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Abstract

We have determined the Sr, Nd, Pb and Hf isotopic compositions of clinopyroxene separated from mantle-derived ultramafic
xenoliths (six spinel peridotites, two composite Cr-diopside pyroxenites, and one discrete Al-augite pyroxenite) hosted by
Cenozoic alkali basalts at Hannuoba, North China, in order to understand the nature of the mantle source for this intraplate
volcanism, and the petrologic history of the mantle lithosphere beneath North China Block, a crustal segment of the Sino-Korean
Craton.

Measured Sr, Nd, Pb and Hf isotopic compositions in the clinopyroxene grains separated from spinel peridotite and Cr-diopside
pyroxenite (¥’Sr/*°Sr=0.70265 to 0.70485; *°°Pb/***Pb=17.75 to 19.15; £4q=0 to +11; g=+10 to +38) display mixing
hyperbolas between mantle compositional end members DMM and EMII on the Sr—Pb and Nd—Pb isotope correlation diagrams.
This is distinctly different from the host basalt data which show a mixture of DMM and EMI components on the diagrams. We
interpret this to reflect infiltration by metasomatic agents, possibly silicate melts, having an EMII-like isotopic signature, which
enriched a precursor time-integrated depleted mantle.

An Al-augite pyroxenite, also hosted by these basalts, is characterized by highly enriched Sr, Nd, and Hf isotopic compositions
(87Sr/868r:0.70733; Ena=—16; gyp=—18) with only moderately radiogenic Pb that has a 206pp204py, value of 18.23. All of these
data plot outside (1) the fields for oceanic basalts, and (2) the mixing arrays defined on the isotopic correlation diagrams by
peridotites/Cr-diopside pyroxenite with their metasomatic agents, and by the host basalt. These observations suggest that (1) Al-
augite pyroxenite is not cogenetic with the Cr-diopside pyroxenite, (2) parental melts of the pyroxenites are not likely to be the
source for the metasomatism, and (3) the thermo/mechanically reactivated pyroxenite and/or spinel peridotite, is not likely to be the
source for host basalt magmatism. The Cenozoic intraplate volcanism, therefore, must have originated in the asthenosphere.

We observe that the relatively little-metasomatized Hannuoba peridotites define a Lu—Hf isochron of 2587+86 Ma (20). This
value is, within error, indistinguishable from the Sm—Nd isochron age of the overlying granulite terrain. We suggest, therefore, that
the Lu—Hf system can be used to constrain the timing of lithospheric mantle differentiation. Preservation of the Neoarchean mantle

* Corresponding author. Tel.: +1 734 936 3227, fax: +1 734 763 4690.
E-mail address: mukasa@umich.edu (S.B. Mukasa).

0009-2541/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.chemgeo.2007.10.008


mailto:mukasa@umich.edu
http://dx.doi.org/10.1016/j.chemgeo.2007.10.008

S.H. Choi et al. / Chemical Geology 248 (2008) 40—61 41

lithosphere beneath Hannuoba, despite the protracted tectono-magmatic reactivation during the Mesozoic and Cenozoic in this
area, suggests that complete removal of the lithospheric mantle beneath East Asia by wholesale delamination is unlikely.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The mantle source for the Late Cenozoic intraplate
volcanism in East Asia has been characterized by two
large-scale isotopic domains: DMM (depleted mantle)—
EMI (enriched mantle type 1) for northeast China and
western Korea, and DMM—-EMII (enriched mantle type
2) for Southeast Asia (e.g., Zou et al., 2000; Choi et al.,
2006a). Previous studies in eastern China, based on
comparison of the Paleozoic kimberlite-borne and
Cenozoic basalt-borne mantle xenoliths, have suggested
that thick, cold, and refractory Archean lithospheric keel
that existed beneath the eastern block of the North China
Craton has been removed and replaced by thin, hot and
relatively less refractory post-Archean lithospheric
mantle (e.g., Menzies et al., 1993; Griffin et al., 1998;
Fan et al, 2000; Gao et al.,, 2002; Zhang, 2005).
Although the timing, extent and mechanisms (delami-
nation, thermal/chemical erosion or simple rifting) of
thinning the lithospheric mantle beneath the North
China Craton are yet to be fully understood (e.g., Zheng
et al., 1998; O’Reilly et al., 2001; Gao et al., 2002;
Wilde et al., 2003), it has been generally invoked that
the thermo/mechanically reactivated endogenous sub-
continental lithospheric mantle (SCLM) is likely to be
the source for the enriched end member components of
EMI and EMII for the intraplate volcanism in East Asia
(e.g., Tatsumoto et al., 1992; Hoang et al., 1996; Zhang
et al., 1998; Chung 1999; Zou et al., 2000). Therefore,
defining the isotopic characteristics and constraining the
age of differentiation events in the SCLM beneath East
Asia is important to clear the issue.

Hannuoba basalts in Hebei Province, North China
Craton (Fig. 1) carry a remarkable variety of deep-seated
xenoliths from the lower crust and upper mantle,
including mafic to felsic granulites, spinel-and garnet-
bearing pyroxenites, abundant spinel peridotites, and
some rare garnet—spinel peridotites, which have been
the subject of a number of petrological and geochemical
studies (e.g., Song and Frey, 1989; Tatsumoto et al.,
1992; Fan et al., 2000; Chen et al., 2001; Liu et al.,
2001; Gao et al., 2002; Xu, 2002; Zhou et al., 2002;
Wilde et al., 2003; Rudnick et al., 2004; Liu et al., 2004,

2005). A number of studies (e.g., Song and Frey, 1989;
Tatsumoto et al., 1992; Fan et al., 2000; Rudnick et al.,
2004) reported Sr and Nd isotopic compositions for the
Hannuoba peridotite xenoliths, but these do not clearly
distinguish between the EMI and EMII mantle end
members. Tatsumoto et al. (1992) reported a few Pb
isotopic ratios for them, but that work was too limited in
scope to fully characterize the nature of the lithospheric
mantle beneath Hannuoba. More recently, Gao et al.
(2002) suggested that lithospheric delamination beneath
Hannuoba might have occurred as long ago as the
Paleoproterozoic, with the replacement mantle litho-
sphere remaining intact all the way through the time of
Hannuoba basalt eruption, based on the ~ 1.9 Ga Re—Os
errorchron for the spinel peridotite xenoliths.

It has been demonstrated in a number of studies that
the Lu—Hf system is not as easily reset as the Sm—Nd
system by some younger metamorphic and metasomatic
events because (i) Hf has a considerably smaller
diffusivity in silicate minerals than do Nd or Pb, and
(i) the relative difference in Hf concentration between
melt and peridotite is lower than of the relative
difference in Nd concentration for the same materials
(e.g., Pearson and Nowell, 2003; Choi et al., 2006b;
Bizimis et al., 2007). Our goal in this study, therefore,
has been to constrain the petrologic history of the
lithospheric mantle beneath Hannuoba using a variety of
isotopic methods, in order to better understand the
overall geodynamic development of the upper mantle
beneath East Asia. Our approach has been to determine
the Sr, Nd, Pb and Hf isotopic compositions for the
Hannuoba mantle-derived xenoliths (spinel peridotites
and pyroxenites) and the host alkali basalts, and then
using the results in conjunction with elemental concen-
tration data to decipher source characteristics and
melting processes. The discussion that follows, there-
fore, will focus on the mantle source (lithospheric vs.
asthenospheric) for the host basalts, the depletion age of
the peridotite protoliths, the nature of secondary
metasomatizing agents that the data seem to require,
and the origin of the pyroxenites. We argue that the host
basalt volcanism and the metasomatizing agents that
overprinted the mantle-derived xenoliths were both
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Fig. 1. (A) Simplified geological map of the Hannuoba area, after Liu et al. (2004). A—A’ is the sampling profile for the Archean terrain granulites
from Liu et al. (2004). Inset (B) shows location of the study area and tectonic division of China, after Zhao et al. (2001), and (C) division of the North
China Craton. NC: North China Craton, YZ: Yangtze Craton, SC: South China orogen, BI: Baengnyeong Island, and JI: Jeju Island.

sourced in the asthenosphere. We also show that the Lu—
Hf method provides better age constraints than other
methods, such as Sm—Nd, on the timing of lithospheric
mantle differentiation.

2. Geological setting and petrography of the
xenoliths studied

The North China Craton can be divided into three
blocks: the Eastern Block, the Western Block and the
intervening Trans-North China Orogen (Central Oro-
genic Belt), based on geochronological data, lithol-
ogical assemblages, tectonic evolution, and P—7—¢ paths
(Fig. 1C) (Zhao et al., 2000, 2001). Late Archean
basement rocks which consist dominantly of 2.6-2.5 Ga
TTG gneisses, ultramafic to mafic igneous rocks,

~2.5 Ga syntectonic granites and a variety of
supracrustal rocks are widespread in the North China
Craton, and make up 85% of the total exposure of
Archean basement (Zhao et al., 2001). Early to Middle
Archean (3.85-3.2 Ga) basement rocks are only present
in the Eastern Block. The Trans-North China Orogen is
in fault contact with both the Eastern and Western
blocks, and is composed of reworked Archean materials
derived from the two blocks, as well as Late Archean to
Paleoproterozoic juvenile igneous and sedimentary
rocks, including a series of 2.5-2.7 Ga amphibolite to
granulite facies terrains (e.g., Huai’an; Fig. 1A) (Kroner
et al., 1988; Kern et al., 1996; Zhao et al., 2000, 2001).

