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Abstract A suite of spinel peridotite xenoliths in Meso-
zoic basalts of the Tuoyun basin in the Tianshan area of
northwest China has a high proportion of amphibole/
mica-bearing lherzolites, with high Cpx/Opx ratios
(mean 0.74). Many aspects of mineral chemistry in the
Tuoyun peridotites are intermediate between those of
refractory Archean cratonic mantle and fertile Phan-
erozoic mantle. These include Ni/Cr and the contents of
transition metals and Y in olivine and orthopyroxene
and the abundances of elements such as Na, Al, Ti, Y, Sr
and LREE in clinopyroxene. The data suggest that the
mantle in Tuoyun is moderately depleted in basaltic
components relative to both the refractory Archean
mantle and the fertile Phanerozoic mantle. The wide
variations in the CaO/Al2O3 (0.9–3.5) of whole rocks
and LREE/HREE (0.8–14.2) and Ti/Eu (971–5,765) of
clinopyroxenes in the Tuoyun peridotites are interpreted
as the metasomatism of hydrous carbonatitic and

potassic melt or the cumulative effects of mantle meta-
somatism by different agents (carbonatite and small-
volume silicate melts) through time. The Tuoyun mantle
shows closer affinity to the type of mantle found beneath
the Proterozoic Cathaysia block, and especially to that
beneath the East Central Asia Orogenic Belt (ECAOB),
than to the mantle beneath the Archean North China
Craton. This implies that the Tianshan subcontinental
lithospheric mantle may have been generated during the
accretion of the ECAOB. The high proportion of fine-
grained microstructures, high Cpx/Opx ratio, obvious
Ca enrichment and lower overall depletion in the Tuo-
yun mantle relative to that in other parts of the ECAOB
reflect stronger mechanical and chemical modification of
the Tuoyun mantle, near the translithospheric Talas-
Ferghana strike-slip fault, which played a major role in
controlling the strength of the mantle lithosphere and
has channeled the upwelling mantle.

Introduction

The East Central Asia Orogenic Belt (ECAOB) is a
major Phanerozoic orogen located between the Siberian
craton in the north and several smaller cratons (includ-
ing the North China Craton) in the south. Recent re-
search (e.g., Sengör and Natal’in 1996; Zorin 1999;
Ionov 2002) indicates that this orogenic belt had a
complicated history involving Phanerozoic subduction
of oceanic crust, closure of paleo-oceans and prolonged
extensive silicic magmatism. Precambrian continental
fragments (or microcontinents) are preserved in many
parts of the orogenic belt. However, the nature and
evolution of the subcontinental lithospheric mantle
(SCLM) beneath this huge (‡1,000 km wide) orogenic
belt is little known. Mantle-derived xenoliths in alkali
basalts provide spot samples of the SCLM at several
locations across the ECAOB, such as the Wudalianchi-
Erkeshan-Keluo (WEK) areas (Fig. 1a; Zhang et al.
2000), the Vitim plateau (Glaser et al. 1999; Litasov
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et al. 2000; Ionov et al. 2005), Sikhote-Alin (Ionov et al.
1995), the Tariat region (Kopylova et al. 1995; Ionov
et al. 1997) and the Dariganga lava plateau (Wiechert
et al. 1997; Ionov et al. 1999; Ionov 2002). However, all
of these localities are from the eastern part of the belt,
and there are no reports on mantle xenoliths from the
western part of the orogen.

The Tianshan (Tien Shan) Mountains extend east–
west for at least 2,500 km in central Asia, from Uzbe-
kistan, Tajikistan and Kirghizia to northwest China,
regarded as an active part of the Indian–Asian collision
system. Previous studies on the Tianshan and adjacent
regions mainly concentrated on the Paleozoic collisional
tectonics and evolution (e.g., Windley et al. 1990; Allen
et al. 1992; Shi et al. 1994; Gao et al. 1995, 1998; Chen
et al. 1999), Mesozoic–Cenozoic intracontinent basin
evolution (e.g., Carroll et al. 1990; Graham et al. 1990;
Allen et al. 1991; Hendrix et al. 1992, 1994) and neo-
tectonics (e.g., Molnar and Tapponnier 1975; Tappon-
nier and Molnar 1979; Nelson et al. 1987; Chen et al.
2002). It is broadly accepted that the Tianshan is a
complex Paleozoic orogen with composite terrains (e.g.,
Coleman 1989; Windley et al. 1990) and began to be
uplifted with accompanying volcanic eruption and
granite intrusion in the early Permian. The uplift accel-
erated in the late Permian and continental molasse was
extensively deposited (Afonichev and Vlasov 1984).
Since late Permian time, the Tianshan has largely
experienced a period of magmatic quiescence.

An exception is a volumetrically small series of
basaltic rocks erupted primarily in Mesozoic-Paleogene
sedimentary rocks, such as in the Tuoyun (Tuyon) basin

of NW China and in the central portion of the Kyrgyz
Tianshan (Dobresov and Zagruzina 1977; Afonichev
and Vlasov 1984; Zhou and Zheng 1992; Han et al.
1998). These basaltic rocks have ocean island basalt
(OIB)-like geochemistry and may be related to the
activity of a small mantle plume (Sobel and Arnaud
2000). However, the lack of direct evidence from xeno-
liths has hindered our understanding of the nature of the
lithospheric mantle in this region.

Peridotite xenoliths recently collected from Creta-
ceous basalts in the Tuoyun basin, a locality near the
Talas-Ferghana (TF) strike-slip fault (Fig. 1b, c), offer a
unique glimpse into the nature of the lithospheric upper
mantle beneath the Tianshan. Here we present detailed
petrographic and mineral chemistry data, including the
major and trace elements, for these xenoliths. Our aims
are to characterize the nature of the lithospheric mantle
beneath the Tianshan in Mesozoic time, to compare it to
the mantle beneath other cratonic and noncratonic re-
gions of China and to use these data to understand the
generation of the lithosphere beneath this complex
orogen.

Geological setting

The Tianshan orogenic belt is one of the most important
Paleozoic orogens in central Asia. In NW China, the
orogenic belt includes parts of the Tarim and Yili-
Central Tianshan blocks, which are microcontinental
fragments with Precambrian basement and Mesozoic–
Cenozoic cover (Fig. 1b). The Tarim block is separated

Fig. 1 Locality maps. a Selected localities of peridotitic xenoliths
from eastern China, central-eastern Mongolia and eastern Siberia:
1 Wudalianchi-Erkeshan-Keluo (WEK, China), 2 Vitim, 3 Sikhote-
Alin (Siberia), 4 Tariat (Mongolia), 5 Dariganga (China–Mongo-
lia) from the eastern part of the Phanerozoic Central Asian Fold
Belt, 6 Hebi, 7 Shanwang, 8 Nushan from the Archean North

China Craton, 9 Daoxian from the Proterozoic Cathaysia Craton.
Shanwang, Nushan and Daoxian are associated with deep
translithospheric faults (TLFZ). b, c Tuoyun and schematic map
of central Asia showing subdivision of the Tianshan area; TF
Talas-Ferghana strike-slip fault, P Pamir, KLKL Karakunlun
Mountains. Modified after Brookfield (2000)
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from the Yili-Central Tianshan block by the southern
Central Tianshan suture (Early Carboniferous). Ophio-
litic mélanges and blueschists are widespread in this
suture zone and are believed to have been produced by
the collision between a passive continental margin on the
north side of the Tarim block and an active continental
margin on the south side of the Yili-Central Tianshan
block at the end of Early Carboniferous (Gao et al.
1998). The Tianshan can be subdivided into three por-
tions along its length: the eastern section is located in
Chinese territory, east of the lake Issyk Kul; the central
section extends west to the TF strike-slip fault; the
western section extends west from this fault. West of
Balguntay, the Tianshan is split into northern and
southern branches separated by the Yili Basin. Paleo- to
Mesoproterozoic basement rocks occur widely in the
uplifted zones from east to west Tianshan.

In the Western Tianshan, Precambrian metamorphic
rocks have been recently dated at 1900–707 Ma (Hu
et al. 1997, 2000; Chen et al. 1999, 2000). In the Eastern
Tianshan, early Paleozoic strata are relatively minor in
comparison with late Paleozoic sequences including
island arc volcanic rocks, volcaniclastic and some mar-
ine sedimentary rocks. The broad distribution of ophi-
olites has been used to delineate paleo-sutures (Windley
et al. 1990). Granitic rocks are widespread in the Tian-
shan region. Most of them have late Paleozoic ages
(ca. 300 Ma) and a few were emplaced during early
Paleozoic (450–400 Ma) or Neoproterozoic time (1200–
960 Ma; Hu et al. 1986). The paleo-ocean of south
Tianshan closed after the Devonian and essential
accretion took place at ca. 360 Ma (Xiao et al. 1992;
Chen et al. 1999). Intense intracontinental orogeny,
manifested by postcollisional uplifts and simultaneous
subsidence of major basins (e.g., Tarim, Junggar and
Turpan), took place since the early Permian (e.g.,
Windley et al. 1990). In the late Permian, the uplift
accelerated, accompanied by the deposition of extensive
continental molasse.

