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Clinopyroxene is a major host for lithophile elements in the mantle lithosphere, and therefore its origin is
critical for constraints on mantle evolution and melt generation. This study present detailed in-situ trace-
element and Sr-isotope analyses of clinopyroxene in the mantle xenoliths from Hebi, North China Craton
(NCC). The Archean lithospheric mantle beneath the NCC has been heterogeneously thinned and replaced by ju-
venile asthenospheric mantle. The Hebi mantle xenoliths mainly consist of spinel harzburgites with highly re-
fractory compositions; most olivines are Fo91.1–92.5. Eight samples have 187Os/188Os ratios of 0.11067–0.11688,
giving Paleoproterozoic-Archeanmodel ages (TMA; 2.3–3.4 Ma) calculated relative to the primitive uppermantle
(PUM). This confirms the existence of Arhcean mantle relics beneath the Hebi area during the Cenozoic. Clino-
pyroxene in the Hebi mantle xenoliths shows strong enrichment in LILEs (e.g., Th, U and LREE), but depletion
in both HREE and HFSEs (e.g., Nb, Ta, Zr and Hf), which suggests that the Hebi mantle xenoliths have beenmeta-
somatized by carbonatitic melts. Strontium isotopes in clinopyroxene have been determined in-situ in 13 sam-
ples, giving 87Sr/88Sr ratios of 0.70309–0.70556, which are lower than the bulk-rock values of the Paleozoic
mantle xenoliths. Therefore, we suggest that clinopyroxenes in the Hebi mantle xenoliths crystallized from
metasomatic melts. However, the metasomatic process has not significantly disturbed the Os isotope ages of
the Hebi mantle xenoliths.

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

After its formation, the composition of the lithospheric mantle has
been subjected to secular modification by various metasomatic
agents. Modal metasomatism can add exotic mineral phases to the
lithospheric mantle, such as amphibole and apatite (Menzies and
Hawkesworth, 1987). The more modally abundant mantle minerals
olivine, orthopyroxene, clinopyroxene and spinel are commonly
thought to be generally of primary origin, residual after melt extrac-
tion and lithosphere stabilisation. Clinopyroxene is the major host
for incompatible elements, such as Sr and REE, in the lithospheric
mantle and exerts a dominant control on the long-term evolution of
lithophile isotopes such as Rb–Sr, Sm–Nd and Lu–Hf. Its compositions
have been widely used to study the complicated processes that have
affected the lithospheric mantle. However, a number of studies have
demonstrated that clinopyroxene in mantle xenoliths is not necessarily
of primary or residual origin (van Achterbergh et al., 2001; Gregoire et
al., 2003; Simon et al., 2003, 2007). Mantle xenoliths can show two
+86 10 62010846.
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generations of clinopyroxene, and the second- generation clinopyrox-
ene can occur as a minor phase on primary rims or along grain bound-
aries; such clinopyroxene is usually related to infiltration of the host
magmas (Pearson et al., 2003). The contribution of secondary clinopyr-
oxene to bulk rock sodium, calciumor iron contents can be considerable
(Boyd et al., 1997). Furthermore, several studies have shown that most
of the clinopyroxene found in mantle xenoliths from on-craton settings
may have a metasomatic origin (van Achterbergh et al., 2001; Gregoire
et al., 2003; Pearson et al., 2003; Simon et al., 2003, 2007). Using the
micro-drilling technique, Malarkey et al. (2011) have measured both
trace elements and Sr–Nd isotopes of clinopyroxenes in off-cratonman-
tle xenoliths from Morrocco. They suggested that clinopyroxenes in
these xenoliths have a metasomatic rather than residual origin and
crystallized during a carbonatitic metasomatic event.

Hebi is located in the central part of the North China Craton (NCC).
Previous studies have shown that this Cenozoic xenolith suite con-
tains samples of refractory lithospheric mantle, with ancient sulfide
phases (Zheng et al., 2001, 2007). In this study, the whole-rock Re–Os
isotope analyses of these xenoliths suggest that they represent Archean
cratonic mantle beneath the NCC. In addition, we use laser-ablation
method to investigate the trace-element patterns and Sr-isotope ratios
of clinopyroxene, and to explore the origin of the clinopyroxene in the
Hebi mantle xenoliths.

http://dx.doi.org/10.1016/j.chemgeo.2012.03.014
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2. Geological background and sample description

2.1. Geological background

The Archean North China Craton (NCC) is bounded by the Xing'an-
Mongolian orogenic belt to the north and the Dabie–Sulu ultra-high
pressure belt to the south (Fig. 1). The NCC has been divided into
eastern and western blocks (Zhao et al., 2001), separated by the
Trans-North China Orogen (TNCO). The eastern NCC is characterized
by a thin crust and lithospheric mantle, high heat flow and weak neg-
ative to positive regional Bouguer anomalies, whereas the western
NCC has a relatively thick crust and lithospheric mantle, low heat
flow and strong negative Bouguer gravity anomalies (Xu, 2007). The
North South Gravity Lineament (NSGL) marks the sharp gradient in
Bouguer gravity anomalies; it roughly overlaps the TNCO. Diamond in-
clusions, xenoliths andmineral concentrates from Paleozoic kimberlites
(e.g., Mengyin, Fuxian and Tieling) indicate a thick (>180 km), cold
(b40 mW/m2) and refractory lithospheric keel beneath at least the
eastern part of the NCC during the Paleozoic (Griffin et al., 1998;
Zheng, 1999; Zheng and Lu, 1999). Re–Os isotope data of the mantle
xenoliths from the kimberlites support the existence of an Archean
lithospheric mantle beneath this part of the NCC during the Middle
Ordovician (Gao et al., 2002; Wu et al., 2006; Zhang et al., 2008; Chu
et al., 2009).

The NCC was magmatically and tectonically quiescent from the
Mesoproterozoic to the Early Paleozoic. This quiet period ended in
the middle Ordovician with the eruption of the Mengyin and Fuxian
kimberlites (Dobbs et al., 1994; Lu and Zheng, 1996; Yang et al.,
2009a). Since the Late Mesozoic, intensive deformation, mineralization
and igneous activity were widespread in the eastern NCC, and this re-
surgence in activity has been related to the removal of the cratonic
mantle (Yang et al., 2003; Wu et al., 2005).

2.2. Sample description

Both Neogene basalts and Cretaceous–Eogene barren carbonatitic
kimberlites outcrop at Hebi, which is located at the southern end of
the TNCO (Fig. 1). The Neogene alkali basalts, which erupted ca
4 Ma ago (Liu et al., 1990) , contain abundant mantle xenoliths and
megacrysts of garnet and pyroxene (Zheng et al., 2001, 2007). The
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Fig. 1. Sketch map showing the distribution of mantle xenoliths trapped by the Paleozoic ki
The tectonic subdivisions of the NCC are from (Zhao et al., 2001). TNCO: Trans-North China
Hebi mantle xenoliths are quite fresh and usually have rounded
shapes, with diameters of 2–3 cm. They are mainly spinel harzbur-
gites with a modal content of clinopyroxene less than 5%. Although
phlogopite has been reported in the Hebi mantle xenoliths (Zhao
et al., 2007), it has not been observed in any samples selected in the
present study. The Hebi mantle xenoliths commonly display coarse-
grainedmicrostructures, in which the grain sizes of olivine and ortho-
pyroxene are generally from 2 to 10 mm. Triple-junction textures are
widely developed among the silicate minerals and kink-banding is
commonly observed in olivine. A few samples show porphyroclastic
microstructures, in which olivine occurs as coarse and commonly
strained porphyroclasts set in a matrix of small strain-free recrystal-
lized grains. Small rounded grains of spinel are interstitial between
olivine and orthopyroxene. Shear deformation has not been observed
in any Hebi mantle xenoliths. Alkali- and aluminum-rich glass occurs
as small veins in some samples.

3. Analytical methods

3.1. Whole rock and mineral major elements

Whole-rock major elements of HB01, HB07, HB08 and HB13 were
measured by XRF at Northwest University in Xi'an, whereas other
samples were analysed at the Institute of Geology and Geophysics,
Chinese Academy of Sciences (IGGCAS). The method used at North-
west University has been described by Rudnick et al. (2004). The
analytical uncertainty ranges from 1% to 3%. Major-element compo-
sitions of minerals were analysed on a JEOL JXA-8100 Electron Probe
at IGGCAS, using a 15 keV accelerating voltage and a 10 nAbeam current.