Zhao et al. (2001) and Wilde et al. (2002) suggested,
on the basis of geochronology in conjunction with the
clockwise P—T—-t paths computed for metamorphic
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rocks, that final amalgamation of the Western and
Eastern blocks occurred at ~ 1.8 Ga during a continent—
continent collisional episode along the Central Orogenic
Belt, resulting in closure of an ancient ocean basin. The
North China Craton experienced widespread tecto-
nothermal reactivation during the Late Mesozoic and
Cenozoic as indicated by the emplacement of volumi-
nous Late Mesozoic silicic intrusions and volcanic rocks
(Shao et al., 2001; Meng, 2003; Yang et al., 2003;
Zhang, 2005), as well as extensive Tertiary alkali ba-
saltic volcanism (Zhou and Armstrong, 1982; Zou et al.,
2000).

The Hannuoba volcanic field is located near the
northern margin of the Trans-North China Orogen
(Fig. 1C) and covers up to 1700 km?. It consists of
interlayered alkali basalt and tholeiite, with the former

carrying a variety of mantle and crustal xenoliths. Dated
at 14-27 Ma by the K—Ar method (Zhu, 1998), this
basaltic volcanism is thought to be related to widespread
Cenozoic rifting in the North China Craton (Basu et al.,
1991). The xenoliths studied were collected from lava
flows at the Damaping and Jieshaba localities (Fig. 1A).
The Damaping lavas were erupted through the Archean
Huai’an granulite terrain (Gao et al., 2002) which is
thought to represent an exposed lower crustal section
(Zhai, 1996).

We selected five spinel lherzolite, one spinel
harzburgite, and three pyroxenite xenoliths to represent
as wide a range of rock types as possible for this
isotopic study. The spinel peridotite xenoliths we
have investigated belong to Group I of Frey and Prinz
(1978), essentially anhydrous peridotite consisting of

Table 1

Whole-rock major and trace element concentrations for ultramafic xenoliths from Hannuoba, North China

Sample No. DM-1-Hz DM-1-Px  95DAS58-Lz 95SDASS-Px  95DA101 95DA105 95DA118 95JSB2
Rock type Sp. Harzburgite =~ Websterite ~ Sp. Lherzolite =~ Websterite Sp. Lherzolite ~ Sp. Lherzolite ~ Sp. Lherzolite =~ Websterite
Si0, (Wt.%) 43.94 51.81 44.77 52.45 45.18 43.72 44.12 50.55
TiO, 0.03 0.17 0.09 0.16 0.32 0.16 0.18 0.57
AlL,O3 1.41 4.96 2.61 4.53 4.12 3.08 2.15 4.54
Fe,03 8.97 438 8.09 3.47 8.48 8.90 8.46 9.69
MnO 0.14 0.10 0.12 0.09 0.13 0.13 0.12 0.14
MgO 43.60 22.04 40.84 19.92 37.40 40.31 42.48 20.49
CaO 1.06 14.16 2.12 16.53 3.26 2.22 1.41 12.72
Na,O 0.14 0.74 0.05 1.07 0.24 0.10 0.04 0.62
K,0 0.00 0.01 0.00 0.00 0.01 0.01 0.06 0.11
P,05 0.00 0.00 0.03 0.03 0.01 0.05 0.04 0.05
Total 99.3 98.4 98.7 98.3 99.2 98.7 99.1 99.5
Mgt 90.6 90.9 90.9 91.9 89.7 90.0 90.9 80.7
Cr (ppm) 3165 9394 3142 6823 2579 2816 2665 1856
Ni 2284 1105 2442 617 2372 2472 2536 789
Cu 21.0 128.0 16.2 37.1 62.5 50.0 36.0 154.5
Zn 50.0 26.0 442 19.9 49.1 50.4 45.8 56.9
\% 41.0 184.0 n.d. n.d. n.d. n.d. n.d. n.d.
Rb n.d. n.d. n.d. 32 n.d. n.d. n.d. 5.3
Sr 6.0 34.0 26.7 103.1 22.0 23.8 28.2 82.7
Zr 1.0 5.0 12.7 18.9 17.4 14.2 16.1 29.2
Nb n.d. n.d. 6.5 8.3 6.8 8.0 6.4 5.0
La n.d. n.d. 8.5 16.7 n.d. n.d. 11.8 9.5
Modal mineralogy (vol%)

Olivine 70.6 1.0 60.4 1.5 49.7 63.2 65.1 2.0
Orthopyroxene  24.6 313 28.8 222 32.8 25.1 28.2 414
Clinopyroxene 4.0 66.3 8.8 75.9 15.5 10.0 5.5 56.6
Spinel 0.8 1.4 2.0 0.5 2.0 1.8 1.2 -

Modes were calculated by least-squares fit of the whole-rock major element compositions to the mean core compositions of olivine, orthopyroxene,
clinopyroxene, and spinel (Tables 5-8; Chen et al., 2001, and Mukasa, unpublished data). The compositions of SiO,, TiO,, Al,03, Cr,03, Y FeO,
MnO, MgO, NiO, CaO and Na,O were considered. For classification, the least-squares-derived mineral proportions (wt.%) were converted to vol%,
on the assumption of the following specific gravities: olivine, 3.3; pyroxenes, 3.2; spinel, 4.5.
n.d. = not determined.

Sp. = spinel.

2All Fe reported as Fe,Os.
100 Mg/(Mg+ Y Fe).
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olivine, orthopyroxene, clinopyroxene and spinel as the
principal phases. The pyroxenites (websterites) studied
are divided into Al-augite and Cr-diopside series after
Wilshire and Shervais (1975). The Cr-diopside web-
sterite veins (DM-1-Px and 95DAS58-Px) occur as
composite xenoliths with spinel peridotite (DM-1-Hz
and 95DAS8-Lz, respectively), having sharp contacts
between the two lithologies. The Al-augite websterite
(95JSB2) occurs as a discrete nodule, but Xu (2002)
reported samples of this series to also occur as com-
posite xenoliths with peridotite.

The modal mineralogy of the xenoliths, determined
from calculations using bulk rock chemistry (Table 1) and
mineral compositions (Tables 5—-8; Chen et al., 2001) is
listed in Table 1. The lherzolites contain 50—65% olivine,
25-33% orthopyroxene, 6—16% clinopyroxene, and 1—
2% spinel, and the harzburgite 71% olivine, 25%
orthopyroxene, 4% clinopyroxene and 1% spinel. The
Cr-diopside websterites consist of clinopyroxene (66—
76%) and orthopyroxene (22—31%) with minor olivine
(1-2%) and spinel (1-2%). Al-augite websterite
(95JSB2) is composed of clinopyroxene (57%) and
orthopyroxene (41%) with minor olivine (2%). Spinel
peridotites have typical grain sizes in the range of 2—
4 mm, and overall exhibit a protogranular texture. Olivine
in sample DM-2 has been partly serpentinized. The

websterites have a typical grain size of 2-3 mm, and
exhibit a granular texture with no grain deformation.
Clinopyroxene in the websterites has exsolved orthopyr-
oxene lamellae, implying sub-solidus re-equilibration.
Petrography and mineral chemistry for the samples
studied were reported in Chen et al. (2001). Application
of the two-pyroxene thermometer of Wells (1977) yields
an equilibrium temperature range of 820—-960 °C (Table
2), and there are no discernable differences in temperature
between peridotites and Cr-diopside/Al-augite webster-
ites, further indicating a mantle origin for the pyroxenite
xenoliths along with their being attached to peridotite to
form a composite xenolith. Petrography and geochemistry
for the host alkali basalts appeared in Song et al. (1990),
Zhi et al. (1990), and Basu et al. (1991). The basalts
display an oceanic island basalt-like geochemical signa-
ture, ruling out the possibility of significant crustal
contamination. Furthermore, the high abundance of
ultramafic xenoliths in the basalts supports the notion
that ascent speeds were rapid, living little chance for
crustal contamination to occur.

