 1998; Zheng, 1999). It has been concluded
that chromites from Mengyin probably did not form as
phenocrysts in the kimberlitic magmas, but instead are
xenocrysts disaggregated from garnet peridotites, and
may thus be direct samples of SCLM (Dobbs et al., 1994;
Chi and Lu, 1996; Zheng, 1999). The one chromite ana-
lyzed from Mengyin (MY-06) has the highest Os concen-
tration (6.01 ppb) among the analyzed chromites, and has
a 187Os/188Os ratio of 0.1124. The chromite has a supra-
chondritic 187Re/188Os ratio of 0.494. If it is assumed that
the Re/Os reflects the composition since eruption at
460 Ma, this sample has a calculated 187Os/188Os ratio of
0.1085 at the time of eruption, consistent with a TRD age
of �2.7 Ga. This indicates that mantle with Archean melt
depletion history was present in the SCLM underlying
Mengyin during the early Paleozoic. The TRD of this sam-
ple contrasts with the bulk peridotite sample reported by
Gao et al. (2002a), but as noted above, that sample may
have a much older melt depletion history than reported.

The origin of chromites from Fuxian is more complex,
and chromite macrocrysts evidently occur as both xeno-
crysts and phenocrysts (Bao et al., 1995; Chi and Lu,
1996; Zhao, 1998; Zheng, 1999). According to Zhao
(1998), the mineral inclusions in chromites from the Fuxian
kimberlite form four distinctive groups: silicates, carbon-
ates, hydrous silicates, and sulfides. Mineral compositions
and comparison of mineral inclusions relative to the same
minerals in diamonds suggest that the inclusions of carbon-
ates and silicates may represent kimberlitic magma that
was trapped during kimberlite generation. These chromites
likely formed as phenocrysts in the kimberlitic magmas. In
contrast, chromites with sulfide inclusions were considered
to be fragments of the SCLM. All three of the Fuxian chr-
omites examined here were sulfide-bearing and are there-
fore likely xenocrysts. They have subchondritic
187Re/188Os and TRD ages ranging between 1.6 and
1.8 Ga. The model ages for the Fuxian chromites are, thus,
younger than the Archean model ages reported for the
Fuxian bulk peridotites (Gao et al., 2002a). It is possible
that the Re present in these chromites was incorporated
at the time of mineral formation and not eruption. If so,
the chromites would have substantially older model ages.
Model TMA ages range from 2.0 to 3.7 Ga.

The Tieling peridotite xenoliths are refractory, as indi-
cated by their low Al2O3. Yet the LREE and other incom-
patible element enrichments indicate considerable
modification subsequent to initial melting. Except for sam-
ple FW04-354, which has an unusually low Os content and
high 187Re/188Os ratio, the remaining six samples have Os
model TRD ages of 1.7–2.3 Ga, with most >2.1 Ga. On a
plot of Al2O3 versus 187Os/188Os (Fig. 8a), regression of
these data through PUM with extrapolation to Al2O3 of
0.7 wt% (Appendix A) gives a corresponding 187Os/188Os
of �0.110, consistent with a late Archean melt depletion
event occurring at about 2.5 Ga (Fig. 8a). This provides
strong evidence that the SCLM beneath Tieling, presum-
ably during the early Paleozoic, included residue of Archean
melting. This result is consistent with the Fuxian result of
Gao et al. (2002a). No highly-depleted samples from Tieling
have been found to have 187Os/188Os ratios comparable to
estimates of the convecting upper mantle during the Paleo-
zoic, so there may have been little Phanerozoic SCLM at
that time. The model TRD age for a chromite megacryst
from the Tieling kimberlite is 1.8 Ga, which is considerably
younger than the model age of 2.5 Ga obtained by regres-
sion of the bulk peridotites. The TMa age is considerably
older (3.4 Ga). However, the origin of that particular chro-
mite is less well constrained than the other chromites.