3.2. Clinopyroxene trace elements

Trace elements in clinopyroxene were analysed using a laser
ablation inductively coupled plasma mass spectrometer (LA-ICP-
MS) at IGGCAS. The detailed description of the method has been
given by Liu et al. (2010a). The LA-ICP-MS system consists of a Lamb-
da Physik LPX 120I pulsed ArF excimer laser coupled to an Agilent
7500 ICP-MS. Isotopes were measured in peak-hopping mode. A
spot size of 80 μm and repetition rate of 8 Hz were used. The
NIST612 glass was used as an external calibration standard and the
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Table 1
Whole-rock major-element compositions of the Hebi mantle xenoliths. Total iron is expressed as Fe2O3.

Sample HB01 HB07 HB08 HB13 HB20 HB21 HB22 HB23 HB32 HB32-R HB33 HB34 HB38 HB39

SiO2 43.08 42.30 43.48 43.31 43.92 45.95 43.98 42.03 43.33 43.26 44.65 46.60 43.04 44.29
TiO2 0.04 0.01 0.08 0.02 0.03 0.03 0.03 0.02 0.06 0.06 0.03 0.04 0.02 0.01
Al2O3 1.42 0.57 2.56 1.05 1.02 1.69 1.09 1.05 1.44 1.44 0.80 1.65 0.33 0.91
Fe2O3 7.52 7.78 7.88 7.90 8.13 7.59 8.96 7.67 9.02 9.08 8.14 7.07 8.53 7.88
MnO 0.09 0.09 0.10 0.10 0.11 0.11 0.11 0.10 0.12 0.12 0.11 0.10 0.11 0.11
MgO 44.98 47.91 42.60 45.56 45.36 42.67 44.75 44.71 44.31 44.39 44.91 42.71 47.28 45.29
CaO 0.94 0.25 0.74 0.51 0.58 0.88 0.45 0.34 0.44 0.44 0.60 0.61 0.23 0.59
Na2O b0.01 b0.01 0.02 b0.01 0.00 0.11 0.01 0.09 0.02 0.02 0.05 0.10 0.00 0.02
K2O 0.17 0.07 0.51 0.06 0.08 0.23 0.09 0.17 0.05 0.05 0.07 0.14 0.04 0.06
P2O5 0.03 0.02 0.06 0.03 0.04 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01 0.11
LOI 0.79 0.04 1.10 0.55 0.08 0.04 0.16 0.14 0.42 0.44 0.06 0.28 0.28 0.02
Total 99.06 99.04 99.13 99.09 99.36 99.32 99.33 96.97 99.84 99.93 99.79 99.88 99.71 99.84
Mg# 0.92 0.92 0.92 0.92 0.92 0.92 0.91 0.92 0.91 0.91 0.92 0.92 0.92 0.92

R: replicate analysis
All Fe is expressed as Fe2O3
LOI: loss on ignition
Mg#: molar Mg/(Mg+Fe)
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isotope 43Ca was used as an internal standard. The analytical uncer-
tainty of the LA-ICPMS method is ca 5–10%.
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3.3. Bulk-rock Re–Os isotopes

Bulk-rock Re–Os isotopes were analysed by isotope dilution at
IGGCAS, following the procedure described by Chu et al., (2009).
About 1–1.5 g powder, together with Re–Os isotope spikes (i.e.,
187Re and 190Os) and reverse aqua regia (3 ml 12 N HCl and 6 ml
16 N HNO3), was digested in a Carius Tube at 240 °C for 48–72 h. Os-
mium was extracted from the aqua regia solution by solvent extrac-
tion into CCl4 and further purified by micro-distillation. Rhenium
was separated from the solution by anion exchange chromatography
using a 2 ml resin (AG-1×8, 100–200 meshes). Osmium isotopes
were measured by N-TIMS on a GV Isoprobe-T instrument in a static
mode using Faraday Cup. To increase the ionization efficiency,
Ba(OH)2 solution was used as an ion emitter. The measured Os isoto-
pic ratios were corrected for mass fractionation assuming 192Os/
188Os=3.0827. The in-run precision for Os isotopic measurements
was better than 0.2% (2σ; σ=relative standard deviation) for most
samples, but higher for samples HB-22 and HB-44. The Johnson-
Matthey standard of UMD was used as an external standard and its
ratio was 0.11378±2 during the measurements of samples for this
paper. Rhenium isotopes were measured on a Thermal-Electron Nep-
tune MC-ICPMS using an electron multiplier in a peak-jumping mode
or Faraday cups in a static mode, depending on the measured signal
intensity. The total procedural blank is 3 pg for Re and 2–3 pg for Os.
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Fig. 2. Whole-rock MgO vs. CaO (a) and Al2O3 (b). The curve represents the residue
compositions formed by equilibrium melting of fertile peridotite KR-4003 at 2 GPa
(Herzberg, 2004).
3.4. In-situ clinopyroxene Sr isotopes

The Sr-isotope compositions of clinopyroxenes were measured in
thin sections by laser ablation, with the cell coupled to a Neptune
multi-collector ICP-MS. Detailed descriptions of the instrument and
the laser ablation system have been given in previous studies (Yang
et al., 2009a,b). The MC-ICPMS instrument is equipped with eight
motorized Faraday cups and one fixed central channel, where the
ion beam can be switched between a Faraday cup and a SEM detector.
Isotopeswere acquired in a staticmulti-collectormodewith low resolu-
tion using nine Faraday collectors and the mass configuration array
from 83Kr to 88Sr, applying the technique of Ramos et al. (2004). Prior
to analysis, collectors were aligned using a tuning solution containing
Rb, Sr, Er and Yb. The operation parameters were further optimized by
an aliquot of 200 ppb NIST SRM987 solution to get maximum intensity.
A laser pulse energy of ~120 mJ, repetition rate of 10 Hz and spot size of
160 μm were used during the analyses.
Several relevant interferences were monitored during laser abla-
tion analysis. As in the method employed by Ramos et al. (2004), a
50-second measurement of the gas blank was taken prior to ablation
in order to correct for Kr interference during each analysis. The natural
Kr ratios of 83Kr/84Kr=0.20175 and 83Kr/86Kr=0.66474 were used
for interference correction. The natural 85Rb/87Rb ratio of 2.5926 was
used to correct the interference of 87Rb on 87Sr. Samples with Rb/Sr
ratios less than 0.02 (85Rb/87Srb0.06) can be effectively corrected by
this method (Yang et al., 2009a). The interferences of doubly-
charged rare earth elements (REE) have been corrected bymonitoring
the peaks of 167Er2+, 171Yb2+, and 173Yb2+ at masses of 83.5, 85.5 and
86.5, using the method of Ramos et al. (2004). However, no correction
for 176Lu2+ or 176Hf2+ on 88Sr wasmade since their intensities are low
in our analyses. The effectiveness of the interference corrections can



Table 2
Major-element compositions of minerals in the Hebi mantle xenoliths. Total iron is expressed as FeO. Mg#=Mg/(Mg+Fe) and Cr#=Cr/(Cr+Al). Degrees of partial melting (F) have been calculated from the spinel Cr# using
F=10⁎Ln(Cr#)+24 (Hellebrand et al., 2001).