3. Analytical methods

Samples for whole-rock analysis were prepared from
the core of each xenolith, free of any visible surface

Table 2

Trace element concentrations (ppm) for ultramafic xenoliths from Hannuoba, North China

Sample no. DM-1-Hz ~ DM-1-Px  DM-32 95DA58-Lz  95DAS58-Px  95DA101 95DA105  95DAI1I8  95JSB2
Rock type Sp.Hz. Websterite ~ Sp.Lz. Sp.Lz. Websterite Sp.Lz. Sp.Lz. Sp.Lz. Websterite
Analysis cpx cpx cpx cpx cpx cpx cpx cpx cpx
Ti 1241 1204 4901 1396 1107 3244 2116 1434 4352
\Y% 224 231 314 229 194 255 230 211 232
Cr 8142 8377 5477 8555 10654 4534 5912 7480 2759
Sr 54.2 575 24.5 1143 113.0 73.1 98.6 91.6 130.3
Y 7.0 7.1 27.6 7.5 6.7 17.4 13.7 7.0 9.6
Zr 8.1 7.6 65.9 12.4 9.6 35.1 21.3 113 20.8
La 0.97 0.95 2.08 7.21 5.81 1.02 3.36 4.03 1.30
Ce 2.85 3.05 7.19 12.89 10.39 4.15 5.63 6.86 7.30
Nd 3.05 2.85 6.58 6.75 4.07 3.89 3.54 2.58 8.71
Sm 1.69 1.36 3.01 1.64 1.26 1.70 1.55 0.93 3.09
Eu 0.46 0.46 0.95 0.48 0.33 0.55 0.65 0.34 1.12
Dy 1.34 1.44 4.13 1.38 0.95 2.68 2.54 1.15 1.97
Er 0.96 0.92 2.48 0.85 0.72 1.83 1.72 0.73 1.02
Yb 0.89 0.93 2.40 0.90 0.73 1.71 1.65 0.75 1.03
(La/Yb)y  0.78 0.73 0.62 5.73 5.72 0.43 1.46 3.87 0.91
Fo_olivine ~ 90.5 (90.6°)  90.5" 88.7 (89.0°)  90.5 (90.8°) 90.7° 89.8 (89.7°)  89.8 (90.2°)  90.7 (90.9") 788
Cr#_spinel ~ 25.6 (25.7°) 24.5° 7.7 (8.2%) 214 (21.0° 32.3° 9.2 (9.6°) 13.9 (13.6°) 27.5(264% -

T (°C)* 867° 886" 961° 820° 826° 960° 945° 953° 852°

Cr#=100Cr/(Cr+Al).

Abbreviations: Sp.Lz. = spinel lherzolite, Sp.Hz. = spinel harzburgite, cpx = clinopyroxene.

*Determined by two-pyroxene thermometer of Wells (1977).
*Data from Chen et al. (2001).
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weathering, using standard procedures of jaw-crushing
pre-cleaned rock chips. To avoid the effects of
infiltration by the magmas that carried the xenoliths to
the surface or alteration by near-surface fluid, we limited
our isotopic analyses to ultra-pure clinopyroxene
separates. Clinopyroxene is the major carrier of REE,
Sr, Pb and possibly Hf in the anhydrous spinel peridotite
and spinel websterite mineral assemblages (e.g., Zindler
and Jagoutz, 1988; Reisberg et al., 1989; Mukasa and
Wilshire, 1997; Bizimis et al., 2003a), and therefore, we
treat the data for this mineral as representative of each
xenolith. Clinopyroxene grains were prepared from
unweathered samples using nylon sieves for sizing, a
magnetic separator to eliminate grains with dark
inclusions, and hand picking under a binocular micro-
scope to select only the optically clear grains for
analysis. Prior to dissolution for the isotopic analyses,
the minerals were washed in warm, distilled 2.5 N HCl
for 15 min., and in warm distilled 5% HF for 15 min.,
with an H,O rinse after each of these steps.

Major element and selected trace element concentra-
tions were determined by X-ray fluorescence (XRF)
spectrometry on fused disks at Michigan State Univer-
sity, following procedures described in Hannah et al.
(2002). Standards (JB-la-1, JB-l1a-5 and W-2) were
analyzed with the unknown samples, as reported in Choi
et al. (2006a). The data were reduced by weighted
regression using compiled analyses on the standard
materials. Precision was estimated to be within 5%. The
results are presented in Table 1.

Trace element concentrations in clinopyroxene have
been measured in thin sections with a CAMECA IMS-3f
ion microprobe at the Woods Hole Oceanographic
Institution. Details about the operating conditions,
analytical errors, and standardization scheme for this
instrument are described by Shearer et al. (1990). Well-
documented standard KH-1 CPX (Irving and Frey,
1978) has been used to correct for matrix effects on ion
yield in calculating the working curves. Secondary
intensities (/) of REEs were normalized to *°Si to
produce {(REE)/I(*°Si) vs. REE (concentration) work-
ing curves. The results are given in Table 2.

Sr, Nd and Pb isotope analyses, including chemical
separation and measurements on VG Sector thermal
ionization mass spectrometers, were performed at the
University of Michigan. Details of the analytical
procedures appear in Mukasa et al. (1987, 1991).
87Sr/%°Sr and '**Nd/'**Nd ratios were corrected for
instrumental mass fractionation by normalizing to
86Sr/*8Sr=0.1194 and '°Nd/'**Nd=0.7219, respec-
tively. Replicate analyses of NBS-987 and La Jolla
standards gave 878r/%8r=0.710255+11 (N=30, 20)

and 'PNd/'"**'Nd=0.511848+19 (N=30, 20). Mea-
sured Pb isotopic ratios were corrected for instrumental
mass fractionation of 0.1% per atomic mass unit by
reference to replicate analyses of the standard NBS-981.
Total blanks averaged 0.2 ng for Sr, 0.04 ng for Nd, and
0.02 ng for Pb. The results are given in Table 3.

The Hf isotope analyses were determined with the
multiple-collector ICP-MS (Nu-Plasma HR) at the
University of Michigan, after column separation
procedures summarized by Miinker et al. (2001). Lu
and Hf concentrations were measured by isotope
dilution with enriched '"°Lu and '"*Hf spikes. In
order to monitor machine performance, the JMC-475
standard was run after every three samples obtaining a
mean '"°Hf/'"7Hf ratio of 0.282146+8 (N=9, 20), and
the values reported were normalized to the accepted
value of 0.282160. The total procedural blank level was
about 20 pg for Hf. The results are given in Table 3.

4. Results and interpretations
4.1. Whole-rock chemistry

The whole-rock mg-numbers (=100 Mg/(Mg+
> Fe)) of the Hannuoba peridotites studied have a
range of 89.7-90.9 (Table 1). Variations in representa-
tive major oxide (Al,03, CaO and SiO,) as a function of
MgO, good indicators of the degree of depletion of the
peridotites, are shown in Fig. 2A—C. Available data
from previous studies (Song and Frey, 1989; Chen et al.,
2001; Rudnick et al., 2004) are also shown for
comparison. The Hannuoba peridotites are characterized
by a wide range of compositional variation, extending
from primitive mantle-like to average abyssal peridotite
values (Fig. 2A—C). Our samples cover this entire
Hannuoba peridotite compositional range, which is why
we selected them for isotopic study. The abundance and
trends illustrated in Fig. 2A—C are compatible with the
best-fit lines for world-wide spinel peridotite xenolith
compositions, suggesting that the rocks are residues
following variable basaltic melt extraction.

The whole-rock mg-numbers for Cr-diopside web-
sterite range from 90.9 to 91.9, while the Al-augite
websterite has a significantly lower value of 80.7. The
websterites have higher Al,O3, Na,O, CaO and SiO,
contents compared to the peridotites, and this relation-
ship holds true for the Cr and Sr concentrations as well
(Table 1). However, Cr-diopside websterite has lower Ni
concentrations compared to the host lherzolite. The
compositional ranges of the two websterite series
studied fall within the range reported by Xu (2002) for
the Hannuoba Cr-diopside and Al-augite series



Table 3

Sr—Nd—Pb—Hf isotopic compositions for ultramafic xenoliths from Hannuoba, North China

Sample no. DM-1 DM-32 95DA58-Lz  95DA58-Px  95DA101 95DA105 95DA118 95ISB2 95ISB2 95DA41 DA20-43 DA20-57
Rock type Sp. Hz. Sp. Lz. Sp. Lz. Websterite Sp. Lz. Sp. Lz. Sp. Lz. Websterite Websterite Alkali basalt ~ Alkali basalt  Alkali basalt
Analysis cpx cpx cpx cpx cpx cpx cpx cpx wr wr wr wr

[Rb] ppm 0.003 0.009 0.025 0.068 0.004 0.002 0.002 0.008 1.137 n.d. n.d. n.d.

[St] ppm 459 74.5 65.3 119.5 65.4 101.2 83.6 111.7 75.8 n.d. n.d. n.d.
8TRb/A0Sr 0.0002 0.0004 0.0011 0.0016 0.0002 0.0001 0.0009 0.0002 0.0434 n.d. n.d. n.d.
878120t 420 0.703129+ 14 0.703048+23  0.704074+17 0.704001+18 0.702652+21 0.702901+20 0.704845+21 0.707327+20 0.707086+20 0.703954+14 0.704758+15 0.704201+17
®7StAS1), - 150 Ma 0.703129 0.703047 0.704072 0.703998 0.702652 0.702901 0.704843 0.707327 0.706993 - - -

[Sm] ppm 0.79 2.20 1.09 1.22 1.69 133 0.88 2.65 1.75 n.d. n.d. n.d.

[Nd] ppm 2.37 6.03 4.70 5.87 4.16 3.87 2.85 8.53 5.37 n.d. n.d. n.d.

1978 m/44Nd 0.2013 0.2205 0.1237 0.1258 0.2451 0.2075 0.1873 0.1878 0.1734 n.d. n.d. n.d.
MSN/M*Nd+20 0.513044+18 0.513022+19  0.512806+19 0.512774+21 0.513143+18 0.513216+17 0.512653+18 0.511836+20 0.511980+19 0.512890+18 0.512907+18 0.512894+20
("“PNAMNA), - 150 ma 0512846 0.512806 0.512685 0.512651 0.512902 0.513012 0.512469 0.511652 0.511810 - - -

(Exd)i-0 7.9 7.5 33 2.7 9.9 11.3 0.3 -15.6 -12.8 49 52 5.0
(End)i=150 Ma 7.8 7.0 23 4.0 8.9 11.1 0.5 -155 -124 - - -

Tom (Ma)? 965 ~1747 530 600 136 ~3209 2803 7935 4383 - - -

[U] ppm n.d. n.d. n.d. n.d. 0.19 0.04 0.03 0.03 n.d. n.d. n.d. n.d.