In summary, the combined data for materials derived
from early Paleozoic volcanic systems in the eastern NCC,
Mengyin, Fuxian, and Tieling (presumed to be early Paleo-
zoic) provide strong evidence for the presence of SCLM with
a dominant late Archean melt depletion history at the time of
volcanism. The only evidence for potentially younger melt
depletion comes from TRD ages obtained for some of the chr-
omites. As noted, these data are difficult to interpret at the
present time because it is not yet well defined how Re/Os is
modified in mantle chromites post crystallization. If the chr-
omites survived with the measured Re/Os from the time of
formation, the Os model ages largely agree with bulk perido-
tite data. Alternately, the Fuxian results may indicate that
SCLM with a Proterozoic melt depletion history also under-
lay the eastern portion of the NCC during the Paleozoic.
There is no evidence in any of the suites for post 1.5 Ga
SCLM, even though the absence of garnet in these samples
suggests they were likely derived from relatively shallow por-
tions (<80 km) of the thick SCLM present at that time. The
implication is that if the SCLM was progressively accreted
downward, younger materials may have been present at
greater depths at that time, but are no longer present.

6.4. Age of SCLM beneath the North China Craton during

the Cenozoic

The age and structure of the SCLM underlying the mod-
ern NCC is still currently debated (Griffin et al., 1998;



Fig. 9. Os isotopic composition versus Al2O3 (wt%) for different tectonic
units in eastern China in Cenozoic. (a) The Xing’an-Mongolian Orogenic
Belt (Wu et al., 2003), (b) North China Craton (Gao et al., 2002a; Wu
et al., 2003) and (c) Yangtze Craton (Zhi et al., 2001; Zhi and Qin, 2004).
The abyssal peridotite data are from Snow and Reisberg (1995) and
Brandon et al. (2000). PUM- Primitive Upper Mantle (Meisel et al., 2001).
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Menzies and Xu, 1998; Xu, 2001; Gao et al., 2002a; Wu
et al., 2003). Previous studies have implicated mostly rela-
tively young SCLM, but also with some evidence for mate-
rials with Paleo-through Neoproterozoic melt extraction.
The new data are consistent with complexity in age struc-
ture. The two Kuandian harzburgites (HY1-01 and HY2-
05) and the cpx-poor lherzolite (HY2-06) (Fig. 8b) have
TRD model ages of 1.2–2.0 Ga, respectively. Although
these samples are the most refractory of the suite, they both
have >1 wt% Al2O3 and as such are not highly refractory.
Consequently, the model TRD ages may significantly under-
estimate melt depletion ages (Appendix A). Lithophile
trace element data for the more refractory xenoliths indi-
cate moderate addition of incompatible elements via some
form of metasomatism. This means that Re may also have
been added and that the TMA ages of 1.3–2.8 Ga for these
three rocks may also be problematic. Although the Kuan-
dian xenoliths do not define a well-correlated linear trend,
regression of the harzburgite data through the PUM com-
position, and extrapolation to 0.7 wt% Al2O3 gives a corre-
sponding 187Os/188Os of �0.1115, consistent with a model
age of �2.3 Ga, slightly younger than the Tieling perido-
tites (Fig. 9a). Six of the 10 samples plot relatively close
to this line. This model age overlaps with, but is generally
younger than the overlying crustal formation ages. It is
consistent with melt depletion occurring during the Paleo-
proterozoic, and provides evidence for substantially older
SCLM presently underlying the NCC than previously
reported for Cenozoic volcanoes.

Despite the evidence for Paleoproterozoic melt deple-
tion, seven of the more fertile Kuandian samples have
187Os/188Os ratios that are within the range of estimates
for the modern convecting upper mantle, as defined by
abyssal peridotites and ophiolites. This may indicate the
presence of much younger additions to the SCLM in this
region, and leads to the suggestion that the Kuandian suite
provides evidence for at least two periods of melt extrac-
tion from the lithosperic mantle sampled. In a general
sense, the evidence for generally young material is similar
to the age structure at the Longgang and Qixia locales
(Fig. 9a).

It remains unclear whether there is a correlation between
model melt extraction ages and depth. Lack of garnet in
the Kuandian suite is indicative of derivation from depths
of <50 km, but no further depth resolution via pressure
estimates can currently be achieved. The two xenoliths
defining the late Paleoproterozoic trend have equilibration
temperatures within the middle of the range defined by the
suite (Fig. 8d), So there is no evidence to suggest that the
peridotites with older melt extraction ages were derived
from cooler, possibly shallower mantle than the samples
with younger melt depletion ages.