HB01 HB02 HB07 HB09 HB10

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

SiO2 41.36 0.06 56.20 53.35 41.45 0.10 55.26 53.65 41.03 0.07 56.05 53.56 41.41 0.10 56.35 52.11 40.81 0.03 54.98 52.05
TiO2 0.04 0.11 0.03 0.09 0.03 0.07 0.08 0.03 0.04 0.04 0.07 0.05 0.08 0.06 0.03 1.90 0.00 0.11 0.04 0.27
Al2O3 0.01 26.47 2.77 3.50 0.01 33.95 3.37 3.85 0.00 31.00 3.09 4.11 0.01 32.90 3.27 1.94 0.01 42.38 3.82 5.20
Cr2O3 0.04 42.44 0.77 1.61 0.06 35.26 0.80 1.28 0.04 38.41 0.78 1.63 0.03 36.58 0.84 0.71 0.02 23.77 0.66 1.23
FeO 7.39 13.87 4.57 2.28 8.25 12.97 5.01 2.66 7.48 13.30 4.71 2.36 7.80 13.63 4.79 3.48 7.64 12.31 4.95 2.73
MnO 0.08 0.19 0.12 0.14 0.11 0.15 0.12 0.12 0.19 0.13 0.11 0.08 0.12 0.14 0.09 0.10 0.12 0.15 0.11 0.09
MgO 50.37 16.81 34.13 17.00 50.08 17.48 33.01 16.98 50.93 17.60 33.73 16.15 50.15 17.44 33.72 16.04 49.92 19.66 32.90 15.46
CaO 0.06 0.02 0.99 20.96 0.06 0.02 0.96 19.06 0.07 0.04 0.89 19.47 0.09 0.01 1.00 23.17 0.07 0.01 0.92 20.59
NiO 0.45 0.19 0.10 0.10 0.45 0.24 0.10 0.05 0.41 0.25 0.09 0.05 0.39 0.26 0.14 0.10 0.38 0.29 0.11 0.04
Na2O 0.04 0.02 0.09 1.17 0.02 0.02 0.20 1.78 0.02 0.02 0.14 1.62 0.04 0.01 0.12 0.69 0.01 0.00 0.15 1.58
K2O 0.02 0.02 0.04 0.05 0.02 0.00 0.00 0.03 0.03 0.03 0.00 0.00 0.39 0.02 0.03 0.06 0.01 0.00 0.00 0.01
Total 99.84 100.17 99.81 100.25 100.54 100.27 98.93 99.47 100.23 100.86 99.67 99.09 100.09 101.09 100.37 100.28 98.98 98.71 98.64 99.25
Mg# 92.5 0.69 0.93 0.93 91.6 0.71 0.92 0.92 92.5 0.70 0.93 0.92 92.1 0.70 0.93 0.89 92.1 0.74 0.92 0.91
Cr# 0.52 0.41 0.45 0.43 0.28
F (%) 17 15 16 15 11

HB13 HB18 HB20 HB21 HB22

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

SiO2 41.07 0.00 56.29 41.53 0.01 56.04 53.11 40.94 0.03 56.15 53.63 40.58 54.87 52.34 41.12 55.99 53.26
TiO2 0.00 0.02 0.01 0.00 0.05 0.08 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.02
Al2O3 0.01 29.49 2.82 0.00 30.06 2.51 3.72 0.02 26.59 2.67 2.80 0.02 3.43 3.61 0.02 2.74 4.31
Cr2O3 0.03 38.40 0.73 0.01 36.09 0.65 1.46 0.04 43.13 0.79 1.23 0.03 0.85 1.25 0.05 0.83 2.15
FeO 7.61 13.27 4.85 7.60 15.93 5.57 2.70 8.06 14.28 5.08 2.40 8.28 5.28 2.52 8.62 5.43 2.72
MnO 0.10 0.20 0.13 0.11 0.26 0.14 0.10 0.12 0.13 0.12 0.07 0.11 0.12 0.08 0.10 0.11 0.08
MgO 50.60 16.73 33.87 50.58 16.66 33.43 16.47 50.59 16.39 34.04 17.50 49.79 33.27 17.17 49.58 33.21 15.84
CaO 0.09 0.00 1.04 0.03 0.01 0.87 20.43 0.08 0.00 1.01 21.28 0.08 1.04 21.68 0.07 0.96 18.71
NiO 0.40 0.19 0.10 0.38 0.22 0.01 0.06 0.37 0.18 0.12 0.06 0.39 0.10 0.08 0.36 0.10 0.07
Na2O 0.00 0.00 0.05 0.01 0.03 0.10 1.41 0.01 0.01 0.10 1.00 0.01 0.09 0.70 0.02 0.20 2.09
K2O 0.00 0.00 0.01 0.01 0.00 0.09 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Total 99.91 98.31 99.89 100.24 99.30 99.49 99.48 100.24 100.75 100.10 99.98 99.32 99.09 99.45 99.97 99.59 99.25
Fo 92.2 0.69 0.93 92.2 0.65 0.91 0.92 91.8 0.67 0.92 0.93 91.5 0.92 0.92 91.1 0.92 0.91
Cr# 0.47 0.45 0.52
F (%) 16 16 17

HB23 HB25 HB28 HB32 HB33

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

SiO2 40.92 0.05 55.71 40.03 0.05 54.99 52.39 40.58 0.05 55.74 53.01 40.76 0.04 54.84 50.61 40.50 0.08 55.51 52.81
TiO2 0.01 0.02 0.01 0.01 0.02 0.03 0.01 0.01 0.05 0.01 0.01 0.01 0.50 0.07 1.03 0.02 0.23 0.04 0.19
Al2O3 0.01 28.85 2.88 0.01 32.70 3.23 3.32 0.02 26.88 2.67 2.74 0.03 48.48 3.24 7.59 0.02 33.17 3.00 3.48
Cr2O3 0.02 40.55 0.80 0.03 35.81 0.84 1.17 0.03 42.03 0.80 1.22 0.02 17.83 0.77 1.10 0.04 35.35 0.75 1.26
FeO 7.88 13.58 4.98 8.44 13.93 5.40 2.59 8.03 14.40 5.16 2.31 9.29 12.56 5.97 3.24 8.55 13.70 5.34 2.67
MnO 0.10 0.12 0.10 0.12 0.12 0.11 0.06 0.11 0.14 0.12 0.07 0.12 0.09 0.12 0.09 0.12 0.11 0.13 0.08
MgO 50.61 16.43 33.77 50.08 16.95 33.78 17.31 50.54 15.98 34.10 17.47 49.70 19.57 32.75 15.08 49.74 17.41 33.08 17.25
CaO 0.09 0.01 1.04 0.09 0.01 1.07 21.18 0.08 0.01 1.04 21.60 0.07 0.00 1.00 18.03 0.09 0.01 1.05 20.37
NiO 0.39 0.20 0.09 0.40 0.22 0.10 0.06 0.35 0.20 0.11 0.06 0.39 0.32 0.06 0.05 0.36 0.19 0.10 0.04
Na2O 0.01 0.02 0.03 0.01 0.01 0.07 0.94 0.01 0.01 0.10 0.96 0.02 0.02 0.22 2.50 0.02 0.00 0.13 1.34
K2O 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.02 0.00 0.00 0.00 0.01
Total 100.07 99.84 99.43 99.23 99.81 99.62 99.04 99.78 99.75 99.86 99.46 100.44 99.41 99.04 99.35 99.45 100.24 99.12 99.50
Fo 92.0 0.68 0.92 91.4 0.68 0.92 0.92 91.8 0.66 0.92 0.93 90.5 0.74 0.91 0.89 91.2 0.69 0.92 0.92
Cr# 0.49 0.42 0.51 0.20 0.42
F (%) 17 15 17 8 15
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HB34 HB35 HB36 HB38 HB39

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

SiO2 40.83 0.03 55.70 41.23 0.03 55.48 52.52 40.95 55.96 52.52 40.79 0.06 56.24 40.84 0.05 55.84 52.74
TiO2 0.02 0.03 0.03 0.02 0.01 0.01 0.02 0.02 0.02 0.01 0.03 0.01 0.02 0.01 0.08 0.01 0.06
Al2O3 0.02 31.43 3.17 0.01 37.31 3.31 3.22 0.02 3.10 4.10 0.02 29.23 2.90 0.02 28.89 2.80 3.35
Cr2O3 0.03 37.41 0.83 0.02 30.56 0.62 0.83 0.04 0.86 1.77 0.04 40.13 0.85 0.04 39.68 0.78 1.43
FeO 7.50 13.58 4.87 7.74 13.60 4.98 2.22 7.92 4.97 2.43 8.03 13.14 5.08 8.03 13.96 5.13 2.51
MnO 0.10 0.11 0.11 0.10 0.11 0.11 0.07 0.11 0.11 0.07 0.10 0.11 0.12 0.12 0.13 0.12 0.08
MgO 50.21 17.44 33.64 50.12 17.87 33.69 16.98 49.89 33.54 16.55 49.28 16.34 33.37 49.57 16.23 33.44 17.05
CaO 0.08 0.01 0.93 0.06 0.01 0.75 22.59 0.08 1.02 20.10 0.08 0.01 1.03 0.08 0.01 1.00 20.78
NiO 0.39 0.19 0.09 0.40 0.24 0.11 0.05 0.33 0.09 0.05 0.40 0.18 0.11 0.36 0.20 0.12 0.05
Na2O 0.01 0.01 0.15 0.01 0.01 0.04 0.54 0.02 0.08 1.42 0.01 0.02 0.04 0.03 0.01 0.09 1.16
K2O 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02
Total 99.19 100.24 99.51 99.74 99.78 99.10 99.06 99.38 99.76 99.03 98.78 99.25 99.77 99.11 99.25 99.35 99.22
Fo 92.3 0.70 0.92 92.0 0.70 0.92 0.93 91.8 0.92 0.92 91.6 0.69 0.92 91.7 0.67 0.92 0.92
Cr# 0.44 0.35 0.48 0.48
F (%) 16 14 17 17