The Tuoyun basin is located in the southern central
Tianshan of NW China and the central portion of the
Kyrgyz Tianshan (Afonichev and Vlasov 1984) and
preserves a small volume of basalts, primarily interbed-
ded with Mesozoic-Paleogene sedimentary rocks. The
basalts are OIB-like in geochemical character and yield
40Ar/39Ar ages of 120–110 and 67–46 Ma (Sobel and
Arnaud 2000). The peridotite xenoliths in this study
were collected from the lowest part of the basalts in the
Tuoyun basin, at a locality 1 km south of Tuoyun
County (40�9.50¢N and 75�20.54¢E). They are accom-
panied by abundant granulite (Zheng et al. 2006) and
pyroxenite xenoliths and megacrysts (up to 9 cm long)
of amphibole, pyroxene and anorthoclase.

Studies on peridotite xenoliths from eastern China
and the ECAOB provide a baseline for geochemical
comparisons between the Tuoyun mantle peridotites and
those from some basalt provinces in eastern China,
central-eastern Mongolia and eastern Siberia (Fig. 1a).
The Hebi, Qixia, Shanwang and Nushan localities are on

the Archean North China Craton, and the Daoxian,
Anyuan, Mingxi, Qilin and Niutuoshan localities are
from the Proterozoic Cathaysia Block. Among the suites
from Precambrian terrains, the Shanwang, Nushan and
Daoxian xenoliths are associated with deep translitho-
spheric faults (TLFZ). The mantle beneath the TLFZ is
dominantly Phanerozoic in character (Zheng et al. 1998;
Xu et al. 1998) and represents newly accreted materials
that replaced the older lithosphere through extension,
thermal erosion and melt-related metasomatism along
the TLFZ (Zheng et al. 2004; Fan et al. 2000). Hebi is
located near the Gravity Gradient Zone in eastern
China, but away from any active fault. The mantle be-
neath this area escaped such replacement and represents
a shallow relic of Archean lithosphere (Zheng et al.
2001).

Analytical methods

Major element analyses of minerals were carried out at
Macquarie University using a Cameca SX50 electron
microprobe (EMP), fitted with five crystal spectrome-
ters, using an accelerating voltage of 15 kV and a sample
current of 20 nA. The width of the electron beam was
5 lm. Standards were natural minerals, and matrix
corrections were done after the method of Pouchou and
Pichoir (1984). Counting times were 10 s for peaks and
5 s for background on either side of the peak. Major
element abundances of rock-forming minerals reported
in Table 1 generally represent averages of more than 5-
point analyses of each grain and several grains from
different parts of each sample. In order to examine
whether equilibrium had been attained, considerable
attention was paid to determine the homogeneity of
individual phases. All of the minerals from Tuoyun
peridotites are homogeneous.

Trace element analyses of minerals were carried out
at Macquarie University using a 266 nm UV laser
ablation microprobe coupled to an ICPMS (LAM-
ICPMS). The laser ablation system is similar to the
one described by Norman et al. (1996). The laser is a
Continuum Surelite I-20 Q-switched and frequency
quadrupled Nd:YAG laser with a fundamental infrared
(IR) wavelength at 1,064 nm, quadrupled to 266 nm and
a pulse width of 5–7 ns. Most analyses are done with
beam energy in the range of 0.5–3 mJ per pulse. The
ICPMS is a Hewlett-Packard HP 7500. The NIST 610
and 612 glasses were used as external standards; internal
standards were Ca for clinopyroxene and amphibole and
Mg for olivine, orthopyroxene and phlogopite. Data
were reduced using the in-house GLITTER on-line
software. Trace element abundances of olivine (Table 2),
orthopyroxene (Table 3), clinopyroxene, amphibole and
phlogopite (Table 4) represent averages of five points of
analysis for each phase. Detection limits ranged from
<2 ppm for Ni to <50 ppb for a variety of elements,
including rare earth elements (REE), Nb, Th and U.
Replicate analytical precision is 2–5%, with counting
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statistics and the uncertainties on the determination of
the internal standard concentrations accounting for
most of the analytical uncertainty on an individual
analysis. Additional descriptions for instrument oper-
ating conditions, calibration values, detection limits and
error analysis for the laser microprobe are given by
Norman et al. (1996).

Results

Sample description

Peridotite xenoliths are angular and small (3–3.5 cm
across). Classification of the ultramafic xenoliths is
based on the IUGS scheme (Le Maitre 1982), with some
modification. Lherzolites are subdivided into Cpx-poor

lherzolite, lherzolite and Cpx-rich lherzolite, based on
Cpx/Opx of <1/3, 1/3–2/3 and >2/3, respectively
(Zheng et al. 1998). The modal compositions of the
xenoliths have been determined by point-counting 800–
1,000 points in each thin section (Table 5) and show
that Cpx-rich lherzolites (average Cpx/Opx=0.74) are
relatively abundant. Two amphibole-bearing lherzolites
[T3bp2, T24(b)] and two mica-bearing (T4p2 and T30)
peridotites were collected. Amphibole and mica occur
in microcracks or along the boundaries of olivine and
pyroxenes (Fig. 2a). All xenoliths except T3bp1 belong
to the Cr-diopside suite of Wilshire and Shervais (1975)
or Type I of Frey and Prinz (1978). T3bp1, contain-
ing olivine with low Mg# (76.8) and spinel with low Cr#

(1.0), is regarded as an Al-augite suite or Type II
xenolith. A composite xenolith (T24) contains an
amphibole-rich lherzolitic vein [T24(a)]. All of these

Table 1 Electron microprobe analyses (wt%) of minerals from the Tuoyun peridotite xenoliths

Sample T1c T1e T4p1 T2 T14d T39bp2 T3bp2

Rock Sp lherzolite Sp lherzolite Sp lherzolite Lherzolite Lherzolite lherzolite Sp lherzo-
lite

Mineral Cpx Opx Ol Sp Cpx Opx Ol Sp Cpx Opx Ol Sp Cpx Opx Ol Cpx Opx Ol Cpx Opx Ol Cpx Opx
Points 5 5 5 4 5 5 6 5 5 5 5 5 5 5 5 5 5 5 5 5 8 5 5

SiO2 51.7 54.5 40.4 0.1 52.6 55.9 40.7 0.1 52.2 54.5 40.7 0.1 52.3 54.9 39.9 52.2 54.9 40.5 52.3 55.2 40.8 52.3 55.0
TiO2 0.11 0.05 0.01 0.07 0.22 0.04 0.01 0.11 0.35 0.07 0.01 0.11 0.10 0.04 0.01 0.11 0.03 0.00 0.11 0.05 0.01 0.51 0.07
Al2O3 4.55 3.98 0.01 50.6 4.36 3.73 0.02 47.1 5.78 3.98 0.01 48.6 5.49 4.26 0.02 5.06 4.09 0.01 4.98 4.09 0.02 6.38 4.26
Cr2O3 0.70 0.46 0.03 15.6 1.21 0.50 0.03 19.6 1.26 0.48 0.01 19.2 0.86 0.49 0.03 0.79 0.48 0.02 0.79 0.49 0.02 0.61 0.34
FeO 2.84 6.03 9.54 11.5 2.70 6.28 10.2 11.9 2.62 5.94 9.25 11.4 2.83 6.26 9.85 2.74 5.91 9.38 2.83 6.01 9.50 2.94 6.52
MnO 0.08 0.14 0.19 0.00 0.07 0.12 0.13 0.00 0.10 0.14 0.15 0.00 0.08 0.13 0.12 0.09 0.13 0.14 0.04 0.16 0.15 0.06 0.11
MgO 16.6 33.1 49.5 19.9 16.0 32.8 48.7 18.9 15.5 33.3 50.2 19.2 15.8 33.1 49.8 16.1 33.3 50.1 16.5 33.1 49.5 15.1 32.9
CaO 21.5 0.90 0.06 0.01 21.6 0.76 0.06 0.05 19.7 0.86 0.06 0.01 20.5 0.88 0.07 20.8 0.90 0.12 21.1 0.84 0.09 19.9 0.78
Na2O 0.77 0.05 0.01 0.00 0.95 0.14 0.00 0.00 1.85 0.05 0.01 0.02 1.39 0.12 0.00 1.41 0.12 0.00 1.03 0.08 0.01 1.91 0.13
K2O 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00
NiO 0.04 0.14 0.43 0.40 0.04 0.11 0.42 0.30 0.09 0.08 0.40 0.33 0.08 0.10 0.39 0.04 0.10 0.41 0.07 0.08 0.33 0.05 0.13
Total 98.8 99.3 100.2 98.2 99.7 100.4 100.3 98.0 99.5 99.3 100.7 98.9 99.4 100.3 100.2 99.3 100.0 100.7 99.7 100.2 100.4 99.7 100.2
Mg# 91.3 90.7 90.2 75.5 91.3 90.3 89.4 73.8 91.3 90.9 90.6 75.0 90.9 90.4 90.0 91.3 90.9 90.5 91.2 90.8 90.3 90.2 90.0
Cr# 9.2 17.1 15.8 21.9 12.7 20.9 9.6 9.5 9.7 5.9
Mg/Fe

Sample T24(b) T24(a) T4p2 T30 T3bp1

Rock Lherzolite Amp peridotite (vein) Sp lherzolite Lherzolite Sp dunite

Mineral Ol Sp Amp Cpx Opx Ol Amp Cpx Opx OI Amp Cpx Opx Ol Sp Phl Cpx Opx Ol Bi Ol Sp
Points 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 8 5 3 5 5