[Pb] ppm 0.12 0.05 0.13 0.35 0.35 0.12 0.28 0.70 n.d. n.d. n.d. n.d.

238y 2%%pp n.d. n.d. n.d. n.d. 34.53 18.29 7.66 2.33 n.d. n.d. n.d. n.d.
206pp,204pp 18.26 18.19 18.80 19.13 17.75 17.99 19.15 18.23 18.27 17.94 17.89 17.95
207pp204ph 15.50 15.51 15.56 15.63 15.53 15.52 15.71 15.51 15.49 n.d. 15.50 15.54
208pp2%4pp 38.05 38.14 38.92 39.35 37.78 37.98 39.05 38.17 38.03 38.40 38.15 38.03
(C%PbAOPb),— 150 Ma  — - - - 16.94 17.56 18.97 18.18 - - - -

[Lu] ppm 0.11 0.34 0.14 0.10 0.29 0.24 0.11 0.06 0.07 0.10 0.15 0.12

[Hf] ppm 0.35 1.60 0.43 0.26 121 0.74 0.48 0.47 0.68 7.05 5.73 5.74

76w/ TTHE 0.0458 0.0301 0.0451 0.0512 0.0336 0.0462 0.0336 0.0176 0.0145 0.0020 0.0036 0.0029
ToHE T HE + 20 0.283461+27 0.283038+9  0.283729+20 0.283377+46 0.283231+9  0.283834+16 0.283061+34 0.282262+18 0.282418+18 0.283041+6  0.283035+6  0.282984+6
(7HEH),— 150 ma 0.283333 0.281954 0.283603 0.283233 0.283137 0.283705 0.282967 0.282213 0.282377 - - -

(€19r—o0 244 9.4 33.8 214 16.2 37.6 102 ~18.0 125 9.5 9.3 7.5

(€10i= 150 Ma 23.1 9.7 32.7 19.6 16.2 36.3 102 -16.5 -10.7 - - -

The concentrations of Rb, Sr, Sm, Nd, U, Pb, Lu and Hf were determined by the isotope dilution technique.

Abbreviations: cpx = clinopyroxene, wr = whole-rock, Sp.Lz. = spinel lherzolite, Sp.Hz. = spinel harzburgite.
Nd model ages calculated with assumed depleted mantle evolution parameters of '*’Sm/'**Nd=0.2124, '*Nd/'"**Nd=0.513114.
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Fig. 2. Major element and Lu compositional variation diagrams for the Hannuoba peridotite xenoliths. The dashed lines are the best-fit lines for spinel
lherzolite xenoliths elsewhere from Maalde and Aoki (1977), and the dotted lines, from McDonough (1990). Literature data for the Hannuoba
peridotites are from Song and Frey (1989), Chen et al. (2001), and Rudnick et al. (2004). Data sources: primitive mantle (Palme and Nickel, 1985;
McDonough 1990 and references therein), average abyssal and Kaapvaal cratonic peridotites (Boyd, 1989), and average Udachnaya and Slave
cratonic peridotites (Griffin et al., 1999). Abbreviations: cpx = clinopyroxene; wr = whole-rock.

pyroxenites, but are not on the same trend defined by the
peridotites (not shown). Based on the geochemistry, Xu
(2002) argued that the Hannuoba pyroxenites are not
crystallized melts or representatives of a pyroxene-rich
end-member of the residual peridotite suite, but rather
that they are fractionally segregated products of melts at
high pressure.

4.2. Rare earth element pattern of clinopyroxenes

Hannuoba peridotite clinopyroxene (Yb)y values,
normalized to chondrite, are variable from 4.4 to 14.1
(Table 2). Heavy rare earth element (HREE) abundances
(e.g., Yb and Lu) in the peridotites are negatively
correlated with MgO concentrations (Tables 1-3;

Fig. 2D), likely to represent variable degrees of partial
melting during formation of the lithosphere. Chondrite-
normalized REE patterns for the clinopyroxene grains
from spinel peridotites are variable, from LREE-
depleted (samples DM-32 and 95DA101) through
spoon-shaped (sample 95DA105) to LREE-enriched
(samples 95DAS58 and 95DA118) (Fig. 3A—C). Sample
DM-1 shows LREE-depleted but fractionated MREE
with a negative slope and flat HREE pattern, with a
maximum at Sm. All the Hannuoba peridotite clinopyr-
oxene grains have flat HREE patterns, indicating that
garnet was not involved in the source.

Clinopyroxene from Al-augite websterite shows a
convex-upward REE pattern with an apex at Sm, which
is typical of pyroxenite xenoliths in alkali basalts (e.g.,
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Fig. 3. (A—C) Rare earth element (REE) abundances of clinopyroxene from the Hannuoba ultramafic xenoliths, normalized to chondritic values (Sun
and McDonough, 1989). Hannuoba reference sample DM1-9 in (A) is from Song and Frey (1989). (D) Calculated REE abundances of the
hypothetical melts in equilibrium with clinopyroxene from sample 95DAS58-Px. Partition coefficients for the clinopyroxene are from experimental
runs at 1=1080°/2.0 GPa, clinopyroxene+ orthopyroxene+melt as coexisting phases, Green et al. (2000); 2=1380°/3.0 GPa, clinopyroxene+melt,
Hart and Dunn (1993); 3=1430°/2.5 GPa, clinopyroxene+ garnet+melt, Hauri et al. (1994); and 4=1405°/1.7 GPa, clinopyroxene +melt, Hauri et al.
(1994). The data for the Hannuoba tholeiite and alkali basalts (Liu et al., 1994) are also shown for comparison.

McDonough and Frey, 1989). This characteristic is
attributed to equilibration with a basaltic melt, based on
the clinopyroxene/liquid partition coefficients (Irving
and Frey, 1984). Clinopyroxene grains from Cr-diopside
websterite veins display a similar REE pattern with
those from the host peridotites. However, the REE
concentrations do not show any consistency. For sample
DM-1, the websterite-and peridotite-derived clinopyr-
oxene grains have similar concentrations, whereas in
sample 95DAS58 the websterite vein clinopyroxene has a
lower value than the host peridotite clinopyroxene
(Fig. 3B). This observation suggests that the vein might
not be the source for the LREE enrichment in the host
peridotite. Furthermore, the strongly LREE-enriched
pattern of clinopyroxene from anhydrous pyroxenite
sample 95DAS8 does not completely conform with an
origin by crystal fractionation from a basaltic melt,
reflecting secondary processes in its history, possibly
metasomatic overprinting with LREE-enriched melts
(see below).

4.3. Sr, Nd, Pb and Hf isotopic compositions

The Sr, Nd, Pb and Hf isotopic compositions for
clinopyroxene separates from the Hannuoba ultramafic
xenoliths and the host basalts are listed in Table 3. For
comparison with the available data set for the Hannuoba
pyroxenite xenoliths (Xu, 2002; Liu et al., 2004), we
also determined the whole-rock isotopic composition for
a pyroxenite xenolith (95JSB2), which is similar to
those studied previously.

Clinopyroxene grains from peridotite have the
following isotopic compositions: *’Sr/**Sr=0.702652—
0.704845, "¥Nd/"*Nd=0.512653-0.513216 (gnq=+0.3
to +11.3), 2°°Pb/*Pb=17.75-19.15, **’Pb/***Pb=
15.50-15.71, *°*Pb/***Pb=37.78-39.05, and '"°Hf/
7THf=0.283038-0.283834 (g=+9.4 to +37.6). Sr—
Nd, Nd-Hf, and Pb—Pb isotopic correlation diagrams are
shown in Fig. 4A-D. For comparison, the hypothetical
mantle reservoirs of DMM, HIMU (mantle with high U/Pb
ratio), EMI and EMII, and the fields for MORB (mid-ocean
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ratios of clinopyroxene separated from the Hannuoba ultramafic xenoliths. Fields for oceanic basalts are from Zindler and Hart (1986), Salters (1996),
Salters and White (1998), Chauvel and Blichert-Toft (2001), Andres et al. (2004), Hanan et al. (2004), and Blichert-Toft et al. (2005). Large symbols
represent data from this study, and small symbols represent literature data. Data sources: Hannuoba host basalts (Song et al., 1990; Basu et al., 1991),
Hannuoba mafic granulite xenoliths (Zhou et al., 2002; Liu et al., 2004), Hannuoba spinel peridotite xenoliths (Song and Frey, 1989; Tatsumoto et al.,
1992; Rudnick et al., 2004), Hannuoba pyroxenites xenoliths (Song and Frey, 1989; Tatsumoto et al., 1992; Xu, 2002; Liu et al., 2004), Late Jurassic
to Early Cretaceous rift-related volcanic rocks in Northern China (Shao et al., 2001), Korean spinel peridotite xenoliths (Choi et al., 2005), and the
basaltic rocks from Baengnyeong Island and Jeju Island, South Korea (Choi et al., 2006a). The bulk Earth '"°Hf/'”7Hf value (BE) and the mantle—
crust array in the (B) are from Blichert-Toft and Albarede (1997) and Blichert-Toft et al. (1999). Error bars are 20 uncertainties, and are given only

where they exceed the size of the symbol in the plot. Mantle components are

from Zindler and Hart (1986): DMM = depleted mantle, EMI and EMII =

enriched mantle of type 1 and type 2, respectively, and HIMU = mantle with high U/Pb ratio. The field for MORB (mid-ocean ridge basalt) is shown
for comparison. NHRL is the Northern Hemisphere Reference Line of Hart (1984).