HB43 HB44 HB45 HB47 HB48

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

SiO2 40.49 0.04 56.05 53.13 40.52 0.06 55.94 52.87 40.95 0.11 56.34 53.23 41.04 0.07 55.73 52.88 40.95 0.04 56.34 53.07
TiO2 0.02 0.32 0.01 0.21 0.01 0.13 0.04 0.06 0.01 0.03 0.01 0.03 0.01 0.09 0.02 0.06 0.01 0.07 0.02 0.04
Al2O3 0.02 21.92 2.21 4.20 0.02 27.67 2.75 3.43 0.02 29.84 2.95 3.00 0.02 33.51 3.25 3.80 0.02 28.08 2.68 2.77
Cr2O3 0.05 46.60 0.72 1.89 0.03 39.95 0.75 1.50 0.04 39.54 0.86 1.21 0.04 35.61 0.82 1.21 0.05 42.14 0.81 1.22
FeO 8.55 15.39 5.22 2.75 8.05 15.22 5.17 2.54 7.91 13.09 4.99 2.31 8.17 13.38 5.14 2.56 7.94 12.71 4.97 2.26
MnO 0.11 0.12 0.10 0.07 0.11 0.13 0.11 0.07 0.11 0.11 0.12 0.07 0.10 0.11 0.12 0.08 0.12 0.10 0.12 0.08
MgO 49.81 15.38 33.90 16.19 49.68 16.28 33.72 16.90 49.83 16.88 33.48 17.52 49.88 17.30 33.02 17.13 49.36 16.26 33.46 17.34
CaO 0.07 0.01 0.93 18.48 0.08 0.01 0.91 21.11 0.09 0.01 1.01 21.81 0.09 0.01 1.04 21.17 0.08 0.01 1.03 21.60
NiO 0.41 0.15 0.12 0.05 0.39 0.19 0.12 0.08 0.38 0.16 0.12 0.06 0.40 0.21 0.08 0.06 0.43 0.19 0.12 0.08
Na2O 0.01 0.01 0.20 2.47 0.01 0.01 0.08 1.10 0.00 0.02 0.03 0.49 0.01 0.00 0.06 0.71 0.01 0.01 0.05 0.55
K2O 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Total 99.54 99.94 99.48 99.43 98.92 99.67 99.60 99.68 99.35 99.80 99.91 99.75 99.75 100.30 99.28 99.67 98.98 99.62 99.61 99.01
Fo 91.2 0.64 0.92 0.91 91.7 0.66 0.92 0.93 91.8 0.70 0.92 0.93 91.6 0.70 0.92 0.92 91.7 0.70 0.92 0.93
Cr# 0.59 0.49 0.47 0.42 0.50
F (%) 19 17 16 15 17

HB49 HB50 HB54 HB57 HB62

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

SiO2 41.08 55.71 51.69 40.75 0.04 55.82 53.98 40.90 0.05 55.53 53.27 41.28 0.03 55.58 52.41 40.70 0.10 56.18 52.79
TiO2 0.02 0.05 0.57 0.02 0.11 0.03 0.05 0.01 0.04 0.01 0.03 0.02 0.15 0.02 0.08 0.02 0.24 0.06 0.15
Al2O3 0.02 3.55 3.09 0.01 27.73 2.67 3.35 0.03 33.22 3.21 3.73 0.02 28.89 2.86 3.54 0.02 27.69 2.63 4.47
Cr2O3 0.02 0.61 1.55 0.04 41.53 0.80 1.27 0.02 36.03 0.81 1.30 0.03 39.64 0.72 1.44 0.02 39.51 0.72 1.74
FeO 8.28 5.30 2.64 8.08 14.04 5.08 2.57 7.85 12.90 4.97 2.41 8.09 14.62 5.19 2.51 8.08 15.69 5.16 2.72
MnO 0.11 0.11 0.10 0.11 0.13 0.11 0.08 0.10 0.10 0.11 0.06 0.11 0.14 0.12 0.08 0.11 0.13 0.11 0.07
MgO 50.30 33.18 16.06 49.54 16.17 33.21 17.04 49.97 17.21 33.05 16.75 50.06 16.41 33.53 16.90 49.98 16.25 33.67 16.07
CaO 0.06 0.92 22.90 0.07 0.01 0.95 19.75 0.08 0.01 0.99 20.50 0.07 0.01 0.92 21.21 0.07 0.01 0.95 19.81
NiO 0.41 0.09 0.06 0.37 0.19 0.11 0.05 0.37 0.22 0.12 0.06 0.39 0.23 0.11 0.04 0.39 0.22 0.12 0.06
Na2O 0.01 0.21 0.65 0.01 0.02 0.16 1.55 0.01 0.01 0.12 1.33 0.01 0.01 0.08 1.00 0.01 0.01 0.12 1.74
K2O 0.01 0.01 0.02 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.02 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.05
Total 100.31 99.74 99.32 99.02 99.97 98.95 99.69 99.35 99.80 98.92 99.47 100.09 100.13 99.14 99.23 99.42 99.85 99.72 99.66
Fo 91.5 0.92 0.92 91.6 0.67 0.92 0.92 91.9 0.70 0.92 0.93 91.7 0.67 0.92 0.92 91.7 0.65 0.92 0.91
Cr# 0.50 0.42 0.48 0.49
F (%) 17 15 17 17
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Table 3
Trace-element compositions of clinopyroxenes in Hebi mantle xenoliths. n: chondrite-normalized (Anders and Grevesse, 1989).

