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Early-crystallizing chromian spinel (Cr-spinel) in the Nagqu ophiolite has high Os and low Re contents, and it is resistant to alter-
ation during serpentinization, weathering and metamorphism. The chemical composition of primitive magma is preserved in 
Cr-spinel, which makes it suitable for determining the initial Os-isotope composition of the mantle source. This study presents 
Cr-spinel Os isotopes and zircon U-Pb ages for cumulate dunite and gabbro, respectively, in the same cumulate section of the 
ophiolite at Nagqu in Tibet. The results shed light on the formation and evolution of lithospheric mantle. The Nagqu ophiolite is 
located in the central part of the Bangong-Nujiang suture zone. It is a remnant of the Neotethyan oceanic crust, and contains cu-
mulate dunite and gabbro. Zircon from the gabbro yielded a weighted mean 206Pb/238U age of 183.7±1 Ma. Cr-spinel exhibits Os 
values of 0.2 to 0.3, suggesting that the mantle source for the dunite is similar to that of carbonaceous chondrites. Thus, the 
Tibetan lithosphere is primarily a relic of Tethyan oceanic lithosphere, which has formed by the transformation of the normal 
asthenospheric mantle in the Mesozoic. This is the first study to combine the spinel Os isotopes with accurate zircon U-Pb ages to 
constrain the geochemical characteristics of the mantle source for the ophiolite.  
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Ophiolites are remnants of oceanic lithosphere that have 
been thrust over continental lithospheres and thus preserved 
from subduction. A complete ophiolitic section is composed 
of peridotites, overlain successively by mafic and ultramafic 
igneous rocks and sedimentary rocks [1]. Studies evaluating 
the mantle source of ophiolites can play a significant role in 
the identification ofthe nature and evolution of ancient oce-
anic lithosphere [2,3]. The Re-Os isotopic system is a useful 
tool to investigate melting and differentiation processes in the 
mantle of Earth [4,5]. Os isotopes can reveal information 
about melting events in the convecting asthenospheric mantle 
that are not recorded by incompatible lithophile-element 
isotopic tracers (e.g. Sm-Nd and Lu-Hf).  

Mantle peridotites in ophiolites are thought to represent 
the mantle restite after extraction of basaltic melts from the 
asthenospheric mantle. Many studies have suggested that 
there are significant differences in the Os-isotope composi-
tion of mantle peridotites [6–13]. Subsequent to their for-
mation, mantle peridotites may be modified by partial melt-
ing processes and interaction with melts percolating through 
them [14–16]. Recent studies indicate that refractory sub-
continental lithospheric mantle (SCLM) can survive during 
the opening of ocean basins and become part of the oceanic 
lithosphere [10,17–22]. Given the such preservation of re-
fractory domains in ophiolitic mantle peridotites [6,8], their 
Re-Os isotopic characteristics cannot precisely reflect the 
nature of the convecting mantle at the time of ophiolite 
formation.   
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A basic principle of isotope geochemistry is that partial 
melting at mantle temperatures, pressures and timescales 
achieves complete equilibrium between melts and solid res-
idues [23]. Thus, Os-isotope studies of a melt also can re-
flect the characteristics of the mantle source. Previous stud-
ies of mid-ocean ridge basalts (MORB) have revealed that 
the Os contents of MORB are very low (<100 ppt), and that 
assimilation of seawater and post-eruptive decay of 187Re to 
187Os would complicate interpretation of MORB data [24–26]. 
Furthermore, whether abyssal peridotites are direct residues 
of MORB melting is disputable. Thus, Re-Os isotope data 
for normal MORB cannot determine the true Os-isotope 
characteristics of the convecting mantle. In addition, there is 
a suite of cumulate complexes between lavas and residual 
mantle peridotites in a complete ophiolitic sequence. A re-
cent study of the Oman ophiolite revealed that the lower, 
cumulate oceanic crust dominates the Os budget of oceanic 
crust [27]. In cumulate dunites, Cr-spinel is one of the ear-
liest minerals to crystallize from the magma, and it is en-
riched in Os relative to Re. Cr-spinel not only may preserve 
its Os isotopic composition during later contamination of 
the bulk rock [28–30], but also can rapidly and precisely 
record geochemical information from the convecting upper 
mantle source. Thus, Cr-spinel can provide a unique insight 
into the Os isotopic characteristics of oceanic lithospheric 
mantle.   