ridge basalts) and OIB (oceanic island basalts) are also
shown on these diagrams. *’Sr/*°Sr and '**Nd/'**Nd ratios
for the studied peridotite clinopyroxene extend from the
MORB field to the bulk earth value along the Sr—Nd
‘mantle array’ in Fig. 4A, agreeing with the previously
reported isotopic data for clinopyroxene from the Han-
nuoba peridotite (Song and Frey, 1989; Tatsumoto et al.,

1992; Rudnick et al., 2004). The Hf isotopic compositions
of all Hannuoba peridotite clinopyroxene samples are
depleted relative to the chondritic reservoir (Fig. 4B). We
have shown the so-called Nd—Hf ‘mantle array’ (Vervoort
and Blichert-Toft, 1999) in Fig. 4B, but also note that
samples 95DA 105 and 95DASS plot well above this array.
For the purpose of illustrating the relative size of the Nd—Hf
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decoupling observed in the samples, we use the Agye
notation of Beard and Johnson (1993), where A&ye=¢€pr—
(1.36 &yqt+3.0) (Vervoort and Blichert-Toft, 1999). This
concept is useful for denoting the magnitude of the
deviation from the mantle array. The values of A&y for the
95DA105 and 95DASS are +19 and +26, respectively,
both significantly high. The Hannuoba clinopyroxene
separates exhibit very low values and limited range in
76 Lu/'""Hf ratios (0.030—0.046; Table 3), indicating that
these grains are not likely to be the result of sub-solidus
breakdown of garnet, which is consistent with their flat
HREE patterns (Fig. 3A and B). The Hannuoba peridotite
clinopyroxene grains are characterized by a wide range of
Pb isotopic compositions, plotting above the northern
hemisphere regression line (NHRL) of Hart (1984) (Fig. 4C

and D), particularly on the *°*Pb/**Pb vs. 2°Pb/***Pb
diagram. This reflects a time-integrated record of elevated
Th/U, a characteristic known as the DUPAL isotopic
signature, prevalent in the Indian Ocean region and some
surrounding landmasses.

Clinopyroxene from Cr-diopside websterite vein
(95DA58-Px) has a Nd isotopic composition (‘**Nd/'**
Nd=0.512774+21; &yg=+2.7) that is within error of
the host peridotite clinopyroxene value (‘**Nd/"**Nd=
0.512806+19; eng=+3.3), whereas the Sr, Pb, and espe-
cially Hf isotopic compositions (*’Sr/*°Sr=0.704001,
2P/ *Pb=19.13, *7Pb/**Pb=15.63, ***Pb/***Pb=
39.35, Y°Hf/'""Hf=0.283377, and gy=+21.4) are
significantly different, and in fact, are outside analyt-
ical uncertainties when compared to those of the
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peridotite wall-rock (*’Sr/*®Sr=0.704074, *°°Pb/***Pb=
18.80, 2°7Pb/***Pb=15.56, 2°%Pb/**‘Pb=38.92,
YOH""Hf=0.283729, and &=+33.8). This Cr-diop-
side websterite sample is characterized by Nd—Hf isotopic
decoupling (Agye=+15) (Fig. 4B). The Sr and Nd isotopic
compositions are within the field of reported data for the
Hannuoba Cr-diopside series pyroxenites (Song and Frey,
1989; Tatsumoto et al., 1992; Xu, 2002), which form a
linear trend along the Sr—Nd mantle array, and also overlap
with the field for enriched Hannuoba peridotites (Fig. 4A).

Clinopyroxene from Al-augite pyroxenite (95JSB2) is
characterized by highly radiogenic Sr, unradiogenic Nd
and Hf, and moderate Pb isotopic compositions:
878r/%°8r=0.707327, '"**Nd/'"**Nd=0.511836 (eng=
—15.6), *Hf/'THf=0.282262 (g13=—18.0), *°°Pb/
2pb=18.23, *’Pb/***Pb=15.51 and ***Pb/***Pb=
38.17. These Sr, Nd and Hf isotopic compositions,
along with the previously reported data set for the
Hannuoba Al-augite series pyroxenites (Xu, 2002; Liu
etal., 2004), plot outside the isotopic compositional range
defined by oceanic basalts (Fig. 4A and B). The Nd and
Hf isotopic compositions are coupled, plotting along the
Nd-Hf ‘mantle—crust array’ (Fig. 4B). However, we
observe small differences in isotopic compositions
between the whole-rock and clinopyroxene separate for
sample 95JSB2 (Table 3). The whole-rock has less
radiogenic *’Sr/**Sr and more radiogenic '*Nd/'*'Nd
and '"°Hf/'""Hf compared to the clinopyroxene, though
the two 2°°Pb/2**Pb values are the same within analytical
uncertainty.

The host alkali basalts have a limited range of
isotopic compositions (*’St/*°Sr=0.703954-0.704758,
M43Nd/"**Nd=0.512890-0.512907 (eng=+4.9 to
+5.2), "°Hf/"""Hf=0.282984-0.283041 (gyp=+7.5 to
+9.5), 2°°Pb/2%*Pb=17.89-17.95, 2°’Pb/***Pb=15.50—
15.54, and *°*Pb/>**Pb=38.03-38.40), a characteristic
in strong contrast with the more varied isotopic
compositions of the ultramafic xenoliths. Our results
on the host lavas are in good agreement with the earlier
Sr—Nd-Pb isotopic data published by Song et al. (1990)
and Basu et al. (1991), as shown in Fig. 4A, C and D.
Measured for the first time ever for Hannuoba materials,
the Hf isotopic compositions reported here are strongly
coupled with the Nd isotopic compositions, plotting
within the field defined by oceanic island basalts on the
Nd-Hf plot (Fig. 4B). The whole-rock compositions of
xenolith sample 95JSB2 plot closer to the Hannuoba
host basalts than does the clinopyroxene separate on the
various isotopic correlation diagrams (Fig. 5A—C),
implying that infiltration of the host basalt magma
between the grain boundaries during transit to the
surface may be responsible for the whole-rock having

less radiogenic Sr and more radiogenic Nd and Hf
isotopic compositions than the clinopyroxene separate.

5. Discussion
5.1. Mantle source for the host basalt volcanism

The Sr, Nd and Pb isotopic compositions of Late
Cenozoic intraplate basalts in East Asia indicate that
three different mantle components, i.e., DMM, EMI and
EMII, were involved in the magma genesis (Song et al.,
1990; Basu et al., 1991; Tatsumoto et al., 1992; Chung
et al.,, 1994, 1995; Hoang et al., 1996; Zhang et al.,
1998; Chung, 1999; Zou et al., 2000). Most intriguing
about the isotopic characteristics of the basalts is the
regional difference in 2°°Pb/***Pb ratios, requiring two
large-scale isotopic domains in the mantle source:
DMM-EMI for northeast China, and DMM-EMII for
Southeast Asia (Liu et al., 1994; Smith, 1998; Chung,
1999; Zou et al., 2000). Choi et al. (2006a) recently
reported that the Korean basalts geographically located
between these two broad domains show systematic
variation from north (Baengnyeong Island, BI in
Fig. 1B) to south (Jeju Island, JI in Fig. 1B), with BI
basalts defining a DMM—-EMI array, whereas the JI
basalts yield a DMM—EMII array on various isotopic
correlation diagrams.

In order to test whether the lithospheric mantle was
the source of magma erupted in East Asia Cenozoic
volcanism, the isotopic compositions we have deter-
mined for the mantle-derived xenoliths and their host
basalts, along with the published data, have been
modeled on the ¥7Sr/%Sr vs. 2°Pb/2%*Pb, **Nd/'"**Nd
vs. *°°Pb/?%*Pb, and '"°Hf/'7"Hf vs. *°°Pb/***Pb
correlation diagrams (Fig. 5SA—C), in reference to the
mantle end members DMM, EMI, EMII, and HIMU. We
have also included on the diagrams the data for two
representative Korean basalts (BI and JI) and mantle
xenoliths (Choi et al., 2005) hosted by these basalts for
comparison.