HB01 HB02 HB05 HB07 HB09 HB10 HB18 HB20 HB21 HB22 HB25 HB32 HB33 HB35 HB36 HB39 HB43 HB44 HB50 HB54 HB62

Sc 51.0 76.5 33.2 65.2 80.8 73.9 80.8 65.8 53.2 82.5 50.8 47 54 62 71 69 85 70 63 72 78
Ti 342 327 13173 192 116 1593 177 341 48 228 18 6999 1892 102 165 788 840 448 351 945 1136
V 98 218 459 125 204 230 178 187 170 251 206 233 126 123 181 211 227 178 177 177 249
Cr 11278 10235 21 9231 11629 9517 9824 9432 8592 16192 8126 7883 10424 5595 11522 9881 14791 10877 7302 9966 12128
Sr 389 206 194 478 403 595 474 449 242 298 130 250 227 516 407 519 402 592 481 347 947
Y 2.04 5.01 13.14 3.33 3.06 9.51 4.67 2.30 0.713 4.89 0.386 15.40 3.80 0.79 5.35 3.43 11.53 2.14 3.89 3.62 3.84
Zr 31.4 19.2 116.7 36.7 26.3 34.2 16.6 26.2 0.6 74.7 0.13 183.7 38.7 10.0 70.2 71.7 106.0 22.1 35.7 37.0 38.8
Nb 0.44 0.86 1.31 1.50 2.57 2.14 0.71 2.57 0.67 4.07 1.65 4.43 11.07 6.34 2.13 4.78 8.26 2.11 2.90 3.72 1.95
Ba 0.20 0.39 0.16 1.79 1.01 4.25 0.20 14.30 0.31 63.49 0.41 12.80 241 86.0 1.42 34.0 18.6 67.5 12.5 9.88 11.29
La 4.35 5.61 3.95 7.35 14.36 4.74 7.04 10.16 4.41 10.78 6.97 10.33 6.95 3.50 11.01 21.00 6.09 14.95 17.82 13.38 9.71
Ce 16.23 18.07 16.13 28.89 41.55 20.36 32.34 34.22 9.16 28.70 12.38 31.65 17.64 8.89 32.87 49.73 24.27 38.54 48.94 37.51 42.70
Pr 2.87 2.79 2.87 4.62 5.77 3.62 6.08 4.75 0.93 4.00 1.08 4.51 2.25 0.97 4.62 5.63 4.37 4.90 6.09 5.03 7.96
Nd 16.98 13.84 16.55 22.68 25.14 18.99 29.32 20.26 3.41 18.34 3.38 22.55 9.91 3.39 21.60 22.42 24.40 19.62 25.63 22.13 40.08
Sm 4.65 3.24 5.29 4.82 4.09 4.37 4.86 3.33 0.50 3.94 0.365 6.07 2.07 0.36 4.66 3.58 6.51 3.15 4.87 3.66 6.87
Eu 1.22 1.05 1.89 1.38 1.11 1.29 1.21 0.91 0.13 1.28 0.094 2.01 0.68 0.08 1.35 1.02 2.07 0.84 1.43 1.05 1.66
Gd 2.42 2.70 5.06 3.07 2.87 3.39 2.62 2.10 0.51 2.87 0.366 5.81 1.78 0.30 3.61 2.39 5.57 2.06 3.28 2.52 3.61
Tb 0.20 0.29 0.73 0.27 0.25 0.42 0.25 0.17 0.03 0.32 0.02 0.78 0.20 0.03 0.37 0.23 0.66 0.17 0.33 0.26 0.30
Dy 0.72 1.37 3.95 1.12 0.98 2.30 1.12 0.72 0.15 1.46 0.06 4.01 1.02 0.12 1.61 1.08 3.23 0.65 1.29 1.11 1.23
Ho 0.08 0.19 0.60 0.14 0.13 0.38 0.18 0.10 0.03 0.20 0.02 0.64 0.16 0.03 0.23 0.15 0.46 0.09 0.16 0.15 0.15
Er 0.14 0.39 1.30 0.26 0.22 0.94 0.42 0.19 0.11 0.58 0.10 1.38 0.36 0.16 0.35 0.31 0.89 0.19 0.26 0.32 0.35
Tm 0.02 0.05 0.13 0.03 0.03 0.12 0.06 0.03 0.03 0.08 0.02 0.15 0.05 0.04 0.04 0.04 0.08 0.03 0.03 0.04 0.04
Yb 0.10 0.34 0.56 0.22 0.23 0.82 0.40 0.19 0.20 0.52 0.21 0.88 0.32 0.29 0.26 0.28 0.48 0.20 0.22 0.24 0.25
Lu 0.02 0.06 0.07 0.03 0.05 0.12 0.07 0.03 0.04 0.08 0.03 0.11 0.04 0.05 0.04 0.04 0.05 0.03 0.04 0.05 0.03
Hf 0.84 0.56 5.49 0.91 0.42 0.97 0.34 0.55 0.03 1.51 0.02 5.73 0.96 0.17 0.58 2.30 2.33 0.59 0.60 0.83 1.76
Ta 0.05 0.18 0.33 0.21 0.22 0.09 0.07 0.30 0.05 0.22 0.17 0.48 0.31 0.10 0.40 0.53 0.63 0.13 0.25 0.24 0.15
Th 0.17 0.24 0.07 0.30 0.80 0.24 0.16 0.35 0.34 0.53 0.65 0.70 0.47 0.17 0.46 1.32 0.16 0.73 0.83 0.69 0.39
U 0.05 0.07 0.02 0.09 0.25 0.07 0.05 0.13 0.13 0.07 0.15 0.28 0.17 0.98 0.41 0.47 0.08 0.27 0.31 0.24 0.16
(La/Yb)n 29.3 11.4 4.9 23.6 44.1 4.0 12.1 37.1 15.1 14.5 22.8 8.1 15.3 8.3 29.8 51.1 8.7 52.7 55.3 38.9 27.2
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Fig. 3. Olivine Fo vs. NiO content (a) and spinel Cr# vs. Mg# (b). Compositions of the
high-Fo and low-Fo mantle xenoliths reported by Zheng et al. (2001) are shown for
comparison.
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be evaluated by comparing themeasured 84Sr/86Sr and 84Sr/88Sr ratios
to their accepted values (0.0565 and 0.00675, respectively). Prior to
sample analysis, both international (DUR) and in-house (SAP) apatite
standards were used to evaluate the reliability of the laser ablation analy-
ses, the calibration technique and matrix-matched effect. Twenty-two
analyses of DUR and SAP yield average values of 0.70637±11 (2SD)
and 0.72645±14, respectively,which are identical to their values asmea-
sured by solution analysis (0.70629±2 vs. 0.72655±2; (McFarlane and
McCulloch, 2008)) and laser methods (0.70638±13 vs. 0.72652±10;
(Yang et al., 2009b)).

4. Results

4.1. Whole rock major elements

Whole-rock major-element compositions of Hebi mantle xeno-
liths are listed in Table 1. All samples are fresh with loss on ignition
(LOI) values less than 1.1%. They have refractory compositions with
high MgO contents (42.6–47.91%), but low CaO (0.23–0.94%), Al2O3

(0.33–2.56%), Na2O (b0.11%) and TiO2 (0.01–0.08%) contents. The
bulk-rock Mg# [=molar Mg/(Mg+Fe)] values vary from 0.91 to 0.92.
The MgO contents show negative relationships with both CaO (Fig. 2a)
and Al2O3 contents (Fig. 2b).

4.2. Mineral compositions

Major-element compositions of minerals are listed in Table 2, and
trace-element data for clinopyroxenes are given in Table 3.

4.2.1. Olivine
Consistent with the classification by Zheng et al. (2001), the Hebi

mantle xenoliths selected in the present study have been divided
into two groups according to the Fo content of olivine [=100×Mg/
(Mg+Fe)], i.e., high-Fo group (Fo>91) and low-Fo group (Fob91).
All Hebi samples but HB32 with Fo contents of 91.1–92.5 belong to
the high-Fo group, whereas sample HB32 has a lower olivine Fo of
90.5 (Fig. 3a). Olivines in the high-Fo samples have NiO contents of
0.33–0.45%, whereas olivine in low-Fo sample HB32 contains 0.39%
NiO.

4.2.2. Spinel
The Cr# and Mg# of spinel in Hebi mantle xenoliths are negatively

correlated (Fig. 3b). Spinels in the high-Fo samples have Cr# [=Cr/
(Cr+Al)] ranging from 0.28 to 0.59, whereas spinel in the low-Fo
sample has a low Cr# of 0.2. The former has TiO2 contents lower
than the latter, i.e., 0.01–0.32% vs. 0.50%. Degrees of partial melting
estimated from spinel Cr# (Hellebrand et al., 2001) are 11-19% for
the high-Fo samples and 8% for the low-Fo sample (HB-32).

4.2.3. Orthopyroxene
Orthopyroxenes in the Hebi xenoliths have Mg# values of 0.91–

0.93, and contain 0.75–1.07% CaO, 2.21–3.82% Al2O3 and 0.61–0.86%
Cr2O3. The Al2O3 contents show an inverse relationship with the Cr#
of spinel in the high-Fo samples, whereas the low-Fo sample HB32
deviates from this correlation to low Al2O3 content (Fig. 4a). The
ratios of Mg# between orthopyroxene and olivine approach unity,
which suggests that equilibrium was attained in all the Hebi samples.

4.2.4. Clinopyroxene
Clinopyroxenes in all high-Fo samples but HB09 have Mg# rang-

ing from 0.91–0.93 and contain 2.74–5.20% Al2O3, 0.83–2.15% Cr2O3,
0.49–2.47% Na2O and 0.01–1.03% TiO2. Compared to other high-Fo
samples, clinopyroxene in sample HB09 has low Mg# (0.89), Al2O3

(1.94%), Cr2O3 (0.70%) and Na2O (0.69%), but high TiO2 (1.90%). Clin-
opyroxene in the low-Fo sample HB32 has a lower Mg# (0.89), but
higher Al2O3 (7.59%) and Na2O (2.50%) than the high-Fo samples.
The MgO contents show negative correlations with Al2O3, Na2O and
TiO2 (Fig. 4b–d).

As in the previous study (Zheng et al., 2001), clinopyroxenes in
Hebi mantle xenoliths display two different REE patterns. Clinopyrox-
enes in most xenoliths show sinusoidal REE patterns (Fig. 5a), i.e., with
flat HREE, strong enrichment from Er to Nd but depleted LREE (La to
Nd). In the trace-element diagram (Fig. 5b), they display enrichment in
LILEs (e.g., Th and U) and negative anomalies in HFSEs (e.g., Zr, Hf, Nb,
Ta and Ti). Clinopyroxenes in three samples (HB21, HB25 and HB35)
display REE patterns with depletion from Lu to Dy and enrichment
from Dy to La (Fig. 5c). Clinopyroxenes in both HB21 and HB25 also
showmarked negative anomalies in the HFSEs (Fig. 5d). Clinopyroxene
in sample HB35 has a different trace-element pattern with weak nega-
tive anomalies in Nb, Ta, Zr and Hf.