The combined Os results for peridotites from three
Cenozoic volcanic centers, Kuandian, Longgang, and Qix-
ia, indicate that the present SCLM underlying the eastern
portion of that NCC retains melt depletion ages for the
Paleoproterozoic through to the Phanerozoic. The presence
of samples that provide Os isotopic evidence for ancient
melt depletion argues that if lithospheric delamination oc-
curred, it did not uniformly remove all of the SCLM.

There is also some age information available for por-
tions of the NCC to the west of the above locales (e.g. Han-
nuoba), and from adjoining cratons. In brief, the data for
xenoliths sampled by Cenozoic volcanic rocks from Han-
nuoba indicate a replacement of Archean SCLM by new
material added at about 1.9 Ga (Gao et al., 2002a), hence,
potentially several 100 Ma younger than is suggested by the
Kuandian xenoliths to the east. Osmium isotopic data for
xenoliths derived from the Shuangliao and Wangqing vol-
canic systems in the Xing’an Mongolian Orogenic Belt to
the north of the NCC, in the Suwan volcanic system from
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the Subei basin, in the Yangze Craton to the south of the
NCC, and the possible extensions of the NCC and Yangtze
cratons to the east of the NCC, as exposed on the Korean
peninsula, have recently been published (Wu et al., 2003;
Zhi and Qin, 2004; Reisberg et al., 2005; Lee and Walker,
2006). The Os isotopic systematics of the xenoliths derived
from these Cenozoic systems are similar to what is ob-
served in the Cenozoic NCC (Fig. 9b and c). Three of the
four suites (Suwan, Korea, Xing’an Mongolian Orogenic
Belt) are dominated by materials with Phanerozoic melt
depletion ages. A few samples from each locale, however,
have more depleted 187Os/188Os and are consistent with
Paleoproterozoic melt extraction, although samples with
depleted 187Os/188Os have >1.5 wt% Al2O3, so the true ages
of melt depletion are very poorly constrained. None of
these locations bear xenoliths with evidence for Archean
melt depletion. These combined results suggest that com-
plexity in the age structure of the NCC extends to both
the west, south and east of the locations considered here.

6.5. Constraints on the mechanism of lithospheric thinning

beneath the NCC

One outcome of partial melting of the mantle that leads to
the creation of continental crust may be the formation of
residual SCLM that is buoyant and rigid, due its increased
Mg and decreased water contents relative to the ambient
convecting upper mantle (Jordan, 1988; Boyd, 1989; Walter,
2003). Accordingly, the crust and the SCLM ‘‘keel’’ may be-
come mechanically and chemically coupled (Doin et al.,
1997; Griffin et al., 1999a; Poudjom Djomani et al., 2001;
O’Reilly et al., 2001; Sleep, 2005). Such a relation is consis-
tent with the longevity of coupled crust and SCLM keels,
as has been documented for the Kaapvaal craton (e.g. Walk-
er et al., 1989).

The new data presented here buttress earlier observa-
tions that an Archean SCLM keel underlay the NCC dur-
ing the early Paleozoic. However, Os isotopic data for
Cenozoic SCLM xenoliths, coupled with geophysical evi-
dence for thin lithosphere at present are consistent with
subsequent loss of the Archean keel. So what mechanisms
can lead to lithospheric thinning of this magnitude? At
least two possible causes for lithospheric thinning have
been previously proposed, either generically or specifically
for the NCC, thermal-mechanical erosion and delimina-
tion. They are not mutually exclusive.

One possibility is that the thinning was accomplished by
thermal-mechanical erosion of the original SCLM (Men-
zies and Xu, 1998; Griffin et al., 1998; Xu, 2001; Xu
et al., 2004; Zheng et al., 2001; Guo et al., 2003; Zhang,
2005). This can occur by injection of hot material, possibly
via an upwelling plume. The added heat can cause melting
and subsequent melt removal, resulting in a thinning of
lithospheric mantle. This process must result in transfer
of mass from the mantle to the crust to achieve thinning.