The Hannuoba host basalts exhibit an array between
DMM and EMI on the ¥’Sr/*®Sr vs. 2°°Pb/***Pb and
MSNJ/MNd vs. 2°°Pb/2Pb correlation diagrams, as
discussed in previous studies (Song et al., 1990; Basu
et al., 1991; Tatsumoto et al., 1992). Our Hf isotopic
compositions plotted against other isotopic systems
(e.g., the Pb—Hf diagram in Fig. 5C) also show the
DMM-EMI components to be the principal end
members. From a geographic point of view, it is of
interest to note that the isotopic fields for the Hannuoba
basalts overlap with those of the BI basalts (Fig. 1B) on
the various isotopic correlation diagrams (Fig. SA—C).
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Unlike the host basalts which define a limited range
in 2°°Pb/2**Pb ratios, nevertheless implicating EMI or
EMII as important end members, the Hannuoba and
Korean peridotite clinopyroxene samples cover a wide
range in these values (Figs. 4C—D, and 5). Furthermore,
the Hannuoba peridotites and Cr-diopside pyroxenites
show a mixing hyperbola between DMM and EMII on
the ®’Sr/*°Sr vs. 2°°Pb/***Pb and '**Nd/"**Nd vs.
206pp/2%4pp plots (Fig. 5A and B). However, their
76Hf/'77Hf ratios plotted against 2*°Pb/>**Pb ratios do
not produce a single array (Fig. 5C). Clinopyroxene
from the Korean peridotite xenoliths hosted by both BI
and JI basalts also exhibit distinct DMM—-EMII arrays
on the Sr—Pb and Nd—Pb co-variation diagrams (Fig. 5SA
and B). Note on these same diagrams that the Hannuoba
Al-augite pyroxenites plot outside the isotopic range
defined by oceanic basalts, the mixing arrays defined by
peridotites/Cr-diopside pyroxenite, and even the host
basalt. They are characterized by moderately radiogenic
206pp,/204py ratios relative to the peridotites/Cr-diopside
pyroxenites (Fig. SA—C). The results show that neither
peridotite nor the two types of pyroxenite possesses the
characteristic EMI signature for the Hannuoba host
basalt source. These observations imply that a genetic
relationship between the peridotites/pyroxenites and the
Late Cenozoic host volcanism is weak at best.
Therefore, we suggest that the asthenospheric mantle
is likely to be the most dominant source for the Late
Cenozoic intraplate volcanism in East Asia.

5.2. Nature of the metasomatizing agents

On the REE patterns for the Hannuoba peridotite
clinopyroxene grains (Fig. 3A—B), we note that samples
with relatively high HREE concentrations, such as DM-
32 and 95DAI101, display LREE-depleted patterns,
whereas those with low HREE, such as 95DAS58 and
95DA118, have LREE-enriched patterns. These char-
acteristics are not consistent with simple melt extraction,
but instead reflect some overprinting by secondary
cryptic metasomatism in the history of the xenoliths, as
discussed in previous studies of the Hannuoba perido-
tites (Song and Frey, 1989; Rudnick et al., 2004).
Moreover, the relative LREE enrichment is not perfectly
correlated with the HREE concentrations. For example,
the (Yb)y of sample 95DA101 is 10.1, which is similar
to that of 95DA105 at 9.7. However, the former shows a
LREE-depleted pattern, while the latter has a spoon-
shaped pattern. In addition, the samples showing LREE-
depleted patterns, such as 95DA101, are not as severely
depleted in these elements as the Hannuoba sample
DM1-9 characterized by Song and Frey (1989), which

has similar HREE abundances (Fig. 3A). This suggests
that all the studied Hannuoba samples have had their
LREE modified to some degree by metasomatic activity.
Chromatographic migration of LREE-enriched melts/
fluids through LREE-depleted peridotite, involving
spatial or temporal evolution of melt volume and
composition as a result of melt-rock reaction, has been
suggested as a mechanism for generating such variable
REE patterns (Navon and Stolper, 1987; Bodinier et al.,
1990; Takazawa et al., 1992; Bedini et al., 1997).

The isotopic data obtained for Hannuoba peridotite
clinopyroxene are shown in Fig. 6 as a function of the
Cr# (expressed as 100Cr/(Cr+Al)) in corresponding
spinel. Spinel Cr# is a well known, sensitive indicator of
the extents to which the spinel peridotites have lost their
basaltic components (Dick and Bullen, 1984). The Sr,
Nd and Pb isotopic systematics show, in general, good
correlations with the degree of depletion. However, the
most depleted sample (95DA118), which has the highest
Cr# in spinel, Mg# and Ni concentration in bulk rock,
and the lowest HREE concentrations in clinopyroxene
among the studied samples (Tables 1 and 2), exhibits the
highest *’Sr/*®Sr and 2°°Pb/*°*Pb, and the lowest
"INd/'"**Nd ratios. The explanation for this correlation
is that the secondary metasomatic overprinting by
LREE-enriched melts/fluids involved considerable iso-
topic variability. The mixing hyperbola between DMM
and EMII on the Sr—Pb and Nd—Pb isotopic correlation
diagrams (Fig. 5A and B) defined by the Hannuoba
clinopyroxene grains suggests that the lithosphere
beneath Hannuoba initially had a residual MORB-like
isotopic signature, but then was modified by the intro-
duction of metasomatic agents possessing the highly
radiogenic EMII signature.

However, a complication arises when the Hf isotopic
compositions are considered as illustrated in Fig. 6D.
At first, it might seem that there is no correlation between
76Hf/'7"Hf ratios and the degree of depletion. However,
the least depleted three samples (DM-32, 95DA101, and
95DA105) define a strong positive correlation with the
Cr# in coexisting spinel. Furthermore, their '**Nd/'**Nd
ratios are positively correlated with the Cr# (Fig. 6C),
though without the wide spread in isotopic ratios that is
observed in the Hf isotopic values. We interpret this
characteristic to mean that the second-stage overprinting
by metasomatizing agents did not markedly modify the
pristine Hf isotopic compositions of the three samples.
Their relatively high Hf concentration level (0.7—1.6 ppm,
Table 3) might have been the reason why these samples
were not so easily reset.

Meanwhile, we observe a negative correlation bet-
ween '7®Hf/'’"Hf and the degree of depletion for the
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Fig. 6. Sr, Nd, Pb and Hf isotopic compositions of clinopyroxene vs. Cr# (=100Cr/(Cr+Al)) of coexisting spinel from the Hannuoba peridotite
xenoliths. All error bars are 2o uncertainties, and are given only where they exceed the size of the symbol in the plot.

other three samples in Fig. 6D, reflecting what we
interpret to be metasomatic overprinting, evidently
facilitated by their lower Hf concentrations (0.4—
0.5 ppm, Table 3). The most depleted portions of the
lithosphere are more susceptible to modification by the
metasomatic agents due to their lower bulk distribution
coefficients and/or higher permeability (Toramaru and
Fujii, 1986; Bedini et al., 1997). We consider silicate
melts to be the most likely candidates for this cryptic
metasomatism documented in the Hannuoba peridotites.

Alternative candidates such as CO,=+H,O-rich fluids
or carbonatite melts, and slab-derived hydrous melts are
ruled out because hydrous arc and carbonatitic magmas
are characterized by strong depletions in Nb and Ta
relative to the large-ion lithophile elements (LILE) such
as K, Rb, Ba, U and Th (e.g., McCulloch and Gamble
1991; Bizimis et al., 2003b), and overall, low concentra-
tions of all the high field strength elements (HFSE) —
Nb, Ta, Zr, Hf, and Ti. For example, average Hf
concentration in carbonatite is 0.6 ppm (Bizimis et al.,
2003b), which is significantly lower than typical values
for oceanic island basalts (7.8 ppm; Sun and McDo-
nough, 1989). Woodhead et al. (2001) reported mean Hf

concentrations for Mariana and New Britain arc basalts
of 1.4 and 1.1 ppm, respectively. Therefore, the other
agents do not carry a significant amount of Hf without
appreciable changes to their major oxide concentrations.
The absence of hydrous minerals (including apatite) and/or
secondary clinopyroxene in our sample suite of Hannuoba
peridotite and pyroxenite further support silicate melts as
the metasomatic agents. Simple binary mixing calculations
show that addition of up to ~10% of average oceanic
basaltic melts (Sr=660 ppm; Nd=38.5 ppm, Pb=3.2 ppm,
Hf=7.8 ppm; Sun and McDonough, 1989) of radio-
genically enriched EMII-like isotopic composition to a
DMM-dominated mantle lithosphere clinopyroxene
(Sr=65 ppm; Nd=3 ppm, Pb=0.05 ppm, Hf=0.3 ppm)
can account for the isotopic signatures observed in the
Hannuoba peridotite clinopyroxene separates (Fig. SA—C).

Hannuoba Cr-diopside pyroxenite sample 95DA58-px
and some literature data plot along the mixing hyperbola
defined by peridotite clinopyroxene on the Sr—Pb, Nd—Pb
and Hf-Pb isotopic diagrams (Fig. SA—C). However, the
metasomatizing agent overprinting the EMII-like signa-
ture is not likely to be cogenetic with the parental melts
of Cr-diopside pyroxenite, based on two observations



54 S.H. Choi et al. / Chemical Geology 248 (2008) 40—61

explained immediately below. First, the pyroxenite
samples do not possess the most isotopically enriched
signatures in the studied suite. For example, peridotite
sample 95DA118 is isotopically more enriched than the
pyroxenite samples. Furthermore, we observe the sec-
ondary metasomatic overprinting history preserved even
in the pyroxenite samples, such as the LREE-enrichment
of clinopyroxene in sample 95DA58-px. In Fig. 3D, we
have shown the REE pattern of an estimated equilibrium
melt with 95DA58-px clinopyroxene. Four different sets
of partition coefficients published by Hart and Dunn
(1993), Hauri et al. (1994), and Green et al. (2000) for
experimental runs at 1380°/3.0 GPa, 1430°2.5 GPa,
1405°/1.7 GPa and 1080°/2.0 GPa, respectively, have
been adapted in the calculations.