4.3. Equilibrium temperatures

Mineral compositions indicate that equilibrium has been attained in
the Hebi mantle xenoliths, thus enabling us to estimate the tempera-
tures byusing various geothermometers. Temperatureswere calculated
using two calibrations of the two-pyroxene geothermometer (Wells,
1977; Brey and Kohler, 1990), the Ca-in-orthopyroxene geotherm-
ometer (Brey and Kohler, 1990) and the Al-in-orthopyroxene geother-
momter (Witt-Eickschen and Seck, 1991). The results are listed in
Table 4 and plotted in Fig. 6. In general, there is a good agreement
between the different methods, i.e., 905–1089 °C for two-pyroxene
geothermometer of Brey and Kohler (1990), 985–1071 °C for Ca-in-
orthopyroxene geothermometer of Brey and Kohler (1990), 813–
1036 °C for Wells (1977) and 1009–1104 °C for Witt-Eickschen and
Seck (1991). We have recalculated the temperatures of samples previ-
ously reported by Zheng et al. (2001), which give a range of 893–
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1177 °C. No garnet-bearing xenoliths have been found in Hebi, so we
cannot construct a xenolith-based geotherm. However, the Hebimantle
xenoliths have similar high temperatures to the Cenozoic spinel-facies
mantle xenoliths from the eastern NCC (Chu et al., 2009), implying a
hot lithospheric geotherm beneath Hebi during the Cenozoic.
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4.4. Re–Os isotopes

Bulk-rock Re–Os isotopes have been measured for eight samples
and the results are given in Table 5. The Re contents range from
0.012 to 0.281 ppb. All the Hebi samples but HB44 have Os contents
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Table 4
Equilibrium temperatures of Hebi mantle xenoliths calculated by various geotherm-
ometers. A pressure of 1.5 GPa is assumed for all calculations.

Brey and Kohler
(1990)

Brey and Kohler
(1990)

Wells
(1977)

Witt-Eickschen
and Seck (1991)

Ca-in-opx Cpx-Opx Cpx-Opx Cr-Al in Opx

HB01 1050 1024 999 1043
HB07 1049 1090 1016 1062
HB09 1051 813 1088
HB10 1034 957 941 1054
HB13 1064 1026
HB-18 1020 1010 988 985
HB-20 1056 1015 1012 1047
HB-21 1066 1005 1011 1104
HB-22 1044 1075 1012 1073
HB-23 1065 1055
HB-25 1071 1021 1023 1087
HB-28 1064 978 993 1050
HB-32 1056 1089 1020 1074
HB-33 1067 1035 1030 1051
HB-34 1035 1084
HB-35 985 905 941 1009
HB-36 1059 1041 1015 1090
HB-38 1063 1075
HB-39 1055 1014 1009 1050
HB-43 1037 1062 1011 1011
HB-44 1031 997 992 1033
HB-45 1056 1027 1025 1080
HB-47 1066 1053 1036 1081
HB-48 1063 1023 1017 1054
HB-49 1033 1082 1005 1023
HB-50 1044 1072 1035 1057
HB-54 1053 1025 1007
HB-57 1033 994 994 1029
HB-62 1042 1080 1018 1097

Table 5
Whole-rock Re–Os isotope compositions of Hebi mantle xenoliths. TMA: model ages;
TRD: Re depletion ages. Both TMA and TRD are calculated relative to the primitive
upper mantle (PUM; (Meisel et al., 2001)) using the parameters: λ=1.666×1011/
year, (187Re/188Os) PUM=0.423, (187Os/188Os) PUM=0.1296.

Al2O3 Re
(ppb)

Os
(ppb)

187Re/
188Os

187Os/
188Os

2δ TRD
(Ga)

TMA

(Ga)

HB02 0.034 5.69 0.029 0.11420 0.00011 2.1 2.3
HB08 2.56 0.033 3.43 0.047 0.11067 0.00010 2.6 2.9
HB13 1.05 0.063 2.09 0.146 0.11337 0.00022 2.3 3.4
HB21 1.69 0.281 1.82 0.744 0.11355 0.00005 2.2 -3.1
HB22 1.09 0.094 1.33 0.339 0.11688 0.00071 1.8 8.4
HB23 1.05 0.032 2.27 0.068 0.11422 0.00003 2.1 2.5
HB32 1.44 0.046 2.11 0.105 0.11318 0.00002 2.3 3.0
HB44 0.012 0.26 0.218 0.11323 0.00038 2.3 4.6
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higher than 1 ppb (i.e., 1.33–5.69 ppb) and 187Re/188Os ratios varying
from 0.03 to 0.74. Sample HB44 has the lowest contents of both Re
and Os (0.012 ppb and 0.26 ppb, respectively), giving a 187Re/188Os
ratio of 0.22. The Hebi mantle xenoliths have unradiogenic 187Os/
188Os ratios of 0.11067–0.11688, which are similar to values reported
in a recent study on Hebi mantle xenoliths (Liu et al., 2011b) but
higher than those of two sulfide grains in Hebi mantle xenoliths ana-
lyzed previously (0.10651 and 0.11024; Zheng et al., 2007). Sample
HB08 has the lowest 187Os/188Os ratio of 0.11067; this is the most
unradiogenic bulk-rock ratio found in Cenozoic mantle xenoliths
from the NCC (Gao et al., 2002; Wu et al., 2003, 2006; Xu et al.,
2008; Chu et al., 2009; Zhang et al., 2009; Liu et al., 2010b). The Re
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Fig. 6. Equilibrium temperature histogram of Hebi mantle xenoliths. Temperatures
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depletion ages (TRD) calculated relative to the primitive upper mantle
(PUM; (Meisel et al., 2001)) vary from the Paleoproterozoic to Late
Archean (1.8–2.6 Ga) and are younger than the TRD of the sulfides
(2.7–3.2 Ga). The model ages (TMA) of both HB21 and HB44 are older
than the Earth's age, whereas sample HB21 gives a negative TMA.
These meaningless TMA clearly indicate the disturbance of the Re–Os
isotope systematics in these three samples. Other samples give poten-
tially meaningful TMA of 2.3–3.4 Ga, but disturbance of the Re–Os sys-
tem in these samples is also likely. The low-Fo sample HB32 has TRD
and TMA ages similar to the high-Fo samples.
4.5. Clinopyroxene Sr isotopes

Clinopyroxenes in thirteen samples with high Sr contents
(>399 ppm) have been measured for Sr isotopes by laser ablation
method, and the results are listed in Table 6. Clinopyroxene in each
sample has been analyzed at 9–17 points, depending on grain size.
After correction for fractionation and interferences, both 84Sr/86Sr
and 84Sr/88Sr ratios display limited variation (0.0559–0.0578 vs.
0.0068–0.0069, respectively), and are identical to the accepted values
of natural Sr isotopes (0.0565 vs. 0.00675, respectively). Clinopyrox-
enes in most samples have low Rb contents with 87Rb/86Sr ratios of
0.0002–0.0153, which is typical of mantle diopside (Pearson et al.,
2003). Clinopyroxene in sample HB35 contains somewhat more Rb
with an 87Rb/86Sr ratio of 0.0742. The 87Sr/88Sr ratios vary from
0.70309 to 0.70556, which are remarkably lower than whole-rock
values of mantle xenoliths entrained in the Paleozoic kimberlites in
the NCC (Zheng, 1999; Wu et al., 2006). The standard errors for all
samples (0.00007–0.00033) are variably higher than the estimated
external reproducibility of 0.00005 for the method (Yang et al.,
2009a,b), which is probably due to their variable Rb contents. In par-
ticular, clinopyroxene in HB35 has the highest Rb content and the
largest error. On the other hand, it might also reflect isotopic hetero-
geneity within the single grains (Schmidberger et al., 2003).

5. Discussion

5.1. Age and nature of the Hebi mantle xenoliths

Various studies have used the Re–Os isotopes of mantle xenoliths
from the NCC to constrain the age of the lithospheric mantle at differ-
ent times (Gao et al., 2002; Wu et al., 2003, 2006; Xu et al., 2008;
Zhang et al., 2008; Chu et al., 2009; Zhang et al., 2009; Liu et al.,
2010b). Mantle xenoliths entrained in the Paleozoic kimberlites (i.e.,
Mengyin, Fuxian and Tieling) have unradiogenic 187Os/188Os ratios
varying from 0.10629 to 0.12220, which give Re depletion ages (TRD)
up to ca 3 Ga (Gao et al., 2002; Wu et al., 2006; Zhang et al., 2008;
Chu et al., 2009). This supports the existence of Archean mantle along
the eastern edge of the NCC during the Paleozoic (Gao et al., 2002;
Wu et al., 2006; Zhang et al., 2008; Chu et al., 2009).