In this paper, we present Os-isotope data for Cr-spinel 
from cumulate dunite and U-Pb ages of zircon from gabbro 
in the Nagqu ophiolite, central Tibet. The Os-isotope ratios 
in Cr-spinel areused to determine the initial 187Os/188Os ratio 
of the mantle source of the parental magma of the cumulates. 
In addition, the U-Pb ages of zircon in gabbro are used to 
constrain the formation age of the cumulates, based on field 
evidence that the two rock types are genetically linked. Us-
ing these links, we were able to investigate the Os-isotope 
characteristics of the mantle source of the magmatic rocks 
in the Nagqu ophiolite. 

1  Geological background and samples 

The Bangong-Nujiang suture zone is an important plate 
boundary in northern Tibet, which is mainly composed of the 
Bangong Lake, Dongqiao, Nagqu and Dingqing ophiolites. 
The Nagqu ophiolite is located in the central part of the 
Bangong-Nujiang suture zone, about 20 km northwest of 
the county town of Nagqu (Figure 1). The Nagqu ophiolite 
predominantly contains harzburgites that tectonically over-
lie a cumulate complex. The ophiolite was tectonically em-
placed into the Jurassic Mugagangri Group. Previous stud-
ies have suggested that the Nagqu ophiolite formed in a 
mature back-arc basin [31–34]. 

The cumulate complex consists of dunite at the base and 
layered gabbro in the upper part, and contains interleaved 
olivine-pyroxenite and pyroxenite horizons (Figure 1). The 
cumulate complex is vertically continuous, and as thick as 
30 m (Figure 2). There is a gradational contact between 
dunite and gabbro. The crystallization sequence is olivine, 
followed by pyroxenite and then plagioclase, suggesting 
that they are products of a single magma chamber [35]. For 
this work, we sampled dunite (No. 09039) and gabbro (No. 
09038) to unravel the nature of their source mantle.  

2  Analytical methods and results 

Zircon and spinel grains were separated from 10 to 15 kg 
slabs of gabbro and dunite, respectively, using standard tech-
niques at the Institute of Regional Geological and Mineral 
Survey, Hebei. The representative zircon grains were mounted 
in epoxy, polished, and photographed with transmitted and 
reflected light, followed by cathodoluminescence (CL) im-
aging at the Institute of Geology and Geophysics, Chinese 
Academy of Sciences (CAS). Zircons were analyzed for U, 
Th, Pb and other trace elements using LA-ICP-MS at the 
Institute of Tibetan Plateau Research, CAS. Laser sampling 

 

Figure 1  Tectonic map of Tibet, showing locations of the Nagqu ophiolite and sample localities along the cumulate complex. (a) Tectonic map of Tibet; (b) 
cross-section of cumulate complex; (c) lithologic column of cumulate complex.  
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Figure 2  Field photos from the Nagqu ophiolite, depicting the internal structure and relationships among different units. (a) Gradational contacts between 
dunite and gabbro; (b) cumulate texture of gabbro.  

was performed using a New wave UP 193 laser ablation 
system, and an Agilent 7500a ICP-MS was used to deter-
mine zircon U-Pb ages. All analyses were carried out with a 
beam diameter of 25 m, 8 Hz repetition rate (eroding time: 
40 s). During the analysis, Plešovice zircon was used as 
external standard for U-Pb dating [36]. A common-Pb cor-
rection was made according to the method of Anderson [37]. 
Uncertainties in mean 206Pb/238U ages are given at the 95% 
confidence level. The U-Pb isotope and age results are listed 
in Table 1. The Th/U ratio of zircons ranged from 0.13 to 
1.15, indicating that they are magmatic in origin [38], as 
also indicated by the CL images. The seven data points gave 
a mean Concordia age of 183.7±1 Ma (Figure 3). 

Re-Os isotopes were obtained by isotope dilution tech-
niques at the Guangzhou Institute of Geochemistry, CAS, 
where an increasing volume of Re-Os isotopic data has been 
published [10,21,39–41]. The experimental procedure is 
described by Li et al. [4,42]. About 1.5 g powder or 0.2 g 
spinel was dissolved using inverse aqua regia (2.5 mL 10.8 
mol/L HCl, 7.5 mL 14 mol/L HNO3) in sealed Carius tubes 
at 240°C for 24 h (48 h for spinel). Isotopic tracers (185Re 
and 190Os) were added to samples prior to dissolution. Os 
was purified using CCl4 and HBr, micro-distilled for 3 h [43] 
and dried to 3 L. Os-isotope measurements were carried 
out by N-TIMS [44,45] with a Thermo Finnigan Triton. Re 
was extracted and purified by anion exchange using AG1×8 
resin. Re concentrations were measured using ICP-MS. To-

tal blank levels were 5 to 10 pg and 3 to 7 pg for Re and Os, 
respectively, and the 187Os/188Os ratio of the blank was 
0.20556. Contribution of the blank to measured Os contents 
and 187Os/188Os ratios was minimal. Mass fractionation and 
blank corrections were made for all data. 187Os/188Os ratios 
of dunite varied from 0.12533 to 0.12603, and 187Os/188Os 
ratios of spinel ranged between 0.12536 and 0.12552 (Table 2).  