The calculated REE patterns have been compared with
data for host alkali basalts as well as Hannuoba tholeiites
(Liu et al., 1994). The Hannuoba pyroxenites are
considered to be crystal segregates formed by a flow
crystallization process in magma conduits (Xu, 2002), as
proposed by several authors for pyroxenite bands and veins
in high-temperature peridotite bodies and ultramafic
xenoliths (e.g., Bodinier et al. 1988, 1990; Mukasa and
Shervais 1999). We note that the melt equilibrated with the
95DAS58-px had been uncommonly enriched in LREEs
relative to HREES, which is not reconciled with realistic
crystal/melt equilibria; even in consideration of the large
uncertainties for this type of calculation, such as (1) the
dependence of partition coefficients on P—T-X-fo, condi-
tions, and (2) our usage of partition coefficients determined
for magmatic phases. Furthermore, the observation of
decoupling between Nd and Hf isotopic compositions of
the sample (Fig. 4B) independently supports our interpre-
tation for the secondary events.

The EMII-like signature observed in the Hannuoba
peridotites/Cr-diopside pyroxenites is strongly different
from the Al-augite series pyroxenites characterized
by moderately radiogenic Pb isotopic compositions
(Fig. SA—C), which rules out the notion that the melt
which produced the vein also produced the metasoma-
tism. As well, the peridotites/Cr-diopside pyroxenites
cannot be the source of parental magmas for the Al-
augite pyroxenites because of the significant differences
in isotopic ratios between the two types of pyroxenite,
requiring origination in two separate melting events.

5.3. The Neoarchean Lu—Hf isochron age for the
Hannuoba peridotites

The "7Sm/'**Nd and 'Nd/'**Nd ratios of Han-
nuoba peridotite clinopyroxene separates produced by
this study combined with previously published data by

Song and Frey (1989), Tatsumoto et al. (1992), and
Rudnick et al. (2004), range from subchondritic to
superchondritic, and form a positive trend on a Sm—Nd
isochron diagram (Fig. 7A). This trend has too much
scatter to have chronologic significance, but coincides
remarkably well with the 2.7 Ga isochron for the
Huai’an terrain granulites in the Trans-North China
Orogen (Liu et al., 2004) (Fig. 1 for the location). The
Nd model ages for the individual data points are
variable, from ~2.8 Ga to negative ages (Table 3),
consistent with our earlier observation that REE patterns
for all the samples display some degree of secondary
metasomatic overprinting by LREE-enriched silicate
melts. The Sm—Nd isotopic systematics seem to have
been modified extensively by the interaction.

In contrast, the 76 w/'"Hf and "°H{/'"HTf ratios of
the Hannuoba peridotite clinopyroxene separates are
mostly superchondritic (Fig. 7B), and three of them
(DM-32, 95DA101, and 95DA105) still contain Hf
isotopic characteristics consistent with minimal meta-
somatic overprinting of residues produced by the last
major melt extraction event (see above). These three
samples define a Lu—Hf isochron age of 2.59+0.09 Ga
(20) (MSWD=0.18) with an initial '"*Hf/'""Hf ratio of
0.281551 (gg¢=-+15; Fig. 7B) when the 1'7°Lu value of
1.865x 107" year ' (Scherer et al., 2001) is used in the
calculation. We interpret this Neoarchean age to mark
the time of stabilization of the mantle section by melt
extraction, which is supported by the positive initial £y¢
value of +15. The Sm—Nd isochron crystallization age
of 2.7+0.4 Ga (20) estimated for the nearby Huai’an
terrain igneous granulites (Liu et al., 2004), as shown in
Fig. 7A, provides additional support for the Neoarchean
events in the development of the depleted character of
the Hannuoba peridotites. Furthermore, Wilde et al.
(2006) reported SHRIMP U-Pb ages for zircons
extracted from some Hannuoba peridotite xenoliths
ranging from 2.6 to 1.8 Ga. These lines of evidence
suggest that stabilization of the lithospheric mantle
beneath Hannuoba was contemporaneous with forma-
tion of the overlying crust.

Recently, Pearson and Nowell (2003) showed that
clinopyroxene in a suite of peridotite samples from Beni
Bousera massif, northern Morocco, define a Lu—Hf
isochron of 1.43+0.07 Ga (20), which is within error of
the most reliable Re—Os model age ca. 1.2—1.4 Ga for the
peridotite massif. They argued that the Lu—Hf system
shows potential to improve constraints on the timing of
lithospheric mantle differentiation. Furthermore, in a
study of peridotite xenoliths from the Homestead kim-
berlites of the Wyoming Craton, Carlson et al. (2004) also
showed that the Lu—Hf system in some of the peridotites
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carries memory of the depletion event recorded by the
major element composition and Re—Os isotopic system of
the samples. For the Hannuoba locality, our data show that
the Lu—Hf system can be used to constrain the formation
age of the lithospheric mantle. The blocking temperature
for the Lu—Hf method is known to be higher than that for
Sm—Nd in studies of garnet-bearing, high-grade meta-
morphic rocks and ultramafic pyroxenite suites (e.g.,
Blichert-Toft et al., 1999; Scherer et al., 2000; Pearson
and Nowell, 2004). Application of the two-pyroxene
thermometer of Wells (1977), estimated to have a
reproducibility of £70 °C, yields ~950 °C for the three
Hannuoba peridotites (Table 2). This observation suggests
that the closure temperature for Lu and Hf diffusion in
diopside of anhydrous spinel peridotites might be of the
order of ~900 °C.

Peridotite sample DM-32, which has an LREE-
depleted pattern (Fig. 3A), exhibits coupled Nd and Hf
isotopic compositions (Fig. 4B). Sample 95DA105,
showing a spoon-shaped REE pattern (Fig. 3A),
however, displays significant Nd—Hf isotopic decou-
pling, with Agyr=+19.2 (Fig. 4B). Peridotite sample
95DAS58 has an LREE-enriched pattern (Fig. 3B) and is
characterized by even bigger decoupling (A gr=+26.4)
compared to sample 95DA105. We interpret the
decoupling observed in some samples to be the result
of secondary metasomatism severely impacting the Sm—
Nd system, but not the more robust Lu—Hf system.

Bizimis et al. (2003a,b) have shown that recent
metasomatism of an ancient depleted peridotite through
melt—peridotite interaction can produce Nd—Hf decou-
pling, similar to that seen in the Hannuoba peridotites.

Several of the diagrams in Fig. 2 illustrate the com-
positional ranges of peridotites (mostly garnet harzbur-
gites) hosted in kimberlites erupted through some
Archean cratons: Kaapvaal in southern Africa (Boyd,
1989), Udachnaya in Siberia (Griffin et al., 1999), and
Slave in Canada (Griffin et al., 1999). Meso-to
Neoarchean Re depletion model ages have been
reported for these peridotites (Pearson et al., 1995a,b;
Irvine et al., 1999). The Hannuoba peridotites are
compositionally distinct from the highly refractory (i.e.,
depleted in magmaphile constituents such as Al,O; and
CaO) mantle lithosphere that characterizes the Archean
cratons (cf. Rudnick et al., 2004). That is, Hannuoba
peridotites are more fertile than typical cratonic
peridotites, and judging from garnet paucity, were
derived from shallower levels within the mantle. If our
Lu—Hf isochron age is robust, then this raises the
question of how representative the Archean lithospheric
mantle (LM), characterized by strong depletion in
magmaphile elements, truly is. Lee et al. (2001) reported
some unusually fertile Neoarchean LM beneath Mojavia
province, southwestern USA, and proposed the possi-
bility of such fertile Archean LM being overlooked and
mistaken for Phanerozoic material.
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On the other hand, Gao et al. (2002) reported a Re—
Os ‘errorchron’ age of 1.94+0.2 Ga for the Hannuoba
peridotites, based on a regression line forced through
primitive upper mantle (PUM), a hypothetical reservoir
that has never experienced melt depletion or enrichment
(Meisel et al., 2001). However, Walker et al. (2002)
raised the question of the true value for PUM. In
addition, there is large uncertainty regarding the
¥70s/'%80s evolution of the mantle source for litho-
spheric peridotites owing to the large range in Os
isotopic compositions for the oceanic mantle as sampled
by abyssal peridotites (e.g., Snow and Reisberg, 1995;
Rudnick and Lee, 2002; Walker et al., 2002). Further-
more, the trend defined by Hannuoba peridotites
yielding a ~1.9 Ga Re—Os errorchron age does not
pass through the hypothetical PUM composition on the
¥705/'*80s vs. Al,O5 correlation diagram (Table 1;
Gao et al., 2002), indicating that it is not simply the
result of melt extraction from the primitive mantle.