SiO2 40.7 0.0 42.3 52.5 55.4 40.1 42.9 52.9 55.6 39.9 42.9 52.2 54.8 39.9 0.1 37.3 53.3 54.7 39.8 34.2 38.5 0.2
TiO2 0.01 0.10 2.00 0.08 0.01 0.01 0.51 0.13 0.04 0.00 0.55 0.34 0.09 0.01 0.12 3.51 0.18 0.05 0.01 6.74 0.03 1.10
Al2O3 0.01 55.6 14.4 6.12 4.31 0.02 15.4 4.18 4.22 0.01 15.4 5.70 3.73 0.02 47.3 17.2 2.23 3.54 0.01 14.4 0.06 53.8
Cr2O3 0.01 10.7 1.08 0.90 0.36 0.01 1.37 1.01 0.38 0.01 1.01 1.09 0.51 0.03 20.6 1.56 1.12 0.46 0.02 0.00 0.02 0.40
FeO 10.2 10.5 3.96 3.29 6.83 10.8 4.27 3.44 6.73 10.7 4.36 2.55 5.65 9.12 11.4 4.02 3.59 8.96 14.9 20.9 21.6 26.1
MnO 0.18 0.00 0.05 0.12 0.15 0.17 0.04 0.15 0.21 0.20 0.07 0.07 0.15 0.14 0.00 0.02 0.17 0.24 0.27 0.29 0.29 0.15
MgO 49.1 20.8 16.9 15.5 32.9 48.9 17.3 16.0 32.8 48.9 17.4 15.5 33.7 50.2 19.1 20.7 16.4 30.9 45.0 9.12 40.1 16.5
CaO 0.07 0.01 10.5 18.9 0.86 0.06 10.3 20.6 0.87 0.07 10.2 19.8 0.77 0.06 0.01 0.00 22.3 0.82 0.07 0.01 0.18 0.01
Na2O 0.01 0.01 3.41 2.08 0.15 0.02 3.33 1.36 0.19 0.01 3.33 1.82 0.16 0.01 0.01 0.86 0.64 0.18 0.00 0.69 0.01 0.01
K2O 0.01 0.00 1.19 0.01 0.01 0.00 1.45 0.03 0.01 0.01 1.48 0.00 0.01 0.00 0.00 8.83 0.04 0.00 0.00 8.71 0.00 0.01
NiO 0.34 0.33 0.14 0.02 0.08 0.35 0.16 0.04 0.09 0.33 0.05 0.04 0.13 0.38 0.29 0.15 0.05 0.10 0.29 0.09 0.13 0.20
Total 100.6 98.1 95.9 99.5 101.1 100.4 97.0 99.8 101.2 100.1 96.8 99.1 99.7 99.9 98.8 94.1 100.0 100.0 100.4 95.1 100.8 98.4
Mg# 89.6 77.8 88.4 89.4 89.6 89.0 87.8 89.2 89.7 89.1 87.6 91.5 91.4 90.8 75.0 90.2 89.0 86.0 84.4 43.8 76.8 52.9
Cr# 11.4 9.0 13.9 11.2 22.6 25.0 0.5
Mg/Fe 9.17 0.78
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peridotite xenoliths except T3bp1 and T24(a) show
fine-grained microstructure (Fig. 2b), based on the
classification of Harte (1977). The grain size of olivine
and both pyroxenes is generally <2 mm. The grain size
in T3bp1 and in the amphibole-rich vein [T24(a)] of the
composite xenolith T24 reaches 3–4 mm, a medium-
grained microstructure. In this paper, the amphibole/
mica-bearing or -free xenoliths are referred to as
‘‘volatile-bearing’’ or ‘‘volatile-free’’ peridotites,
respectively.

Mineral chemistry

Olivine

Olivine in the volatile-free peridotites except T1e has
higher Mg# (90.2–90.6) than those in the amphibole-

bearing xenoliths (89.0–89.6). The Mg# in T1e (89.4) is
similar to those in amphibole-bearing xenoliths. Mg# in
the vein [T24(a)] and the host [T24(b)] of the composite
xenolith are also similar. The highest Mg# is found in a
phlogopite-bearing peridotite (T4p2) and the lowest in
biotite-bearing xenolith T30.

The olivine of the Tuoyun peridotites shows large
ranges in Ca (852–1,829 ppm) and Ga (0.17–0.52 ppm),
but limited variation in other trace element contents (Ni,
Sc, Co, V, Mn and Zn), Ni/Cr and Ni/Co (Table 2). Sc
and V contents generally are higher in olivine of the
volatile-free peridotites than the volatile-bearing ones,
where these elements are mainly contained in amphibole
and mica (see Table 4). The Ca and Ga contents of
olivine in the volatile-bearing samples are generally at
the low end of the compositional range defined by
the volatile-free peridotites. High CaO in the olivine
of spinel peridotites is related to high equilibration

Table 2 Trace element concentrations of olivine (ppm) in the Tuoyun peridotite xenoliths

Type Volatile-free peridotite Volatile-bearing peridotite Hebi (n=9)a

Average (range)
TLFZ (n=9)a

Average (range)
Sample T1c T1e T4p1 T14d T39bp2 T3bp2 T24(b) T4p2 T30
Points 5 5 5 5 5 5 5 5 5

Ca 1,444 997 852 1,829 905 1,669 980 986 1,288 1,034 (806–1,284) 546 (381–957)
Sc 3.87 3.43 3.59 3.97 3.77 4.07 3.29 3.52 3.39 4.18 (3.45–4.58) 3.29 (2.60–4.80)
Ti 8.80 10.3 10.9 7.73 6.92 14.6 4.59 13.6 8.70 12.8 (2.60–26.4) 16.6 (13.0–20.2)
V 2.15 2.35 2.37 3.12 2.61 2.30 2.10 2.18 1.96 2.74 (1.61–3.61) 2.09 (1.78–2.83)
Cr 74.2 85.3 67.9 84.8 74.4 55.0 68.9 83.7 83.9 176 (91.6–254) 47.5 (32.2–78.8)
Mn 875 940 872 895 869 964 1,018 817 1,670 788 (724–915) 913 (771–1,001)
Co 123 123 116 118 117 122 114 114 117 114 (107–122) 110 (94–127)
Ni 2,765 2,487 2,274 2,590 2,390 2,336 2,026 2,299 1,984 2,523 (2,300–2,725) 2,286 (1,998–2,601)
Zn 44.7 53.4 38.4 43.2 43.1 44.8 58.2 40.8 112 43.1 (37.4–58.7) 35.6 (26.2–50.8)
Ga 0.42 0.27 0.20 0.36 0.17 0.52 0.23 0.27 0.36 0.27 (0.15–0.38) 0.11 (0.06–0.18)
Ni/Cr 37.24 29.16 33.52 30.53 32.14 42.43 29.41 27.48 23.66 14.34 (10.73–25.27) 20.7 (19.8–21.3)
Ni/Co 22.56 20.17 19.58 21.92 20.39 19.18 17.75 20.21 17.01 22.13 (21.50–22.34) 52.1 (44.0–78.3)

aAuthor’s unpublished data

Table 3 Trace element concentrations of orthopyroxene (ppm) in the Tunyun peridotite xenoliths

Type Volatile-free peridotite Volatile-bearing peridotite Hebi (n=9)a

Average (range)
TLFZ (n=9)a

Average (range)
Sample T1e T4p1 T39p2 T3bp2 T4p2 T24b T30
Points 5 5 5 5 5 5 5

Ca 4,707 4,811 4,995 4,612 4,926 5,679 5,144 6,113 (5,300–6,738) 4,330 (3,594–5,742)
Sc 12.0 15.9 16.8 14.3 13.8 12.4 12.3 15.7 (12.0–19.2) 16.4 (13.5–21.1)
Ti 306 333 182 619 442 110 296 163(7.64–468) 596 (441–786)
V 65.0 72.1 78.2 68.0 61.8 53.5 54.9 51.4 (41.9–57.9) 66.8 (58.4–85.7)
Cr 2,666 2,321 2,443 1,703 2,789 2,238 2,562 3,981 (2,420–4,510) 1,781 (1,333–2,044)
Mn 975 869 874 968 848 1,036 1,581 808 (761–920) 914 (826–1,076)
Co 51.0 47.4 48.8 49.4 47.2 47.4 47.3 47.3 (46.6–50.6) 45.3 (38.9–55.2)
Ni 651 588 630 607 597 531 530 658 (622–676) 580 (491–687)
Zn 34.8 24.7 27.2 28.8 26.8 38.3 69.4 26.8 (24.3–34.5) 23.7 (16.2–34.8)
Ga 2.30 2.01 2.10 2.52 2.23 5.19 3.51 1.89 (0.89–4.15) 2.37 (1.59–3.55)
Sr 0.44 0.01 0.04 0.36 0.13 0.29 0.17 0.58 (0.01–1.07) 0.10 (0.03–0.20)
Y 0.41 0.54 0.49 0.83 0.52 0.89 1.03 0.22 (0.05–0.55) 0.97 (0.67–1.18)
Zr 0.37 0.22 0.16 0.90 1.06 6.50 1.69 1.20 (0.20–3.71) 1.45 (0.61–2.05)
Ni/Cr 0.24 0.25 0.26 0.36 0.21 0.24 0.21 0.17 (0.15–0.26) 12.89 (12.00–14.00)
Ni/Co 12.77 12.40 12.92 12.28 12.66 11.22 11.22 14.00 (13.52–14.52) 0.33 (0.24–0.45)

aAuthor’s unpublished data
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temperatures (O’Reilly et al. 1996). T30 has the lowest
Ni, V contents, the lowest Ni/Cr and Ni/Co values and
the highest Zn and Mn contents among the Tuoyun
peridotites (Fig. 3).