3  Discussion 

3.1  Spinel recording mantle source 

Re-Os isotopic data have previously revealed that refractory 
lithospheric mantle can survive in orogenic peridotites, oph-     
ioliticperidotites and abyssal peridotites [10,12,17,18,20,21, 
46–50]. Given the heterogeneous distribution of refractory 
domains in the asthenospheric mantle, it may be unsuitable 
to determine Os isotopic characteristics of the mantle source 
from analyses of mantle peridotites.  

At oceanic spreading centers, magma is produced by 
upwelling and decompression melting of the convecting 
mantle. Melt is removed to make oceanic crust and the res-
idue represents oceanic lithospheric mantle [51–54]. This 
model for generation of magma and oceanic crust has been 
accepted as part of plate tectonic theory for a long time 
[55–58]. However, whether MORBs represent primitive 
magma, which is complementary in chemical composition  

Table 1  U-Pb isotopic data for zircons from gabbro in the Nagqu ophiolitea) 

Spot 232Th/238U 207Pb/206Pb ±% 207Pb/235U ±% 206Pb/238U ±% 208Pb/232Th ±% 
206Pb/238U 

Age (Ma) ± 

38-01 0.71 0.04964 1.8 0.19811 1.7 0.02896 0.8 0.00698 0.9 184 1 

38-02 0.79 0.04684 2.0 0.18705 1.9 0.02898 0.8 0.00677 0.9 184 1 

38-03 0.13 0.04988 5.8 0.19695 5.6 0.02865 1.4 0.00738 6.6 182 3 

38-04 0.24 0.04708 4.4 0.18593 4.2 0.02866 1.2 0.00683 4.4 182 2 

38-05 1.03 0.05029 4.4 0.20200 4.2 0.02915 1.2 0.00711 1.7 185 2 

38-06 0.44 0.04998 3.0 0.19856 2.9 0.02883 1.0 0.00709 1.8 183 2 

38-07 1.15 0.04988 3.7 0.19807 3.6 0.02882 1.0 0.00745 1.3 183 2 

a) 1 error. 
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Figure 3  U-Pb Concordia plots, mean age plot, and CL images of zircons from gabbro. The circles in CL images of zircons indicate the test spots. 

Table 2  Cumulated unite (09039) and spinel (SP) Re-Os isotope data 

Sample Re (ppb) Os (ppb) 187Re/188Os 2 187Os/188Os 2 Os (183.7 Ma)
a) 

09039-7 0.023 4.743 0.023 0.002 0.12533 0.00043 0.4 

09039-10 0.018 0.958 0.093 0.010 0.12613 0.00041 0.1 

09039-11 0.014 2.652 0.026 0.004 0.12603 0.00047 0.1 

SP39-7 0.083 20.173 0.020 0.001 0.12536 0.00024 0.3 

SP39-11 0.046 10.859 0.021 0.002 0.12552 0.00035 0.2 

a) Carbonaceous chondrites: 187Os/188Oschon=0.12700, 187Re/188Oschon=0.40186 [4].  

to abyssal peridotites, is still debated. One view is that melting 
degree inferred from abyssal peridotites is consistent with 
that inferred from MORB. In this context, MORB is thought 
to be primitive magma produced by two mantle sources: 
one produces picrate magmas by 20% to 30% partial melt-
ing at 2–3 GPa; the other produces tholeiitic magmas by 
10% to 20% partial melting at shallower depths (~1 GPa) 
[59]. However, another idea holds that there are reactions 
between melts and residues [60–63], and neither MORB nor 
continental alkali basalts can represent primitive magmas. 
Subsequently more research was undertaken to investigate 
this mechanism, suggesting that the composition of MORB 
is homogenized by magma-chamber mixing, rather than 
derivation from a homogeneous mantle source [23,64,65]. 
Hence, it is still difficult to define the Os-isotope character-
istics of the mantle source. 