Interestingly, Gao et al. (2002) showed that the
Hannuoba peridotites yield a Re—Os errorchron age of
2.1+0.5 Ga, without forcing the trend through the PUM
reservoir. Unequivocally, then, both Os and Hf isotope
systematics point to Neoarchean age of depletion.
Therefore, the Re—Os systematics of the Hannuoba
peridotites might define a chronologically meaningful
Neoarchean isochron, if samples compromised by
secondary metasomatic overprinting are recognized
and excluded from the regression.

In summary, our data confirm that ancient Neoarchean
lithospheric mantle persists beneath Hannuoba despite the
protracted tectono-magmatic reactivation during the
Mesozoic and Cenozoic (e.g., Zhou and Armstrong,
1982; Meng, 2003; Yang et al., 2003; Zhang, 2005). This
observation suggests that it is unlikely for the lithospheric
mantle in East Asia to have been removed by wholesale
delamination. The model of mechanical reactivation of
endogenous lithospheric mantle, commonly invoked for
the enriched mantle source of the volcanism in East Asia,
may need to be reconsidered before we can fully
understand mantle dynamics for this region.

5.4. Petrogenetic relationships between the Hannuoba
pyroxenites and Late Mesozoic magmatism in Northern
China

Pyroxenite and lower crustal granulite (dominantly
mafic to intermediate) present in the Hannuoba xenolith
suite have been interpreted as cumulates extracted from
veins and underplated layers at the crust—mantle
boundary, genetically related to Late Jurassic to Early
Cretaceous rift-related volcanism in northern China (Xu,

2002; Liu et al., 2001, 2004; Meng, 2003). This view is
based largely on the observation that zircon U-Pb ages
determined for these xenoliths are the same as the Late
Mesozoic eruption ages for the lavas (Fan et al., 1998;
Liu et al., 2004). However, Wilde et al. (2003, 2006)
argued that some of the mafic granulite xenoliths are
likely to be remnants of Precambrian crust based on the
ubiquitous presence and locally abundant Precambrian
zircons in the xenoliths.

For comparison, we have plotted published Sr, Nd
and Pb isotopic compositions for the Hannuoba mafic
granulites (Zhou et al., 2002; Liu et al., 2004), Late
Mesozoic (~150 to 120 Ma) rift-related lavas in
northern China (Shao et al., 2001) and Hannuoba
whole-rock Al-augite pyroxenites (Xu, 2002; Liu et al.,
2004) along with ours, in Figs. 4, 5 and 7. Note that
present-day isotopic values for the pyroxenites and
granulites have been plotted on these diagrams (Figs. 4,
5 and 7), and corrected values using a reference age of
150 Ma are given in Table 3. The corrections for a
formation age at 150 Ma do not have any impact on the
conclusions we reach below because of the very low Rb/
Sr, Sm/Nd, Lu/Hf and U/Pb ratios in these samples
(Table 3; Xu, 2002; Zhou et al., 2002). The same is true
of the small difference in isotopic compositions between
whole-rock and the constituent clinopyroxene in the
pyroxenite xenoliths.

The Late Mesozoic volcanic rocks are characterized
by moderately radiogenic Sr and Nd isotopic composi-
tions — initial ¥’St/*°Sr ratios of 0.7045 to 0.7059
and &nq(?) values of —8.47 to +3.88 (Shao et al., 2001)
(Fig. 4A). Al-augite pyroxenites have Sr and Nd
isotopic compositions that fall between and also partly
overlap with the fields for Late Mesozoic lavas and the
granulite xenoliths (Fig. 4A), with moderately radio-
genic Pb isotopic compositions (Fig. 5A and B) plotting
to the right of the geochron (Fig. 4D). Therefore, the
isotopic characteristics of the Al-augite pyroxenites, as
well as the protolith for the mafic granulites, cannot be
explained by simple kinship to the Late Mesozoic lavas.

The Al-augite pyroxenites have Sr—Nd—Hf isotopic
compositions that do not overlap with the field for
oceanic basalts (Fig. 4A and B), which reflect long-term
isolation from the convective mantle. Interestingly, the
pyroxenites show a positive correlation on the Sm—Nd
isochron plot (Fig. 7A), nearly parallel to the Huai’an
terrain granulite isochron of ~2.7 Ga. Sample H-12 in
Fig. 7A, characterized by superchondritic Sm—Nd
systematics and an &yq value of ~ +38 (Xu, 2002),
leaves no doubt as to its Precambrian origin, as
discussed by Xu (2002). One possible interpretation is
that the Al-augite pyroxenite xenoliths might be
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products of Precambrian magmatism. Recent discovery
of Precambrian zircons in the Hannuoba Al-augite
pyroxenite xenoliths (Liu et al., 2004) supports this
conclusion. Xu (2002) interpreted the positive correla-
tion of these xenoliths on the Sm—Nd isochron as a
likely mixing array, and suggested that it is the product
of delaminated lower crustal materials mixing with a
mantle source that had enriched isotopic components
during the Mesozoic magmatic event represented by
lavas in the area. Work we have reported here, however,
such as ample evidence for preservation of Neoarchean
lithospheric mantle beneath Hannuoba (see above),
makes it unlikely that wholesale lower crustal delam-
ination occurred.

The Cr-diopside pyroxenite xenoliths plot along a
horizontal array on the Sm—Nd isochron diagram
(Fig. 7A), but no age information is apparent. Instead,
the array is probably due to recent addition of Sm or Nd
and concomitant isotopic re-equilibration. On the Lu—Hf
isochron plot (Fig. 7B), the Al-augite pyroxenite shows
subchondritic Lu—Hf systematics, which is consistent
with origination by crystallization from a melt. On the
other hand, Cr-diopside pyroxenite (95DA58-px) displays
superchondritic '"°Lu/!”"Hf and '"°Hf/'"’Hf ratios,
requiring second-stage evolution, which most probably
involved secondary partial melting and melt extraction
after emplacement as veins. We can deduce that the
secondary partial melting event depleted the rocks in
basaltic components and made them susceptible to the
subsequent metasomatism recognized from the uncom-
monly enriched LREEs relative to HREEs (Fig. 3D), and
Nd-Hf decoupling (Fig. 4B). Lead isotopic data of Shao
et al. (2001) for the Late Mesozoic lavas reproduced in
Fig. 4C and D, do not possess the radiogenic EMII-like Pb
isotopic signature observed in the Hannuoba Cr-diopside
pyroxenite and peridotite xenoliths. This means that the
Late Mesozoic magmatism cannot be the metasomatising
agent that imprinted the EMII-like signature in the
xenoliths. However, it remains an open question whether
the parental magmas for the Cr-diopside pyroxenite were
cogenetic with the Late Mesozoic magmatism, before the
secondary overprinting events.

For a Cr-diopside websterite (95DA58-px), occur-
ring as a composite xenolith, the Nd and Sr isotopic
compositions of the websterite are close to those of the
host peridotite, whereas their Pb and Hf isotopic com-
positions are dissimilar. Considering the relative dif-
fusion coefficients in diopside at ~1000 °C — Sr>
Pb>Nd (Sneeringer et al., 1984; Van Orman et al.,
2001), and possibly >>Hf, we interpret the coincidence
of the Nd isotopic compositions between the two
lithologies to be fortuitous. Based on the LREE zoning

observed in some clinopyroxene grains from Hannuoba
peridotites, and a lack of correlation between Rb/Sr and
87S1/%Sr, Song and Frey (1989) and Rudnick et al.
(2004) argued in favor of relatively recent metasoma-
tism, possibly during the Cenozoic. This suggestion is
consistent with the isotopic disequilibrium we have
documented between the Cr-diopside pyroxenite vein
and the host peridotite.

6. Conclusions

The main points of the discussion above may be
summarized as follows:

(1) The EMI and EMII mantle end members for the
mantle source of Late Cenozoic intraplate volca-
nism in East Asia are not located in the mantle
lithosphere.

(2) The mantle lithosphere (spinel peridotites/pyrox-
enites) is not likely to have been the source of the
basaltic magmas making up the Hannuoba
volcanic field of the North China Block.

(3) The Cr-diopside xenolith suite exhibits mixing
hyperbolas between DMM and EMII, which
contrasts with the host Hannuoba basalts pro-
duced by mixing components from DMM and
EMI. This also means that the Al-augite and Cr-
diopside suites are not cogenetic.

(4) Metasomatizing agents — possibly silicate melts —
imprinting xenoliths with the EMII-like signature
are not likely to be cogenetic with the parental
melts of the Cr-diopside pyroxenite, judging from
the multi-stage evolutionary history, including
secondary partial melting and metasomatic over-
printing of the Cr-diopside pyroxenite itself.

(5) Late Mesozoic volcanic rocks in northern China
are isotopically different from the Hannuoba
peridotites/pyroxenites, ruling out the possibilities
of their origin as cogenetic or metasomatic agents.

(6) Evidence for metasomatism is common in the
xenolith suites; however, the Hf isotopic signa-
tures are the least affected, which implies that the
Lu—Hf system can be used to date mantle melting
events as recorded by the peridotite xenolith
samples.

(7) The Lu—Hfisochron age of ~2.6 Ga for the largely
unmetasomatized Hannuoba peridotites indicates
that stabilization of the mantle lithosphere was
contemporaneous with formation of the overlying
crust, and persisted despite protracted tectono-
magmatic reactivation in this area during the
Mesozoic and Cenozoic.
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