Orthopyroxene

The Mg# of orthopyroxene in the volatile-free lherzo-
lites is high (90.3–90.9) compared to those in the
amphibole-bearing xenoliths (89.6–90.0). The phlogo-
pite-bearing peridotite T4p2 has the highest Mg# value
(91.4), while the biotite-bearing xenolith T30 has the
lowest (86.0).

The Opx shows large ranges in Ti (110–619 ppm),
Mn (848–1,581 ppm), Zn (25–69 ppm), Ga (2.01–
5.19 ppm), Sr (0.01–0.36 ppm) and Zr (0.16–6.50 ppm),
but the range of Ni, Sc, Co and V contents, Ni/Cr and
Ni/Co is limited (Table 3). Opx in the volatile-free per-
idotites has low Y and Zr contents, but high V and Ni/
Co compared to the volatile-bearing ones. T30 and

T24(b) have high Ca, Cr, Zn, Ga, Y and Zr contents, but
low V, Ni contents and low Ni/Cr and Ni/Co.

Clinopyroxene

Mg#, Cr# and minor elements The clinopyroxene in
volatile-free peridotites shows higher Mg# than those
in the amphibole-bearing xenoliths. The Mg# is highest
in the phlogopite-bearing peridotite (T4p2), while it is
lowest in the biotite-bearing xenolith (T30), which has
the highest Cr# among these Cr-diopside suite xeno-
liths.

The contents of Na2O and Al2O3 show large ranges
(0.64–2.08 and 2.23–6.38 wt%, respectively). There is no
obvious difference in these minor elements between the
volatile-free and volatile-bearing peridotites, except the
latter has a wider range. The volatile-bearing peridotites
except T4p2 have high FeO relative to the volatile-free
ones. T4p2 has the lowest FeO content.

Table 4 Trace element concentrations of clinopyroxene, amphibole and phlogopite (ppm) in the Tuoyun peridotite xenoliths

Type Volatile-free peridotite Volatile-bearing peridotite

Sample T1e T4p1 T2 T14d T39bp2 T3bp2 T24(b) T24(a) T4p2 T30 T24(b) T24(a) T4p2
Mineral Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Cpx Amp Amp Phl
Points 5 5 5 5 5 5 5 5 5 5 5 5 5

Li 6.58 4.61 9.00 5.92 6.06 8.26 4.15 3.13 10.18 9.63 7.04 7.87 6.71
Sc 75.3 62.6 66.1 66.1 69.5 73.6 56.0 55.0 74.3 73.2 43.0 44.0 24,587
Ti 2,283 1,285 785 674 791 3,546 1,771 2,864 2,264 1,747 14,986 12,937 21,054
V 274 179 238 208 227 277 188 185 236 251 301 650 9,791
Cr 8,258 8,599 5,869 5,391 5,391 4,163 6,893 6,142 7,439 7,643 9,350 7,370 60.6
Co 21.0 16.1 21.8 19.4 20.4 17.6 13.7 14.3 16.3 21.8 31.6 45.7 1,455
Ni 334 249 357 305 331 261 198 193 248 274 611 850 n.a.
Zn 9.58 6.43 10.1 8.62 8.81 8.43 8.56 7.43 9.17 23.7 17.1 12.5 79.7
Ga 3.11 1.69 4.51 2.40 2.37 4.44 4.72 5.12 3.34 8.01 18.8 13.9 n.a.
Rb b.d. b.d. 15.0 8.35 1.08 4.87 1.06 1.26 6.39 11.5 8.48 4.31 201
Sr 448 16.0 157 62.2 55.0 137 122 122 202 258 383 271 0.12
Y 9.26 9.23 12.5 9.54 8.34 18.3 16.0 16.1 11.0 21.4 17.7 25.2 11.1
Zr 8.20 3.93 49.7 57.9 3.15 23.1 147 150 32.1 56.2 214 272 41.5
Nb 0.74 0.37 2.71 2.54 1.40 0.29 0.48 1.01 0.26 1.26 75.0 153 n.a.
Ba b.d. <0.20 40.7 10.3 1.91 9.49 1.87 1.80 14.8 54.3 160 98.0 1,686
La 10.3 0.40 17.4 5.16 8.06 3.72 11.4 12.0 9.18 8.84 16.5 18.1 0.32
Ce 18.8 0.74 37.4 9.03 11.6 7.50 26.2 25.9 12.0 30.1 30.9 40.7 0.49
Pr 1.84 0.13 4.49 0.98 1.11 1.00 3.41 3.59 1.34 4.86 4.28 5.94 0.06
Nd 5.63 1.00 16.8 3.27 3.25 4.94 11.7 12.3 5.53 22.8 14.8 22.9 0.34
Sm 1.13 0.53 2.76 0.61 0.43 1.77 3.92 3.77 1.47 5.12 4.73 6.75 0.03
Eu 0.42 0.22 0.81 0.18 0.16 0.62 1.29 1.58 0.54 1.80 1.44 1.74 b.d.
Gd 1.35 1.00 2.34 0.91 0.64 2.54 3.66 3.57 1.66 4.70 4.25 6.36 b.d.
Tb 0.21 0.20 0.35 0.18 0.15 0.45 0.55 0.56 0.30 0.71 0.60 0.87 b.d.
Dy 1.59 1.65 2.35 1.52 1.30 3.36 3.40 3.41 2.13 4.34 3.58 5.42 0.09
Ho 0.34 0.35 0.48 0.36 0.33 0.72 0.65 0.63 0.41 0.86 0.68 0.99 b.d.
Er 0.98 1.09 1.38 1.11 1.07 2.14 1.65 1.73 1.21 2.23 1.70 2.51 0.02
Tm 0.14 0.17 0.20 0.17 0.16 0.31 0.25 0.24 0.17 0.31 0.25 0.33 b.d.
Yb 1.00 0.99 1.30 1.18 1.11 2.03 1.43 1.60 1.17 2.16 1.52 1.95 0.04
Lu 0.13 0.15 0.18 0.17 0.16 0.29 0.19 0.20 0.16 0.29 0.20 0.24 b.d.
Hf 0.29 0.22 0.30 0.49 0.12 0.86 6.12 5.55 0.94 1.31 8.28 9.04 0.25
Ta 0.09 b.d. 0.46 0.51 0.14 0.04 0.13 0.15 0.06 0.14 5.21 10.1 0.98
Pb 0.45 0.29 0.26 0.17 0.44 0.37 0.16 0.13 0.62 0.39 1.00 0.79 0.46
Th 0.68 0.11 1.51 1.00 1.23 0.36 1.06 1.07 2.15 0.17 1.51 1.51 0.39
U 0.16 0.06 0.25 0.18 0.29 0.11 0.21 0.14 0.50 0.05 0.27 0.31 0.59

b.d. below detection limit, n.a. no analysis
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Trace elements The Tuoyun clinopyroxene, especially in
the volatile-free samples, shows large variations in La
contents (from 0.40 to 17.38 ppm). The chondrite-
normalized REE patterns of clinopyroxene vary from
LREE-depleted (T4p1), through concave-upward (T14d
and T39bp2), to LREE-enriched [T1e, T4p2, T2, T24(b)
and T24(a)]. T3bp2 and T30 have high HREE contents
relative to the others and show flat and convex upward
LREE patterns, respectively (Fig. 4).

The spidergrams (Fig. 5) show that all of the Tuoyun
clinopyroxene have small to moderate negative anoma-
lies in Nb and Ti. Most show a positive anomaly in Sr,
and all except T30 and T4p1 show negative anomalies in
Ba and Pb. In the composite xenolith, negative Nb and
Ti anomalies in clinopyroxene correspond to positive
anomalies in amphibole. The pattern for clinopyroxene
in the vein is similar to that in the host in the composite
xenolith.

Y and Nb contents are higher, while Ti and Zr
contents are lower in the clinopyroxene of the volatile-
free peridotites than in those of the volatile-bearing
xenoliths. There are large variations in La/Yb and
LREE contents in the volatile-free samples relative to
the volatile-bearing peridotites. There are no obvious
positive correlations between Cr# and La/Yb or
negative correlations between Cr# and incompatible
trace elements (Fig. 6) nor are there any positive cor-
relations between La and other incompatible trace

elements. The lack of such correlations suggests that
two events, primary depletion and secondary enrich-
ment, might have affected the mantle beneath the
Tuoyun area.

Spinel

Spinel in the Tuoyun peridotite xenoliths has low
contents of Cr2O3 (10.71–20.55 wt%) and NiO (0.14–
0.40 wt%) and low Cr# (0.11–0.23), compared to cra-
tonic chromium spinels (e.g., Cr#=0.40–0.91; Griffin
et al. 1998; Zheng 1999). The Cr# of spinel and clin-
opyroxene is a sensitive indicator of the extent to
which mantle peridotites have lost their basaltic com-
ponents (Frey and Prinz 1978; Preß et al. 1986). The
low Cr# of spinel and low Mg# of coexisting clinopy-
roxene in most Tuoyun samples indicate that most of
the upper mantle beneath the region has been sub-
jected to relatively low degrees of melt extraction.
However, most of them (except T3bp2, an amphibole
peridotite) are at the higher end of the compositional
range defined by samples from the TLFZ (Fig. 7),
implying higher degrees of melt extraction. Average
degrees of melting, calculated from spinel Cr#

(Hellebrand et al. 2001), are 7.0% for the Tuoyun
xenoliths, compared to 4.2% for xenoliths from the
TLFZ.