In this paper, we chose for analysis an early-stage cumu-

late complex spatially associated with mantle peridotites to 
estimate the composition of the mantle source from Os iso-
topic composition of dunite and spinel. During the process 
of magma formation at spreading centers, relatively primi-
tive convecting upper mantle will preferentially melt. Con-
versely, refractory, previously depleted lithospheric mantle 
will not participate in partial melting without water [6,20]. 
Although about 4% eclogite may be subducted into the as-
thenospheric mantle [66,67], its contribution to the 187Os/ 
188Os ratios of the convecting upper mantle is less than 0.5% 
(within experimental error). It has been widely accepted that 
the distribution of Os is mainly controlled by sulfides and 
oxides [4,68]. In cumulate complexes, sulfides and spinel 
form as early-stage phases. Moreover, sulfide will be pre-
served in spinel as micro-inclusions in dunite, and will be 
resistant to alterations during weathering of extrusive rocks 
[28,29,69–71]. Thus, we can hope to obtain robust estimates 
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of 187Os/188Os ratios in the mantle source for ophiolite from 
analyses of spinels in cumulate dunites.  

In this case, the Os-isotope composition of bulk rock and 
spinel is consistent (187Os/188Os: 12533 to 0.12603 and 
0.12536 to 0.12552, respectively), and significantly differ-
ent from the more radiogenic Os-isotope compositions of arc 
lavas and some mantle-wedge peridotites [72–74]. This sug-
gests that the addition of slab-derived fluids or other sec-
ondary infiltration did not affect these samples. Moreover, 
the high Os contents and low 187Os/188Os ratios of spinel 
may imply that they inherited the Os-isotope composition of 
primitive sulfides, and can be used to define Os isotopic 
characteristics of the mantle source of the magmas that 
formed the cumulates [16,71,75]. 

3.2  Mantle features of the Nagqu ophiolite 

Cr-spinel has high Os and low Re contents. Measured 187Os/ 
188Os ratios can directly represent the initial Os isotopic 
composition of convecting upper mantle without correction 
for the decay of 187Re since eruption [28]. In the cumulate 
sequence of the Nagqu ophiolite, zircons in gabbro yielded 
a mean 206Pb/238U age of 183.7±1 Ma, which constrains the 
formation age of spinel in dunite. Compared to carbona-
ceous chondrites [4], Os values of spinel ranged from 0.2 
to 0.3 (Table 2), suggesting that the mantle source for the 
Nagqu ophiolite is similar to that of carbonaceous chon-
drites. This result is consistent with the Os isotopic compo-
sition of primitive mantle estimated from mantle peridotite 
xenoliths and orogenic peridotites [76], and also is compati-
ble with the tectonic setting (mature back arc basin) of the 
Nagqu ophiolite [31,32]. Nevertheless, our result is ap-
proximately 1.5% less radiogenic than that estimated from 
the Dongqiao ophiolite [47]. The contrast may be attributed 
to mantle heterogeneity. Alternatively, the method applied in 
this note differs from that of Shi et al. [47], we obtain the 
age of cumulate dunite directly by using theU-Pb ages of 
zircon in gabbro.  

From the above results, the Os-isotope characteristics of 
the mantle source forthe Nagquophioliteare consistent with 
those of carbonaceous chondrites, which mean that there is 
a carbonaceous chondrite-type mantle [77]. In contrast to 
primitive mantle values [78,79], the Os-isotope characteris-
tics of the mantle source for the magmas in the Nagquo phi-
oliteare slightly lower, which could imply that the source is 
a slightly depleted asthenospheric mantle. The Nd-Pb iso-
topic composition and geochemical data of mafic rocks 
from Tethyan ophiolites also indicate that they are derived 
from a geochemically depleted asthenospheric source with a 
clear Indian MORB-type isotopic signature [80]. Mo et al. 
[81] measured Linzizong volcanic rocks with Nd>0 and 
interpreted them as derived from reworking of the remain-
ing part of the Tethyan oceanic crust. A stagnant slab was 
suggested to exist beneath the Tibet plateau by Tapponnier et 
al. [82]. However, this suggestion was not confirmed by the 

geophysical observations of Zhao et al. [83], who detected a 
relatively thin but separate Tibetan lithosphere beneath cen-
tral and northern Tibet.  