Table 6
Sr isotopes of clinopyroxenes in Hebi mantle xenoliths in-situ determined by LA-MC-ICPMS. T: temperatures calculated by Ca-in-opx geothermometer (Brey and Kohler, 1990).

T (°C) Fo in Ol Cr# in Sp Sr (ppm) 88Sr (V) 85Rb (V) 87Rb/86Sr 87Sr/86Sr 84Sr/86Sr 84Sr/88Sr

HB01 1050 92.5 0.52 389 2.10 0.00014 0.00023 0.70556±16 0.0578±2 0.00691±3
HB07 1049 92.5 0.45 478 4.24 0.00020 0.00023 0.70431±23 0.0570±2 0.00681±3
HB09 1051 92.0 0.43 403 1.98 0.00642 0.00290 0.70351±10 0.0577±1 0.00689±1
HB10 1034 92.1 0.28 595 2.73 0.00492 0.00591 0.70499±10 0.0571±2 0.00681±2
HB18 1020 92.2 0.45 474 2.66 0.00035 0.00042 0.70465±07 0.0575±2 0.00686±2
HB20 1056 91.8 0.52 449 0.70 0.00148 0.00650 0.70323±10 0.0567±4 0.00677±5
HB35 985 92.0 0.35 516 0.77 0.01986 0.07418 0.70430±33 0.0561±4 0.00670±5
HB36 1059 91.8 407 0.69 0.00118 0.00544 0.70315±7 0.0560±4 0.00668±5
HB39 1055 91.7 0.48 519 0.84 0.00007 0.00028 0.70321±8 0.0560±3 0.00669±4
HB43 1037 91.2 0.59 402 0.75 0.00256 0.01202 0.70408±18 0.0565±5 0.00674±6
HB44 1031 91.7 0.49 592 0.77 0.00477 0.01532 0.70473±5 0.0563±3 0.00672±3
HB50 1044 91.6 0.50 481 0.61 0.00088 0.00490 0.70309±9 0.0559±4 0.00667±5
HB62 1042 91.7 0.49 947 0.96 0.00044 0.00150 0.70548±5 0.0565±5 0.00674±6
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In contrast, mantle xenoliths entrained by the Cenozoic basalts
have 187Os/188Os ratios remarkably higher than those of Paleozoic xe-
noliths (Gao et al., 2002; Wu et al., 2003, 2006; Xu et al., 2008; Zhang
et al., 2008; Chu et al., 2009; Zhang et al., 2009; Liu et al., 2010b). Fur-
thermore, Cenozoic mantle xenoliths from the western NCC have
lower 187Os/188Os values than those from the eastern NCC (Gao
et al., 2002; Wu et al., 2003, 2006; Xu et al., 2008; Zhang et al.,
2008; Chu et al., 2009; Zhang et al., 2009; Liu et al., 2010b). Mantle
xenoliths carried by Cenozoic basalts in the eastern NCC show a dis-
tribution of 187Os/188Os very similar to that of the convective upper
mantle (see Fig. 11 in Chu et al., 2009), in which ancient mantle
domains can be preserved through the convective stirring (Liu et al.,
2008). This suggests that the old lithospheric mantle beneath the
eastern NCC might have been completely removed and replaced by
juvenile mantle accreted from the asthenosphere (Chu et al., 2009).
In comparison, Cenozoic mantle xenoliths from the western NCC
(i.e., Yangyuan, Fansi and Hannuoba) have less radiogenic 187Os/
188Os ratios, with the lowest value of 0.110 (Gao et al., 2002; Xu
et al., 2008; Liu et al., 2010b, 2011b). This indicates the preservation
of Archean and Proterozoic mantle relics beneath the western NCC
during the Cenozoic (Gao et al., 2002; Xu et al., 2008; Liu et al.,
2010b, 2011b).

The analyzed Hebi mantle xenoliths have unradiogenic 187Os/
188Os ratios ranging from 0.11067 to 0.11688 (Fig. 7). Their bulk-
rock 187Os/188Os ratios give TRD ages varying from Paleoproterozoic
to Neoarchean (1.8–2.6 Ga), which is slightly younger than the
previous reported TRD ages of two sulfide grains (2.5 and 3.0 Ga) in
Hebi mantle xenoliths (Zheng et al., 2007). Nevertheless, bulk-rock
Re–Os isotopes of the Hebi mantle xenoliths give TMA ages similar
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to those given by sulfides, i.e., 2.3-3.4 Ga vs 2.5-3.0 Ga. It should be
emphasized that the TRD age, which assumes no Re is left in the resid-
ual peridotite after melting, represents the minimum age of melting
experienced by mantle peridotites (Walker et al., 1989). In contrast,
the model age (TMA), which is calculated using the measured Re/Os
ratio, represents the maximum age of the putative melting events, as-
suming that the Re/Os ratio has remained unchanged. Therefore, the
bulk-rock Re–Os isotopes of Hebi mantle xenoliths are consistent
with their derivation from the Archean lithospheric mantle, which
has remained in this region after the lithospheric thinning.

The refractory chemical compositions of the Hebi mantle xenoliths
are also consistent with the inference that they represent Archean
cratonic mantle relics. The Hebi mantle xenoliths have high bulk-
rock contents of MgO but low contents of CaO, Al2O3 and TiO2,
reflecting the loss of large proportions of basaltic components
(Fig. 2a, b). The low Al2O3 contents of the Hebi mantle xenoliths
indicate that they might represent residues of a fertile mantle after
15–35% equilibrium partial melting at pressure of 2 GPa (Fig. 2b).
Olivines in most Hebi mantle xenoliths have Fo contents of 91–93
and spinels are commonly Cr-rich. The degrees of partial melting
estimated from spinel Cr# suggest that the Hebi mantle xenoliths
have been subjected to 11–19% fractional melting. The refractory
characteristics shown by the Hebi mantle xenoliths are in stark con-
trast to the Cenozoic mantle xenoliths from the eastern NCC, which
are dominated by spinel lherzolites with fertile compositions (Gao
et al., 2002; Rudnick et al., 2004; Wu et al., 2006; Zheng et al., 2006;
Chu et al., 2009).

Besides the high-Fo mantle xenoliths, the Hebi basalts also contain
a minor population of xenoliths with low-Fo olivines (Zheng et al.,
2001). The low-Fo xenoliths have fertile compositions, which has
been explained as juvenile mantle that was newly accreted from the
asthenosphere underneath the refractory mantle relic (Zheng et al.,
2001). However, the 187Os/188Os ratio of the only analyzed low-Fo xe-
nolith (HB-32) is indistinguishable from the high-Fo harzburgites,
and also gives an Archean model age. In a recent study, a Hebi mantle
xenolith with low-Fo content (Fo=89.6) also gave an unradiogenic
187Os/188Os ratio of 0.1125 and an old model age of 2.2 Ga (Liu
et al., 2011b). The ancient model age is incompatible with the idea
of accreted juvenile mantle. Therefore, we suggest that the low-Fo
xenoliths might also represent the Archean mantle, but have been
subjected to recent melt refertilization.

Garnet is absent in the Hebi mantle xenoliths, pointing to a thin
lithospheric mantle remained in this area during the Cenozoic
(Zheng et al., 2001). This implies that the thick Archean cratonic man-
tle has been significantly thinned (Zheng et al., 2001). On the other
hand, most Hebi mantle xenoliths have equilibrium temperatures
higher than 1000 °C (Fig. 6). This suggests that the mantle relic was
heated by the upwelling of hot asthenosphere, which was triggered
by the lithospheric thinning.
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5.2. Sr isotopes of clinopyroxenes in Hebi mantle xenoliths

The 87Sr/86Sr ratios of clinopyroxenes in thirteen Hebi mantle
xenoliths range from 0.70309 to 0.70556 (Fig. 8a), which are similar
to the reported values (0.70205–0.70489) of clinopyroxene in Ceno-
zoic mantle xenoliths from the eastern NCC obtained by solution
method (Fig. 8b). This indicates that the Archean mantle relic beneath
Hebi has depleted to weakly enriched Sr isotopic characteristics. In
contrast, mantle xenoliths entrained in the Paleozoic kimberlites
(i.e., Mengyin and Tieling) have more radiogenic 87Sr/86Sr ratios of
0.7039–0.7140 (Fig. 8c), suggesting that the Archean cratonic mantle
might have Sr-isotope compositions enriched in 87Sr (Zheng, 1999;
Wu et al., 2006). Before we discuss the difference in Sr isotopes be-
tween the Hebi mantle xenoliths and the Paleozoic mantle xenoliths,
it is necessary to evaluate the effects of contamination by the host
basalts and kimberlites.