Table 5 Microstructure and mode of Tuoyun peridotite xenoliths from Tianshan, NW China

Suite Type Sample Rock Microstructure Mode (%)

Ol Opx Cpx Sp Amp Mica

I Volatile-free
peridotite

T1c Sp lherzolite Fine 52.0 26.0 21.5 0.5
T1e Sp lherzolite Fine 55.5 23.0 21.0 0.5
T4p1 Sp lherzolite Fine 60.0 21.0 18.0 1.0
T2 lherzolite Fine 54.0 24.5 21.5
T14d lherzolite Fine 57.0 25.5 17.5
T39bp2 lherzolite Fine 51.0 26.0 23.0

Volatile-bearing
peridotite

T3bp2 Sp lherzolite Fine 56.5 27.5 14.0 1.5 0.5
T24(b) lherzolite Fine 59.5 24.0 12.0 4.0
T24(a)a lherzolite Medium 50.5 16.0 19.5 14.0
T4p2 Sp lherzolite Fine 61.0 23.5 11.5 2.0 2.0
T30 lherzolite Fine 50.0 27.4 22.5 0.1

II T3bp1 Sp dunite Medium 97.0 3.0
ECAOB (n=42) Sp-Gnt

lherzolite
Porphyroclastic
to fine (main
porphyroclastic)

63.0
(53.0–77.5)b

23.2
(15.0–30.0)

11.8
(5.1–25.0)

2.1
(1.0–4.0)

Frequent Frequent

Hebi (n=32) Sp
lherzolite

Coarse to
porphyroclastic
(main coarse)

71.8
(58.2–85.5)

26.8
(15.3–40.8)

3.1
(0.5–6.4)

1.2
(0.0–5.0)

One One

TLFZ (n=49) Sp-Gnt
lherzolite

Fine to
coarse (main
porphyroclastic)

63.6
(38.0–82.3)

24.3
(6.8–38.2)

8.2
(3.4–19.5)

2.7
(0.6–5.5)

Few Few

ECAOB East Central Asian fold belt including Great Xing’an Mountains in China (Zhang et al. 2000), Dariganga in China/Mongolia
(Wiechert et al. 1997) and Tariat in Central Mongolia (Kopylova et al. 1995; Ionov et al. 1997; Ionov 2002), Vitim (Glaser et al. 1999;
Litasov et al. 2000) and Sikhote-Alin (Ionov et al. 1995) in east Siberia; Hebi refractory mantle in the Archean North China block (Zheng
et al. 2001); TLFZ translithospheric fault zone areas including Shanwang (Zheng et al. 1998) and Nushan (Xu et al. 1998) in the Tanlu
fault within the North China block and Daoxian in the Ningyuan-Jianghua fault within the Cathaysia block (Zheng et al. 2004)
aVein in T24(b)
bAverage (range)
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Amphibole and mica

Amphiboles in T3bp2 and both in the vein and the host
peridotite of the composite xenolith (T24) are classified
as pargasite. However, amphibole in T3bp2 has a high
content of TiO2 (up to 2.00 wt%), while those in the
composite xenolith have low TiO2 contents (0.51–
0.55 wt%). The amphiboles in the composite xenolith
have high contents of Zr, Hf, Nb and Ta relative to the
coexisting clinopyroxene. They show positive Nb, Ta
and Ti anomalies in the spidergram, in contrast to the
negative anomalies in the associated clinopyroxene. The
incompatible element pattern for amphibole in the vein
is similar to that in the host (see Fig. 5b).

Micas in T4p2 and T30 have Mg/Fe of 9.17 and 0.78
and are classified as phlogopite and biotite, respectively.
Phlogopite in T4p2 (Mg#=0.90) has 3.51 wt% TiO2,
17.22 wt% Al2O3 and 1.56 wt% Cr2O3, while biotite in
T30 (Mg#=0.44) has 6.74 wt% TiO2, 14.37 wt% Al2O3

and 0.29 wt%MnO. Phlogopite in T4p2 has much higher

contents of Ti, Sc, V, Co, Zn, Ba and Rb, but much lower
REE contents than the coexisting clinopyroxene.

Whole-rock composition (Table 6)

Compositions of the Tuoyun peridotites were recon-
structed using their modes (Table 5) and mineral
chemistry (Table 1), because the small sample sizes did
not allow bulk analysis. The reconstructed compositions
show that most of the Tuoyun peridotites are moder-
ately refractory, with Al2O3 contents lower than the
commonly accepted primitive upper mantle (PUM)
compositions (e.g., Hart and Zindler 1986; McDonough
and Sun 1995). However, most of these peridotites,
including all of the volatile-free ones, are markedly high
in CaO relative to Al2O3 (CaO/Al2O3 of 1.5–3.5, except
T3bp2 and T4p2 with Ca/Al of 0.9–1.0) and plot above
the Oceanic Trend (Boyd 1997; Fig. 8). This reflects the
high clinopyroxene modes of the samples (see Table 5).

Fig. 2 Petrography of the
Tuoyun peridotite xenoliths:
a mica with black reaction rim
along the boundaries of olivine
and pyroxene; b fine-grained
microstructure. Scale bar: 2 mm
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Major elements do not show any correlations with
MgO, except for negative correlations between MgO and
CaO (Fig. 9). All the Tuoyun peridotites have low con-

tents of FeO, TiO2 and Al2O3, except for the three
volatile-bearing peridotites [T30, T3bp2 and T24(b)],
which have high contents of FeO relative to the PUM.

Fig. 3 Mg# versus Ni/Cr and trace element contents (in ppm) in olivine from Chinese peridotites. Data sources for Hebi: Zheng et al.
(2001) and TLFZ: Zheng et al. (1998, 2004)
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T4p2 (a phlogopite-bearing peridotite) has highMgO but
low TiO2 and Al2O3 contents, within the compositional
range defined by the Hebi peridotites. However, it has
lower Mg# than the latter due to its high FeO content.

Equilibration temperatures

Equilibration temperatures (T) for the Tuoyun perido-
tites have been estimated using several published ther-
mometers, based on Fe–Mg partitioning between
pyroxenes (Wells 1977; Sachtleben and Seck 1981), Ca
content in orthopyroxene (Brey and Kohler 1990a, b)
and Al exchange between olivine, orthopyroxene and
spinel (Witt-Eickschen and Seck 1991). The three ther-
mometers give similar temperature estimates (Table 7).
Estimates based on the Brey and Kohler (1990b) Ca in
Opx thermometer fall within the range of 894–1,060�C.
Equilibration pressure cannot be estimated for the
Tuoyun spinel peridotite xenoliths and no xenolith-
based geotherm can be constructed. However, if we
assume that the Tuoyun xenoliths represent the upper-
most part of the SCLM with a maximum depth of 58 km,
their equilibration temperatures are similar to those in-
ferred from the advective geotherms at the same depth for
Nushan (Xu et al. 1998) and Tariat (Ionov et al. 1998),
two basaltic provinces associated with rifting.

Discussion

Extraction of basaltic melts

Cr# values of coexisting spinel and clinopyroxene are
sensitive indicators of the extent to which mantle spinel

peridotites have lost their basaltic components (e.g.,
Frey and Prinz 1978; Preß et al. 1986). Most of the
Tuoyun clinopyroxene and spinel have Cr# values in the
high end of the range defined by the mineral phases in
xenoliths from the TLFZ (Fig. 7). This indicates that a
relatively large volume of the upper SCLM has been
subjected to melt extraction in these samples. Broad
negative correlations between Cr# and moderately
incompatible elements (e.g., Y, Ti) and broad positive
correlation between Cr# and La/Yb in the clinopyroxene
(except T30, Fig. 6) suggest that these elements behaved
similarly in the upper SCLM over a wide region during
partial melting and, therefore, can be used to model
partial melting degree of the xenoliths (Jonson et al.
1990; Norman 1998).

Modeling using Y and Yb contents in the Cpx and
assuming Kd

Y=0.42 and Kd
Yb=0.40 (Norman 1998) and

the primitive mantle composition of Sun and McDon-
ough (1989) indicates that the two least depleted samples
are residues of less than 3% partial melting when either
a batch or fractional melting model is adopted, whereas
the others have experienced somewhat higher degrees of
partial melting, i.e., 5–8% for fractional melting or 10–
15% for batch melting (Fig. 10a), similar to the esti-
mation based on the Cr# of spinel (Hellebrand et al.
2001) mentioned above. The modeling assumes that
these elements have only been modified by the partial
melting event and that the partitioning of the elements
between Cpx and melt is constant under upper mantle
conditions. Modeling using Ti contents and assuming
Kd
Ti=0.35 (Norman 1998) requires even lower degrees

for fractional melting (<5%) and similar degrees for
batch melting (Fig. 10b). The discrepancy may reflect a
later introduction of Ti in the volatile-bearing to the

Fig. 4 REE patterns of Tuoyun
mantle clinopyroxenes
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volatile-free peridotites (Fig. 9) during metasomatism in
the continental setting (Norman 1998) as indicated by
the presence of Ti-rich amphibole and phlogopite in the
Tuoyun xenoliths. As Zr correlates with MREE and Sr,

but not with Y, Yb or Ti, it is likely that Zr contents in
the Tuoyun Cpx have also been modified during meta-
somatism.