A second possibility is delamination, the physical
removal via foundering of lithospheric materials as a
coherent mass (Wu and Sun, 1999; Wu et al., 2000, 2003;
Gao et al., 2002a, 2004). This concept is based on the con-
clusion that chemical buoyancy and high viscosity are inef-
fective mechanisms for retaining lithospheric coherence if a
craton becomes juxtaposed with a subduction zone, or a
craton becomes tectonically active through plate collision
(Bird, 1979; Pysklywec et al., 2000; Beck and Zandt,
2002; Lenardic et al., 2003). In such cases, the lithospheric
mantle is no longer viscous and can be deformed. Crustal
thickening may result from the transformation of mafic
rocks in the lower crust into eclogite, which would then
delaminate due to an increase in density (Gao et al.,
2004). During and after delamination, crustal melting in-
duced by upwelling of the hot asthenosphere could remove
less dense material from the lower crust, potentially leaving
behind more dense material that could also delaminate
from the upper crust.

For the NCC, there are arguments against both possible
end-member processes. Arguments against thermal erosion
include: (1) the assumption that thermal erosion is initiated
by the presence of a mantle plume that is hotter than the
ambient surrounding mantle (Yuen and Fleitout, 1985; Da-
vies, 1994). There is, however, no evidence for a Mesozoic-
Cenozoic plume impacting the NCC; (2) thermal erosion
would likely elevate the lithospheric-asthenospheric bound-
ary, leading to further melting in the mantle lithosphere
and potentially bias the residual SCLM to clinopyroxene-
poor harzburgite. However, the Cenozoic SCLM accessed
by volcanoes is dominated by clinopyroxene-rich lherzolite.
Harzburgites are rarely found in the NCC; (3) thermal pro-
cesses cannot explain the presence of high-Mg basalts,
andesites and dacites identified by Gao et al. (2004) and
the presently evolved composition and slow seismic veloci-
ties of the NCC crust (particularly the lower crust) com-
pared to the global continental crust (Gao et al., 1992,
1998); (4) the eastern NCC experienced magmatism over
a long period (�100 Ma). At face value, this seems to favor
the erosion model. However, compilation of recent data
suggests that instead, the magmatism occurred largely dur-
ing two peaks at 195–150 and 130–120 Ma, rather than a
gradual, long-lived event (Wu et al., 2005a,b).

Arguments against delamination include: (1) there may
be an insufficient density difference between the cratonic
SCLM and underlying asthenospheric mantle for delami-
nation to occur (Xu et al., 2004); (2) some models suggest
that delamination would most likely be a short term pro-
cess and the resulting influx of hotter mantle would likely
lead to intensive crustal melting (Kay and Kay, 1993; Lus-
trino, 2005). In contrast, the duration of Mesozoic and
Cenozoic magmatism in the NCC extended for more than
100 Ma (Xu et al., 2004); (3) delamination of the lower lith-
osphere would result in upwelling of the convective mantle,
which would in turn result in large scale decompression
melting and the production of voluminous basalts.

The petrology of the NCC xenoliths, combined with
new and previously published Os isotopic data for NCC
peridotite xenoliths and kimberlite chromites pose prob-
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lems for both the thermal-mechanical erosion and the
delamination models. An Archean keel to the NCC ap-
pears to have been removed as a consequence of thinning,
but the residual or replacement lithopheric mantle appears
to be of variable age. Consequently, a key issue to resolve
regarding this conundrum is the reason for the presence of
lithospheric mantle with apparent Proterozoic melt deple-
tion ages sampled by xenoliths derived from Cenozoic vol-
canic systems.

We consider three possibilities for the survival of Prote-
rozoic materials in the SCLM underlying the NCC: (1)
stratigraphic variations in melt depletion ages such that
removal of Archean SCLM could leave behind Proterozoic
and younger SCLM, (2) geographic variations in the age
structure of SCLM such that the thinning event removed
Archean through Phanerozoic materials in the underlying
SCLM, leaving behind materials of all ages, but with Ceno-
zoic volcanism only accessing Proterozoic or younger
materials, or (3) replacement of Archean SCLM during
the thinning event with Proterozoic through Phanerozoic
age lithospheric mantle that formed elsewhere.

Given the still limited data for xenoliths from Paleozoic
volcanic systems, it is possible that Archean SCLM that
was present prior to thinning was overlain by materials
with Proterozoic melt depletion ages. Removal of the deep-
er materials with Archean melt depletion history could then
have left behind the younger, Proterozoic materials. An
inverted age stratigraphy in SCLM, however, has not pre-
viously been observed. Instead, the age structure of SCLM
is often characterized by having no resolvable age variation
with depth, such as for the SCLM underlying the Kaap-
vaal, South Africa and Siberian cratons (e.g. Carlson
et al., 2000, 2005; Pearson et al., 2003), or younging with
increasing depth, such as for the SCLM underlying Tanza-
nia, and the Slave and Wyoming cratons (Carlson et al.,
1994, 1999; Chesley et al., 1999; Griffin et al., 1999b;
Kopylova and Russell, 2000; Irvine et al., 2003; Aulbach
et al., 2004). In these cases, SCLM evidently grew within
a relatively short time interval, or by gradual accretion
downward.