Using the laser-ablation method, Schmidberger et al. (2003)
showed that clinopyroxene in mantle xenoliths from the Nikos
kimberlite in the northern Canadian Craton record intra- and inter-
sample Sr-isotope heterogeneity. The authors have ascribed the
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radiogenic Sr isotopes to the metasomatic interaction with the host
kimberlites, which have higher Sr contents than clinopyroxene (i.e.,
1000–2200 ppm vs. 100–400 ppm). However, such a mechanism
cannot be applied to explain unradiogenic Sr isotopes of the Hebi clin-
opyroxenes. First, the Hebi clinopyroxene with Sr isotope analyses
have Sr contents close to or slightly lower than the Cenozoic basalts
in Taihang Mountain areas (central NCC), i.e. 389–974 ppm vs. 277–
1290 ppm (Xu et al., 2004; Tang et al., 2006). Secondly, there is a
large difference in TiO2 concentration between clinopyroxene and
the host basalt. Therefore, the most unradiogenic 87Sr/86Sr ratios
would be recorded by clinopyroxene that had experienced the largest
degree metasomatic interaction with the host basalt, which should
also have the highest TiO2 content. That is, a negative correlation is
expected between the clinopyroxene 87Sr/86Sr ratios and TiO2 con-
tents. However, the Hebi clinonpyroxenes show a positive 87Sr/
86Sr–TiO2 relationship (Fig. 9). Except for sample HB09, clinopyrox-
ene with unradiogenic 87Sr/86Sr ratios also have low TiO2 contents.
This suggests that the unradiogenic Sr isotopes of clinopyroxenes in
the Hebi mantle xenoliths did not result from interaction with the
host basalt. Therefore, the depleted Sr isotope compositions of the
Hebi clinopyroxene were established prior to entrainment in the
host basalt.

5.3. Metasomatic origin of clinopyroxene in the Hebi mantle xenoliths

The trace-element compositions of clinopyroxenes in the Hebi
mantle xenoliths show variably enriched characteristics, which are
inconsistent with a residual origin. The clinopyroxenes have strongly
fractionated REE patterns, with enrichment of LREE over HREE
(Fig. 5a, c). They also show enrichment in LILE (e.g., Ba, Th and U)
but pronounced negative anomalies in HFSE (e.g., Zr, Hf, Nb, Ta and
Ti; Fig. 5b, d). This would indicate that the clinopyroxene has a meta-
somatic origin or at the very least has been overprinted by a metaso-
matic event. Various metasomatic agents have been proposed to
account for the observed incompatible-element features and mineral-
ogy in mantle xenoliths, including silicate melts (Zangana et al.,
1999), hydrous (Downes, 2001; Liu et al., 2011a) or CO2-rich fluids
(O'Reilly and Griffin, 1988), and carbonatitic melts (Rudnick et al.,
1993; Ionov et al., 1997; Yaxley et al., 1998; Coltorti et al., 1999;
Malarkey et al., 2011). It has been suggested that mantle xenoliths
metasomatized by carbonatite melts would be more enriched in
LREE but depleted in HFSE (e.g., Ti and Zr) than those affected by
silicate melts (Coltorti et al., 1999). The negative anomaly for HFSE
(in particular Zr and Hf) in the multi-element plots is indicative of
clinopyroxene that has crystallized from, or re-equilibrated with,
a carbonate melt (Coltorti et al., 1999; Blundy and Dalton, 2000).
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Clinopyroxenes in most Hebi mantle xenoliths have high La/Yb but
low Ti/Eu ratios, which are consistent with metasomatism by carbon-
ate melts (Fig. 10). Carbonate metasomatism has been previously
proposed to account for the enriched trace element features in Hebi
mantle xenoliths (Zheng et al., 2001). Nevertheless, three Hebi sam-
ples plot into the area defined by silicate melt metasomatism. This
suggests that the lithospheric mantle beneath Hebi has been metaso-
matized by more than one metasomatic agent.

All Hebi mantle xenoliths with in-situ determination of clinopyr-
oxene Sr isotopes plot in the area of carbonate melt metasomatism
(Fig. 10). Therefore, the Sr isotopes of clinopyroxene in these samples
do not mean that the Archean lithospheric mantle beneath the NCC
has an unradiogenic Sr isotope composition, but result from metaso-
matic processes. The limited variation in 87Sr/86Sr of clinopyroxene
in the Hebi peridotites is inconsistent with long-term enrichment.
However, it is not possible to accurately date the clinopyroxene addi-
tion and thus melt metasomatism using the Rb–Sr isochron method.
The Hebi clinopyroxenes have a limited range in Rb/Sr ratios, and
the Rb–Sr isotope data from the Hebi clinopyroxene do not show an
isochronous relationship. This suggests that the range in clinopyroxene
87Sr/86Sr is not generated by radiogenic ingrowth but probably is due to
the result of complex metasomatic interactions, which has been in-
ferred for the majority of mantle clinopyroxene Rb/Sr isotope data
from off-craton SCLM (Pearson et al., 2003).We suggest that themildly
unradiogenic Sr-isotope compositions of the Hebi mantle xenoliths
resulted from a recent crystallization or re-equilibration with carbona-
titic melts.

Therefore, the Sr isotope compositions of the Archean cratonic
mantle beneath the NCC cannot be constrained by the Hebi mantle
xenoliths, although Re–Os isotopes indicate that they represent an
Archean mantle relic. The Archean cratonic mantle might have
enriched Sr isotope compositions, as recorded by the Paleozoic man-
tle xenoliths (Zheng, 1999; Wu et al., 2006). However, the possibility
that the radiogenic Sr isotopes resulting from the alteration and con-
tamination (from the kimberlite) experienced by these rocks cannot
be eliminated.

5.4. Effects of clinopyroxene addition on the Os model ages

Various studies have suggested that clinopyroxene addition is
common in mantle xenoliths from both on-craton (van Achterbergh
et al., 2001; Gregoire et al., 2003; Pearson et al., 2003; Simon et al.,
2003, 2007) and off-craton localities (Malarkey et al., 2011). Addition
of clinopyroxene accompanying the metasomatic processes would
result in the refractory lithospheric mantle becoming fertile, i.e.,
refertilization (Saal et al., 2001; Le Roux et al., 2007; Van Acken
et al., 2008). It has been suggested that addition of sulfides along
with refertilization processes would increase the 187Os/188Os ratios
and thus decrease the Os model ages of mantle peridotites, i.e., reju-
venilization (Becker et al., 2001; Saal et al., 2001; Beyer et al., 2006;
Van Acken et al., 2008; Zhang et al., 2009), as the secondary sulfides
commonly have radiogenic Os isotopes relative to the primary ones
(Alard et al., 2002, 2005).

Although the rocks have experienced clinopyroxene addition,
the bulk-rock 187Os/188Os ratios of the Hebi mantle xenoliths are
still unradiogenic (0.11067–0.11688), and give Paleoproterozoic-
Neoarchean TRD ages (1.8–2.6 Ga) and TMA ages (2.3–3.4 Ga). The
bulk-rock TMA ages are very similar to the TMA ages given by the sul-
fides (2.5–3.0 Ga) in the Hebi mantle xenoliths (Zheng et al., 2007).
This suggests that melt refertilization (i.e., clinopyroxene addition)
had little effect on the Re–Os isotopes of the Hebi mantle xenoliths.
The reason might be that little sulfide has been added from the referti-
lizing melts or that the added secondary sulfides had low Os contents,
and played an insignificant role in the whole-rock Os budget (Alard et
al., 2000). On the other hand, addition of clinopyroxene also does not
significantly increase the Re content, due to the low modal contents of
clinopyroxene in the Hebi mantle xenoliths.
6. Conclusions

The Hebi mantle xenoliths have refractory compositions and old
Os model ages, indicating that they represent an Archean cratonic
mantle relic. This suggests that the lithospheric mantle beneath the
NCC has been heterogeneously thinned and removed. Clinopyroxene
in the Hebi mantle xenoliths shows strong enrichment in LILE but
variable depletion in HFSE, which do not favor a residual origin. The
Hebi clinopyroxene might be crystallized from a recent carbonatitic
metasomatic event. The depleted to weakly enriched 87Sr/88Sr ratios
of clinopyroxene in the Hebi mantle xenoliths thus do not reflect
the isotopic compositions of the Archean cratonic mantle beneath
the NCC. The Re–Os isotope systems of the Hebi mantle xenoliths
have not been significantly disturbed by the clinopyroxene addition
processes.
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