Fig. 5 Spidergrams of Tuoyun
mantle clinopyroxenes and
amphiboles: a ‘‘volatile-free’’
peridotites; b, c ‘‘volatile-
bearing’’ peridotites
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These models, combined with the low Mg# of their
olivines, suggest that the Tuoyun xenoliths are less
refractory (Fig. 11a) than many of those in the ECAOB
(8–13% melting; Ionov et al. 1995; Glaser et al. 1999;
Zhang et al. 2000), and especially those from Hebi on
Archean North China Craton (10–25% melting; Zheng
et al. 2001). The ranges in olivine Mg# and in the
modeled degree of fractional melting for the TLFZ
xenoliths are large. These xenoliths are commonly
associated with different crustal terranes and tectonic
settings and represent a mixture of older lithospheric
mantle and mainly newly accreted material, which is
slightly more fertile (<5% fractional melting; Zheng

et al. 1998, 2004; Xu et al. 2000) than the Tuoyun mantle
in general. The difference can also be seen in the Cr# of
spinel (see above).

Mantle metasomatism

The majority of the Tuoyun spinel peridotites plot above
the oceanic trend (Boyd 1997) on the Al2O3 versus CaO
diagram (Fig. 8), suggesting strong secondary enrich-
ment in Ca. High Mn, Zn and low Mg# in T30 (Fo=84),
which contains 0.1% biotite, accompany enrichment in
Fe. Other metasomatic signatures include: (1) the

Fig. 6 Cr# versus Y, Ti, La/Yb and Ce in Cpx from Chinese peridotites. Data sources for ECAOB: Wiechert et al. (1997), Ionov et al.
(1995, 1997, 1998) and Glaser et al. (1999); Hebi: Zheng et al. (2001); TLFZ: Zheng et al. (1998, 2004) and Xu et al. (1998)
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occurrence of amphibole and phlogopite, (2) the ubiq-
uitous LREE- and MREE-enriched REE patterns in
Cpx and (3) the high abundances of incompatible ele-
ments such as Th, Sr and LREE in Cpx. The transition
from depleted Cpx REE patterns (T4p1) to concave-
upward ones reflecting addition of LREE (T14d and
T39bp2) in volatile-free lherzolites and finally to rela-
tively steep negative trends (T1e and T2) (Fig. 4) is
readily interpreted in terms of progressive metasomatism
of originally depleted spinel peridotites.

Enrichment in large ion lithophile elements (LILE)
and LREE has been attributed to metasomatism by
carbonatitic melts (e.g., Meen 1987; Yaxley et al. 1998),
volatile-rich silicate melts (Zangana et al. 1999; Zhang
et al. 2000) or H2O–CO2 fluids (Ionov et al. 1995, 1997;
Stalder et al. 1998). The experimental comparison of

trace element partitioning between clinopyroxene and
melt in carbonate and silicate systems shows that in the
carbonate system clinopyroxene-melt partition coeffi-
cients for Si, Al, heavy REE, Ti and Zr are higher by
factors of 5–200 than in the silicate system. Conversely,
partition coefficients for Nb, LREE, alkali metals and
alkaline earths show much less fractionation (<3;
Blundy and Dalton 2000). On the other hand, relative to
silicate melt or CO2-rich fluid, carbonatite melts can
fractionate REE and HFSE more effectively (Blusztajn
and Shimizu 1994) and have high contents of LILE
(Meen 1987), whereas Nb cannot be transported by
H2O-rich fluids (Eggler 1987). Therefore, the metaso-
matic agent reflected in the Tuoyun xenoliths is unlikely
to be an H2O-rich fluid. However, it is difficult to explain
Zr enrichment with only carbonatitic metasomatism; the

Fig. 7 Mg# in Cpx versus Cr#

in Spinel from Chinese
peridotite xenoliths. Data
sources: as in Fig. 6

Table 6 Average (range) of reconstructed compositions for the Tuoyun peridotite xenoliths

Location Tuoyun (n=9) ECAOB (n=18) Hebi (n=32) TLFZ (n=49)

SiO2 45.4 (41.5–47.2) 43.9 (40.6–45.9) 44.8 (39.0–47.6) 42.9 (38.4–46.0)
TiO2 0.06 (0.04–0.12) 0.12 (0.05–0.23) 0.01 (0.00–0.04) 0.08 (0.00–0.20)
Al2O3 2.25 (1.37–2.98) 2.87 (0.42–5.27) 0.87 (0.38–1.69) 3.25 (0.72–5.00)
Cr2O3 0.39 (0.17–0.53) 0.35 (0.15–0.49) 0.58 (0.10–2.48) 0.67 (0.10–1.39)
FeO 7.07–9.55 (7.71) 8.16 (7.31–9.63) 6.87 (6.09–8.47) 8.83 (7.47–10.63)
MnO 0.13 (0.11–0.16) 0.19 (0.13–0.33) 0.11 (0.07–0.13) 0.14 (0.09–0.41)
MgO 39.5 (37.6–41.1) 41.4 (35.9–49.2) 46.1 (44.1–50.5) 41.8 (34.5–47.0)
CaO 3.94 (2.55–5.11) 2.48 (0.11–4.35) 0.49 (0.02–2.71) 1.90 (0.41–4.14)
Na2O 0.29 (0.18–0.40) 0.22 (0.01–0.41) 0.05 (0.00–0.18) 0.16 (0.01–0.39)
K2O 0.03 (0.00–0.14) 0.08 (0.00–0.40) 0.01 (0.00–0.02) 0.04 (0.00–0.12)
NiO 0.26 (0.21–0.30) 0.21 (0.09–0.30) 0.30 (0.24–0.39) 0.30 (0.16–0.36)
Total 100.0 (99.6–100.3) 99.8 (98.9–100.5) 100.2 (99.0–101.1) 99.9 (98.4–100.9)
Mg# 0.90 (0.89–0.91) 0.90 (0.89–0.90) 0.92 (0.91–0.93) 0.89 (0.87–0.91)
Mg/Si 1.18 (1.09–1.34) 1.42 (1.32–1.61) 1.47 (1.30–1.88) 1.42 (1.15–1.67)
FeO/MgO 0.20 (0.18 –0.22) 0.20 (0.20–0.21) 0.15 (0.14–0.18) 0.21 (0.19–0.25)
CaO + Al2O3 6.19 (4.10–7.33) 5.35 (0.53–9.63) 1.36 (0.40–3.94) 5.12 (1.13–7.93)

ECAOB East Central Asian fold belt (adapted from Ionov et al. 1993, 1997; Kopylova et al. 1995; Wiechert et al. 1997; Glaser et al. 1999;
Litasov et al. 2000; Zhang et al. 2000; Ionov 2002); Hebi (adapted from Zheng et al. 2001); TLFZ (adapted from Qi et al. 1995; Zheng
et al. 1998, 2004; Xu et al. 2000)
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Zr enrichment seen in the clinopyroxene of the volatile-
bearing to the volatile-free peridotites suggests the
action of other Zr-rich melts. Thermodynamic calcula-
tions indicate that Ca-enrichment in spinel peridotites
reflects their equilibration with SiO2-undersaturated
melts and can be produced by any SiO2-undersaturated
melts, either carbonatite melts or silicate melts
(Zinngrebe and Foley 1995). This makes it difficult to
constrain the nature of metasomatism agents.

High Ca/Al values, HFSE depletion and low Ti/Eu
values in mantle clinopyroxenes have been widely
interpreted as the key signatures of carbonatite-related
metasomatism (e.g., Rudnick et al. 1993; Klemme et al.
1995; Coltorti et al. 1999). The most important meta-
somatic agents appear to have been silicate melts
beneath the Cathaysia block and particularly beneath
the TLFZ (Zheng et al. 1998, 2004), carbonatitic melts
beneath the Archean mantle in Hebi (Zheng et al. 2001)
and SiO2-undersaturated potassic melts beneath the
Wudalianchi area of ECAOB (Zhang et al. 2000).
Tuoyun clinopyroxene has large ranges in Ti/Eu (971–
5,765) and (La/Yb)n (0.19–6.33). Three volatile-bearing
[T30, T24(b) and T24(a)] and one volatile-free (T2)
peridotite have high Ce contents and La/Yb, but low Ti/
Eu, suggesting carbonatitic metasomatism (Fig. 11b).
However, T4p1 (a volatile-free peridotite) and T3bp2 (a
volatile-bearing one) have high Ti/Eu, but low Ce and
La/Yb, suggesting silicate metasomatism. Three volatile-
free (T1e, T14d and T39bp2) peridotites and a volatile-
bearing (T4p2) peridotite have transitional Ti/Eu, which
may imply an agent transitional between carbonatitic
and silicate metasomatism or overprinting by multiple
episodes of metasomatism (Coltorti et al. 1999). The

presence of phlogopite and whole-rock CaO/Al2O3 >1
(Ca metasomatism) could also reflect silicic carbonatite
melts (Neumann et al. 2002). Therefore, they are inter-
preted as the metasomatism of hydrous carbonatitic and
potassic melt or the cumulative effects of mantle meta-
somatism by different agents (carbonatite and small-
volume silicate melts) through time due to the presence
of a mixture of older lithospheric mantle and mainly
newly accreted material.