It is conceivable that SCLM with Proterozic melt deple-
tion ages could overlie Archean SCLM for a scenario
where SCLM melting at greater depths contributed to the
construction of the overlying continental crust, but rela-
tively fertile mantle remained at shallower depths. In such
a case, a subsequent thermal event, such as the imposition
of a plume, could result in the partial melting of the more
fertile materials at shallower depths. This material would
not be younger than the underlying materials with Archean
melt depletion ages, but would record a younger melt
depletion age because this would be the first event leading
to Re removal in these rocks. This hypothesis would be
strengthened if materials derived from shallow levels of
the SCLM with bona fide Proterozoic model melt extrac-
tion ages are eventually discovered in the Paleozoic kimber-
lites. The Mengyin bulk sample reported by Gao et al.
(2002a), and the Fuxian and Tieling chromite data present-
ed here may be consistent with this, but these data are
insufficiently robust for the reasons discussed above to cur-
rently make a strong conclusion.

The fact that the Fuxian xenoliths and xenoliths similar
to those from Tieling contain garnet is consistent with their
derivation from relatively deep SCLM. If an inverted age
stratigraphy existed in the SCLM during the time of Paleo-
zoic volcanism, the present age structure could be explained
via partial delamination of the lithospheric mantle. The
greatest weakness of this model, however, is that it cannot
solely account the presence of highly-depleted xenoliths in
Cenozoic volcanic systems with Os isotopic compositions
consistent with the modern convecting upper mantle.

It is also possible that the age structure of the SCLM
underlying the NCC may vary with geographic location.
This could reflect localized destruction of the Archean
materials as a consequence of cratonization and tectoniza-
tion events during the Proterozoic, resulting in the melting
of fusible mantle at these times. For example, assemblage
of at least some of the blocks comprising the NCC oc-
curred during the Paleoproterozoic, so some of the rocks
with evidence for Proterozoic melt depletion may have
formed as a result of partial melting of relatively shallow
SCLM that could be associated with addition of new man-
tle at that time, or was mantle that had not been previously
melted (Zheng et al., 2004; Wu et al., 2005a). For this mod-
el, it would be expected that Proterozoic SCLM underlies
former sutures and that the sites of Cenozoic volcanism
should reflect suture locations. The lithospheric thinning
would then have removed both Archean and Proterozoic
SCLM. As with the previous model, this model alone can-
not account for the presence of younger materials in the
Cenozoic SCLM. Also, there does not appear to be a cor-
relation between the locations of former sutures and the
Cenozoic volcanic centers.

Finally, there is evidence to suggest that mantle underly-
ing collision zones of major continental crustal blocks can
be extruded away from the collision and thrust under other
crustal blocks (e.g. Tapponnier et al., 1982; Fouch, 2000).
For example, it has been suggested that ancient SLCM
originally underlying India and Asia has been extruded
away from the India-Asia collision zone and may now
underlie parts of southeast Asia (Xu et al., 2001; Flesch
et al., 2005). This type of mechanism can potentially lead
to the emplacement of either younger or older lithospheric
mantle materials under a continental crustal block. Indeed,
several studies have documented crust-lithospheric mantle
age relations where the mantle is either younger or older
than the overlying crust, such as in the Mojavia of the
US Basin and Range province, the Canadian Cordillera
and eastern Australia (Lee et al., 2000, 2001; Peslier
et al., 2000a; Handler et al., 2005).