Comparison with lithospheric mantle in other parts
of China

Peridotite xenoliths from Hebi, interpreted as repre-
senting a relict Archean mantle, are spinel harzburgite
(Cpx-free) and Cpx-poor lherzolites with high modal
Opx (average 27 vol.%) and are mainly coarse-grained;
only one amphibole-bearing lherzolite was found (Zheng
et al. 2001). Mantle xenolith suites along the TLFZ re-
flect upwelling of asthenospheric mantle into weak
SCLM in Phanerozoic time (e.g., Xu et al. 1998; Chen
et al. 2001). These suites contain a high percentage of
Cpx-rich spinel lherzolites and high proportion of fine-
grained and sheared microstructures (Zheng et al. 1998,
2004), some of which are ultra-fine-grained peridotitic/
serpentinitic mylonites (Xu et al. 1996). Peridotite
xenoliths in the ECAOB are porphyroclastic to fine-
grained with mainly porphyroclastic microstructure and
a wide variety in Cpx modes (5.1–25 vol.%, Preß et al.
1986; Stosch et al. 1986; Ionov et al. 1995, 1997;
Kopylova et al. 1995; Wiechert et al. 1997; Glaser et al.
1999; Litasov et al. 2000; Zhang et al. 2000). Compared

Fig. 8 Al2O3 versus CaO in
Chinese peridotite xenoliths.
Data sources: as in Fig. 6.
Primitive mantle: McDonough
and Sun (1995); Oceanic trend:
Boyd (1989, 1997)
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to the above-mentioned localities, the Tuoyun peridotites
are distinguished by a high proportion of fine-grained

microstructures and a high proportion of amphibole/
mica-bearing lherzolites, with high Cpx/Opx values.

Fig. 9 MgO versus CaO, FeO,
TiO2 and Al2O3 in Chinese
peridotite xenoliths. Data
sources: as in Fig. 6. Primitive
mantle: McDonough and Sun
(1995)
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Mineral chemistry

The Mg# and Cr# of olivine and orthopyroxene in the
Tuoyun peridotite xenoliths are mainly intermediate
between those from Hebi and the TLFZ (see Figs. 3,
7). The most trace element contents (e.g., Ca, Ga, Cr
and V) of olivine are high in the Tuoyun xenoliths
relative to those in the TLFZ, whereas Ti contents and

Ni/Cr value are lower, although the two areas have
similar Mg#. The Cr contents of Tuoyun orthopyrox-
ene are higher than those in the TLFZ, Y and Ti
contents are low, especially in the volatile-free perido-
tites (see Table 3). The Cr# of clinopyroxene and spinel
in these samples are mainly at the higher end of com-
positional range defined by the TLFZ xenoliths (see
Figs. 6, 7) and similar to the high-Cr# group of the

Table 7 Temperature estimation for the Tuoyun peridotite from Tianshan (�C)

Suite Sample T (BK) T (Wells) T (SS, a) T (SS, b) T (SS, c) T (WEK, a) T (WEK, b)
Ca in Opx Opx-Cpx Opx-Cpx Sp-Opx Sp-Opx Sp-Opx Cr-Al-Opx

Volatile-free peridotite T1c 937 993 986 980 990 969 992
T1e 951 952 976 979 991 977 990
T2 1,012 985
T4p1 1,021 974 1,006 1,021 998 1,008 999
T39bp2 1,013 1,002

Volatile-bearing peridotite T3bp2 995 1,002 979 935 953 928 953
T4p2 1,015 969 982 1,003 997 987 999
T14d 979 970
T24b 1,060 1,004
T30 894 932

T (BK): Ca in Opx thermometer, Brey and Kohler (1990b); T (Wells): Wells (1977); T (SS, a), T (SS, b) and T (SS, c): two-pyroxene
thermometer, Sp-Opx thermometer (Fe as FeTotal) and Sp-Opx thermometer (Fe as Fe3+), Sachtleben and Seck (1981) (Fe as Fe3+),
Sachtleben and Seck (1981); T (WEK, a) and T (WEK, b): Sp-Opx thermometer and Cr-Al-Opx thermometer, Witt-Eickschen and Seck
(1991)

Fig. 10 Modeling of Cpx
compositions using primitive
mantle-normalized abundances.
Adapted from Norman (1998).
Fractional melting points are
for 1, 3, 5, 10, 15, 20 and 25%;
batch melting points are for 1,
3, 5, 10, 15, 20, 30, 40 and 50%
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WEK xenoliths in the ECAOB (Zhang et al. 2000).
Cpx in T30 has high Cr# (0.25), similar to values in
Hebi Cpx (Zheng et al. 2001).

Ni/Cr ratio and the abundances of the compatible
elements (e.g., Ni, Cr, Y and Sc) in olivine and ortho-
pyroxene are lower than those from Hebi, but higher
than those from the TLFZ. In contrast, the Mn, Ti and
V contents of Tuoyun olivine and orthopyroxene are
higher than those from Hebi, but lower than those from
the TLFZ. Similarly, the average abundances of minor
elements such as Na and Al and the moderately
incompatible elements, such as Ti and Y, in Tuoyun
clinopyroxenes are higher than those from Hebi, but
lower than those from the TLFZ (see Fig. 6). In con-
trast, the La/Yb ratio and highly incompatible elements,
such as LREE and Sr, in Tuoyun clinopyroxenes are
lower than those from Hebi, while higher from those in
the TLFZ (see Fig. 6).

Bulk rock composition

The low Al2O3, TiO2, FeO contents and FeO/MgO ratio
of the Tuoyun xenoliths, relative to the primitive mantle,
suggest the extraction of basaltic melts (see Figs. 8, 9).
However, most of the Tuoyun peridotite xenoliths have
low MgO contents, but high CaO, Al2O3, TiO2, FeO
contents and high CaO/Al2O3 and FeO/MgO ratios,
relative to the Hebi high refractory mantle (Zheng et al.
2001), implying only moderate degree of depletion. The
Tuoyun peridotites are broadly similar in terms of the
FeO/MgO and CaO + Al2O3 to the TLFZ mantle but
are significantly enriched in CaO relative to Al2O3.
These observations, coupled with the mineral chemistry
described above, imply that the Tuoyun mantle is
moderately refractory and intermediate in composition
between the SCLM in the Hebi and TLFZ areas (see
Tables 2, 3 and Fig. 3).

Fig. 11 a Degree of fractional
melting (%) versus Mg# in
olivine; b Ti/Eu versus (La/Yb)n
in clinopyroxene from Chinese
peridotite xenoliths. a The solid
point and cross represent the
average and range for Tuoyun
peridotites, respectively. b and
silicate metasomatism, after
Coltorti et al. (1999). Data
sources: as in Fig. 6
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Comparison with the ECAOB peridotites

Detailed studies on peridotitic xenoliths (e.g., Preß et al.
1986; Stosch et al. 1986; Ionov et al. 1995, 1997;
Kopylova et al. 1995; Wiechert et al. 1997; Glaser et al.
1999; Litasov et al. 2000; Zhang et al. 2000) suggest the
partial preservation of a Proterozoic lithospheric mantle
section within the Phanerozoic accreted materials in the
Wudalianchi and Sikhote-Alin areas of the ECAOB.
The Tuoyun mantle section is situated in the western
part of the belt. Its xenoliths are similar in terms of the
major and minor elements of clinopyroxene to those
reported from the ECAOB (see Figs. 6, 7), and high
proportions of volatile-bearing peridotites with similar
whole-rock CaO + Al2O3 and FeO/MgO are common
throughout the belt. However, the Tuoyun xenoliths are
distinct from most other ECAOB xenolith suites in
having: (1) higher Cpx/Opx (i.e., CaO enrichment; see
Figs. 8, 9), (2) higher proportions of fine-grained
microstructures (see Table 5) and (3) lower olivine Mg#

and slightly lower degrees of fractional melting (see
Fig. 11a).

Tectonic implications

Lithospheric peridotites are represented by: (1) ‘‘cra-
tonic’’ xenoliths carried in magmas (kimberlite and
alkaline extrusives) that erupt through Archean cratons;
(2) ‘‘off-craton’’ xenoliths carried in alkali basalts that
erupted in Proterozoic and younger continental regions;
and (3) ‘‘massif peridotites’’, which are tectonic frag-
ments of upper mantle interleaved with crustal rocks in
Phanerozoic fold belts. Their ranges of variation can be
illustrated on plots of modal olivine content versus Mg#

(Fig. 12). The depleted peridotite xenoliths derived from
the Cathaysia block may represent a minor Proterozoic
component preserved within a mainly Phanerozoic
mantle (Qi et al. 1995; Xu et al. 2000; Zheng et al. 2004).
The Hebi peridotites are interpreted as relics of the
Archean lithosphere preserved locally at relatively shal-
low levels in the western part of the eastern North China
Craton (Zheng et al. 2001). The mantle beneath the
Shandong Peninsula represents a mixture of Archean
lithospheric mantle and newly accreted material (Zheng
et al. 1998). Although majority of the Tuoyun xenoliths
plot in the area of Phanerozoic lherzolites, a few show a
trend toward typically Proterozoic SCLM compositions
(Fig. 12).

The SCLM composition is broadly correlated with
crustal age and/or tectonic setting (e.g., Boyd and
Mertman 1987; Boyd 1989, 1997; Griffin et al. 1998,
1999). Sometimes, however, the strong reworking during
the Phanerozoic assembly of an orogenic belt may make
older mantle components difficult to recognize (Griffin
et al. 2000; Rudnick et al. 2004). Precambrian meta-
morphic rocks have been recently dated at 1900–707 Ma
in the Western Tianshan (e.g., Hu et al. 1997, 2000;
Chen et al. 1999, 2000). In the Eastern Tianshan,

although early Paleozoic strata are relatively minor in
comparison with late Paleozoic sequences, early Paleo-
zoic (450–400 Ma) and even Neoproterozoic (1200–
960 Ma; Hu et al. 1986) granitic rocks are widespread.

Two mica-bearing lherzolite xenoliths (T4p2, phlog-
opite-bearing, and T30, biotite-bearing) show very
different features than those volatile-free and amphi-
bole-bearing xenoliths. The relatively refractory nature
for T4p2 (highest Fo) may represent old lithospheric
mantle sample modified by hydrous potassic silicate
melt. The extremely fertile lherzolite (T30, Fo down to
84) may show typical peridotite-melt reaction at high
melt/rock ratios as stated by Zhang (2005). These highly
fertile lherzolite xenoliths also occurred in the North
China Craton (Xu et al. 1998). Therefore, although the
SCLM beneath southwestern Tainshan is expected to be
predominately Phanerozoic in nature, the minor popu-
lation of moderately refractory peridotite xenoliths from
Tuoyun may represent a relict Proterozoic component
preserved at shallow levels (Zheng et al. 2004).

Mantle modification

Studies of secular changes in the density structure of the
SCLM indicate that Archean and Proterozoic litho-
spheric sections in general are gravitationally stable and
will tend to be preserved (Poudiom Djomani et al. 2001).
Modification and replacement of the SCLM by tectonic

Fig. 12 Mg# versus modal (%) olivine in Chinese peridotite
xenoliths. Archean, Proterozoic and Phanerozoic areas are from
Griffin et al. (1999); melting trend modified from Boyd (1989). Data
sources: volatile-free and volatile-bearing from Tuoyun peridotites
(this paper), Hebi (Zheng et al. 2001), Shandong including
Shanwang and Qixia from Archean North China Craton (Zheng
et al. 1998), Cathaysia including Mingxi, Qilin, Niutuoshan,
Anyuan and Daoxian from Proterozoic Cathaysia Block (Qi
et al. 1995; Xu et al. 2000; Zheng et al. 2004)
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processes produce changes in the heat budget of the
crust and are closely associated with continental colli-
sion, uplifting and magmatism (Griffin et al. 1998, 1999).

The subduction of the Yangtze continent would add the
crustal melt into the North China lithospheric mantle in
Mesozoic (Zhang et al. 2002, 2004), especially along the

Fig. 13 Cartoon illustrating a
model for the formation of the
present SCLM beneath the
Central Asia Orogenic Belt.
a The cumulative density of a
lithospheric column consisting
of moderately depleted
Phanerozoic mantle, on two
geotherms: a higher one
corresponding to the SE
Australia geotherm and
relevant to periods of active
volcanism and a lower one
representing thermal relaxation
after the end of volcanism (after
Poudiom Djomani et al. 2001).
b Schematic density structure of
a compound subduction system
such as the CAOB, during its
assembly (high geotherm, a);
the negative buoyancy of the
slabs is balanced by the
increased buoyancy of the arc-
related mantle wedges under
high geothermal gradients.
c Following cooling to a lower
geotherm, the mantle wedges
become negatively buoyant,
leading to wholesale
detachment of the newly
accreted lithosphere; hot
asthenosphere wells up to
shallow depths, providing heat
to melt the lower crust and
produce granitoids; where
microcontinental fragments
(Zheng et al. 2006) are limited,
most granitoids will have
juvenile isotopic signatures.
d Situation in late Mesozoic-
Tertiary time: the upwelling
asthenosphere has cooled to
provide a new, thin and fertile
SCLM, which is sampled by
small-volume alkali basalt
eruptions; local shallow
remnants of older SCLM will
provide xenoliths of more
depleted peridotites
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southern margin of the craton (Zheng et al. 2005). Yuan
(1996) proposed a model based on seismic tomography
to explain the dramatic change in the nature of the
SCLM in the eastern part of the North China Craton
during Mesozoic–Cenozoic times (Griffin et al. 1992,
1998; Menzies et al. 1993; Zheng 1999). In this model,
old cold lithospheric mantle has been pulled apart dur-
ing extension, and hot new material derived from the
upwelling asthenosphere has risen along the major
faults, spreading laterally in the upper part of the
SCLM. The mantle beneath the TLFZ is dominantly
Phanerozoic in character and is interpreted as newly
accreted material that replaced the pre-existing older
lithosphere through extension, thermal erosion and melt
metasomatism (Zheng et al. 1998, 2004). These obser-
vations imply that the translithospheric Tanlu fault
played an important part in the Mesozoic–Cenozoic
replacement of the pre-existing Archean/Proterozoic
lithospheric mantle. The upwelling of asthenospheric
material resulted in irregular emplacement of hot fertile
mantle material along the weak zones in the mantle.

A different model may be more appropriate for the
Central Asia Orogenic Belt (CAOB). The CAOB is a
broad collage of arcs, ocean remnants and microconti-
nental fragments, assembled during the closing of the
Paleo-Tethys ocean in late Paleozoic time. The orogen
experienced widespread and voluminous granitoid
magmatism in Mesozoic time. Many of these igneous
bodies have juvenile isotopic signatures (Jahn et al. 2000;
Chen and Jahn 2002), implying derivation by melting of
mafic lower crustal material underplated during the
assembly of the orogen. This history can be understood
in the context of the evolution in the density structure of
such an accretionary orogen (Fig. 13a). During accre-
tion, with active arc-related volcanism maintaining high
geotherms, the lithosphere can maintain overall positive
buoyancy relative to the underlying asthenosphere
(Fig. 13b). However, when cooling sets in following the
end of accretion and the cessation of volcanic activity,
this newly accreted lithosphere will become negatively
buoyant; even though the mantle wedge is highly de-
pleted in Ca and Al, its Fe content remains high, leaving
it with a relatively high density. In this situation, minor
instabilities can trigger massive delamination of the
young SCLM (Neil and Houseman 1999). Upwelling of
the hot asthenosphere will provide the heat necessary to
melt the lower crust (Fig. 13c), producing large volumes
of granitoid magmatism; at the same time the upwelling
asthenosphere will cool to form a new layer of fertile
SCLM, like that observed in many xenolith suites from
the CAOB (Figs. 8, 11, 12). Local volumes of older (and
hence intrinsically buoyant) SCLM beneath microcon-
tinental fragments will provide xenoliths of more
refractory nature (Fig. 13d).

The present SCLM structure beneath the CAOB is
interpreted as consisting of shallow thin remnants of
older continental lithospheric mantle (also see Deng and
Macdougall 1992) mixed with younger asthenospheric
materials and deeper underplated ‘‘asthenospheric’’

material modified by minor further melting during
upwelling (Griffin et al. 2000). The Tuoyun xenoliths
show a higher proportion of fine-grained microstructure
and a higher proportion of Cpx/Opx ratio than is seen in
other parts of the CAOB. It also shows obvious
enrichment in Ca and less obvious relics of the Prote-
rozoic component than the latter. The inferred stronger
mechanical and chemical modification of the Tuoyun
mantle may be related to its location close to trans-
lithospheric faults such as the TF strike-slip fault
(Fig. 1), which played a major role in controlling the
strength of the mantle lithosphere and has channeled the
upwelling mantle.

Conclusions

1. Mantle peridotite xenoliths from the Tuoyun basaltic
rocks are characterized by a moderate depletion in
basaltic components and metasomatic re-enrichment
in incompatible elements compared with the spinel
peridotite xenoliths from the Archean refractory
mantle in Hebi and from the Phanerozoic fertile
mantle in the area within the translithospheric fault
zone of eastern China.

2. The large range of CaO/Al2O3 (0.9–3.5) in the whole
rocks and the wide range of LREE/HREE (0.8–14.2),
Ti/Eu (971–5,765) in clinopyroxene in the Tuoyun
peridotites are interpreted as the cumulative effects of
mantle metasomatism by carbonate and silicate melts
through time.

3. Most of the Tuoyun peridotites experienced frac-
tional melting of 5–8% and have more affinity to the
Proterozoic Cathaysia block, and especially to the
Phanerozoic East Central Asia Fold Belt with minor
Proterozoic components, than to the Archean North
China Craton. We suggest that the Tianshan mantle
sampled by the Cretaceous Tuoyun basaltic rocks
may contain Proterozoic relics, represented by some
more refractory xenoliths, within a mainly Phanero-
zoic mantle generated in Mesozoic time.

4. A high proportion of fine-grained microstructures
and high Cpx/Opx (Ca enrichment) in the Tuoyun
mantle relative to the mantle beneath other parts of
the CAOB (such as its eastern part) reflects its
stronger mechanical and chemical modification,
interpreted as related to its proximity to the TF
strike-slip fault, which played a major role in con-
trolling the strength of the mantle lithosphere and has
channeled the upwelling mantle.
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