The NCC experienced at least three major tectonic
events during the Phanerozoic, the Permian collision of
the accretionary complexes in the Central Asian Orogenic
Belt in north, the Triassic collision of the Yangtze Craton
in south, and the Mesozoic-Cenozoic subduction of the
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Pacific plate in east. The northward subduction of the Yan-
gtze Craton beneath the NCC resulted in the formation of
the Dabie-Sulu ultrahigh-pressure metamorphic belt
(Hacker et al., 1998). Exsolution of clinopyroxene, rutile
and apatite in eclogites from Yangkou in the Sulu ultra-
high-pressure metamorphic belt suggests possible subduc-
tion of continental materials to depths greater than
200 km (Ye et al., 2000). Therefore, the Proterozoic SCLM
underlying the NCC could have formed as SCLM underly-
ing the Yangtze Craton, that was underthrust or extruded
under portions of the NCC resulting from collision. This
event may have precipitated the thinning event, or thinning
may have occurred subsequently, induced by the NNW
subduction of the Pacific plate under the NCC during the
late Mesozoic.

7. Summary

New data for peridotite xenoliths sampled by Paleozoic
and Cenozoic volcanic systems are consistent with previous
studies in confirming a dominantly Archean melt depletion
signature in the SCLM underlying the NCC during the early
Paleozoic, but a Paleoproterozic through Phanerozoic signa-
ture during the Cenozoic. The peridotites from Cenozoic
Kuandian basalts are characterized by low 87Sr/86Sr, high
eNd and eHf values, indicating their derivation from long-
term depleted mantle. A trend towards higher 87Sr/86Sr, low-
er eNd and lower eHf values indicates a modification of these
rocks via interactions with recycled crustal materials. In con-
trast, the Tieling peridotites found in Paleozoic kimberlites
are extremely enriched in incompatible trace elements and
are characterized by relatively high 87Sr/86Sr, and low eNd

and eHf values. The chronological and elemental data indi-
cate a major change in the composition of the SCLM under-
lying the NCC, likely corresponding with the lithospheric
thinning event that is evidenced through petrologic and geo-
physical observations.

The mechanism causing the thinning remains elusive.
Although thermal mechanical erosion and delamination
can account for the thinning, either alternative requires a
relatively complex sequence of events to result in the appar-
ent complex age structure now present under the NCC. To
resolve the true causes of lithospheric thinning and the
resulting chronologic complexity of the resident SCLM,
additional data for materials from the SCLM covering a
broader geographic range than is presently available, and
additional data for mantle materials sampled by Paleozoic
volcanic systems will likely be required.
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Appendix A. Considerations of the Re–Os isotope system for

dating mantle melt depletion

The placement of age constraints is critical to deciphering
the formation and modification history of the SCLM under-
lying the NCC. As previously discussed, the Sr, Nd, and Hf
isotopic systematics of the xenoliths were evidently variably
affected by metasomatic events, so do not likely record ages
of primary melting. Consequently, for age constraints we
largely rely on the Re–Os isotope system. Although com-
monly used for this purpose, it is important to briefly review
the assumptions and complexities involved in its application.

The Re-Os isotopic system (187Re fi 187Os + b�;
k = 1.67 · 10�11yr�1) serves as a potentially effective chro-
nometer for the formation of residues of partial melting of
the mantle. The system differs from other long-lived
radiogenic isotope systems in that the daughter element Os
is highly compatible with mantle residues while the parent
element Re is incompatible during mantle melting (Walker
et al., 1989). Removal of Re with melt effectively leads to
retardation or cessation in the growth of 187Os. Because of
the lack of the parent isotope, the system becomes relatively
immune to subsequent diffusive resetting at high tempera-
tures in mantle peridotites. As noted above, with certain
exceptions (Brandon et al., 1996, 1999; Peslier et al.,
2000b), the system is also resistant to metasomatic alteration
due to the relatively high Os concentration of residual mantle.

Osmium model ages for mantle residues can be derived
by several methods. Time of Re depletion (TRD) model
ages can provide constraints on the minimum ages of man-
tle melt depletion (Walker et al., 1989; Shirey and Walker,
1998). TRD model ages are calculated by assuming that a
single melting event removes all of the Re from a perido-
tite, effectively freezing-in the isotopic composition of man-
tle evolving along a chondritic path prior to that time
(Walker et al., 1989). For peridotites transported to the
surface by non-zero age volcanic systems, the 187Os/188Os
ratio of the sample at the time of eruption is normally cal-
culated from its present isotopic composition and
187Re/188Os. TRD ages will significantly underestimate the
age of a melt depletion event for samples that have experi-
enced only partial Re removal, such as in the case of lower
extents of partial melting. However, as melting degree
increases, the Re/Os ratio of the residuum approaches zero,
and TRD may approach the true time of melt depletion.
Therefore, TRD ages are applicable for only very highly
refractory peridotites (e.g. Al2O3 61.2 wt%).
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Peridotites that have undergone only modest melt deple-
tion may retain substantial Re. For such samples, model
TMA ages may be more accurate (Shirey and Walker,
1998). They are calculated based on measured 187Re/188Os,
and record the intersection of the isotopic evolution of a
sample with a mantle evolution model. 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 typically high Re volcanic systems.

Both TRD and TMA model age calculations are subject
to further uncertainties. Three issues are noted. First, it
has been observed that sulfides and alloys within some indi-
vidual mantle peridotites may record different periods of
melt depletion (Alard et al., 2002, 2005). Some sulfides
may even have suprachondritic 187Os/188Os reflecting meta-
somatic enrichment resulting from the introduction of Os
from a source with long-term high Re/Os. Thus, Os analy-
ses of some bulk peridotites may record an averaged deple-
tion history that does not reflect the age of an actual event
(Alard et al., 2002). This normally would bias model age
estimates, based on analyses of bulk samples, to younger
ages than the true depletion age. Consequently, it can nor-
mally be assumed that samples with Archean model ages
are dominated by Archean melt depletion.

Second, it is clear that the DMM is not isotopically
homogeneous with respect to Os, and that even young
DMM includes peridotites with old (in some cases Arche-
an) melt depletion histories (e.g. Brandon et al., 2000; Reis-
berg et al., 2004). Materials with such ancient provenance
appear to be relatively minor components of the DMM,
so while a single sample with a depleted Os isotopic compo-
sition is not strong evidence for the presence of ancient
SCLM, several studies suggest that random sampling of
the convecting upper mantle would be dominated by mate-
rials with the average upper mantle isotopic composition
(e.g. Meibom et al., 2002).

Third, the average Os isotopic composition of the mod-
ern DMM is still poorly known, so the mantle evolution
model with which to compare the compositions of perido-
tites can vary by several percent at present (e.g. Snow and
Reisberg, 1995; Brandon et al., 2000; Walker et al., 2002;
Harvey et al., 2006). This means that Os model age deter-
minations for peridotites with melt depletion ages less than
about 1 Ga are very poorly constrained. Consequently, the
resolution for dating SCLM melting events during the
Phanerozoic is very poor. This is much less of a problem
for older systems because possible variance from chondritic
evolution was less in the past.

Another way to consider melt depletion ages of suites of
geographically related peridotites despite both limited melt
depletion and susceptibility to recent Re mobility, is to use
linear trends defined by variable 187Os/188Os and immobile
indicators of melt depletion (e.g., Al2O3, CaO or Lu) as iso-
chron analogues. The immobile element concentrations
serve as proxies for Re/Os (Reisberg and Lorand, 1995) giv-
en that in most instances, these elements are much less sus-
ceptible to recent alteration and contamination than Re.
This method assumes a single-stage of melt depletion and re-
quires an assumption to be made with regard to the Al2O3,
CaO or Lu concentration of the residue at the point of com-
plete Re removal. Handler and Bennett (1999) argued that
extrapolation to Al2O3 of 0.7 wt% is warranted because in
most peridotite suites worldwide Re/Os approaches zero at
that approximate level of depletion.

An additional question related to the melt depletion age
is its extent affected by mixing/metasomatic processes. It is
generally thought that it is impossible to mix lithospheric
mantles which show different melt depletion ages since they
are rigid in rheology. Theoretically, the metasomatism by
aqueous agent or melt could elevate the 187Os/188Os ratio,
hence decrease the melt depletion age, due to its high
187Re/188Os ratio. However, it is usually thought that the
metasomatic fluids or melts are mostly silicate and contain
too low Os content to result in significant elevation of
187Os/188Os ratio of metasomatized mantle (Shirey and
Walker, 1998; Walker et al., 2002; Chesley et al., 2004).
However, in order to avoid possible effect, harzburgite is
usually used to get more reliable melt depletion age due
to its low Re concentration and fact that the harzburgite
would transformed into lherzolite if it was intensively
metasomatized by fluid and melt.
Appendix B. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/
j.gca.2006.07.014.
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