Despite the existence of Precambrian basement rocks like 
the Amdo micro-terrane [84], the Tibetan lithosphere may 
be primarily of a young Tethyan origin from a geophysical 
perspective [83]. A series of juvenile crust and arc-conti-     
nental collisional and accretionary orogens developed along 
the southern margin of the Asian continent during the Paleo-
zoic and Mesozoic, prior to the Indian and Asian continental 
collisions [85]. The Nagqu ophiolite is a fragment of juve-
nile oceanic crust formed in the Early Jurassic and pre-
served during the later collision between the Amdo micro- 
terrane and Lhasa terrane. The consistency between the Os- 
isotope characteristics of the Nagqu ophiolite and the con-
vecting asthenospheric mantle indicates the ophiolite formed 
in a mature back-arc basin, where both arc-like and MORB- 
like basalts are generated [86]. Thus, the Tibetan lithosphere 
is primarily derived from remnants of Tethyan oceanic lith-
osphere, formed by the transformation of the normal as-
thenospheric mantle in the Mesozoic. 

4  Conclusions 

The Nagqu ophiolite formed in a mature back-arc basin, and 
consists of a complete cumulate sequence from cumulate 
dunite to gabbro, tectonically overlain by harzburgite. Zir-
con in the gabbro yielded an U-Pb age of 183.7±1 Ma. Cr- 
spinel exhibits Os values of 0.2 to 0.3, suggesting that the 
Os-isotope characteristics of the mantle source for the 
magmatic rocks of the Nagqu ophiolite is similar to that of 
carbonaceous chondrites. Thus, the Tibetan lithosphere is 
primarily formed by the transformation of the normal as-
thenospheric mantle in the Mesozoic. 

This work was supported by the National Basic Research Program of Chi-
na (2011CB403101) and the National Natural Science Foundation of Chi-
na (41172059, 40972056 and 40930316). Professor Xu Jifeng and Dr. Li 
Jie are thanked for their technical guidance and assistance in Re-Os iso-
tope analysis at the Guangzhou Institute of Geochemistry, CAS. Dr. Yue 
Yahui is thanked for technical assistance in LA-ICPMS U-Pb dating of 
zircons at the Institute of Tibetan Plateau Research, CAS. We also are 
grateful to two anonymous reviewers and Professor Zheng Yongfei for 
their constructive comments which significantly improved the manuscript, 
and to Professor Bill Griffin for editing the English.  

1 Coleman R G. The diversity of ophiolites. Geol Mijnbouw, 1984, 63: 
141–150 

2 Mahoney J J, Frei R, Tejada M L G, et al. Tracing the Indian Ocean 
mantle domain through time: Isotopic results from Old West Indian, 
East Tethyan, and South Pacific seafloor. J Petrol, 1998, 39: 1285– 
1306 

3 Dilek Y, Moores E M, Elthon D, et al. Ophiolites and Oceanic Crust: 
New Insights from Field Studies and the Ocean Drilling Program. 
Boulder: Geological Society of America Special Paper, 2000 

4 Shirey S B, Walker R J. The Re-Os isotope system in cosmochemis-
try and high-temperature geochemistry. Ann Rev Earth Planet Sci, 



 Huang Q S, et al.   Chin Sci Bull   January (2013) Vol.58 No.1 97 

1998, 26: 423–500 
5 Zhi X C. Re-Os isotopic system and formation age of subcontinental 

lithosphere mantle. Chin Sci Bull, 2000, 45: 193–200 
6 Snow J E, Schmidt G, Rampone E. Os isotopes and highly sidero-

phile elements (HSE) in the Ligurian ophiolites, Italy. Earth Planet 
Sci Lett, 2000, 175: 119–132 

7 Becker H, Shirey S B, Carlson R W. Effects of melt percolation on 
the Re-Os systematics of peridotites from a Paleozoic convergent 
plate margin. Earth Planet Sci Lett, 2001, 188: 107–121 

8 Büchl A, Brügmann G E, Batanova V G, et al. Os mobilization dur-
ing melt percolation: The evolution of Os isotope heterogeneities in 
the mantle sequence of the troodos ophiolite, Cyprus. Geochim 
Cosmochim Acta, 2004, 68: 3397–3408 

9 Saal A E, Takazawa E, Frey F A, et al. Re-Os isotopes in the Horo-
man peridotite: Evidence for refertilization? J Petrol, 2001, 42: 25–37 

10 Shi R D, Griffin W L, O’Reilly S Y, et al. Melt/mantle mixing pro-
duces podiform chromite deposits in ophiolites: Implications of Re– 
Os systematics in the Dongqiao Neo-tethyan ophiolite, northern Tibet. 
Gondwana Res, 2012, 21: 194–206 

11 Luck J M, Allegre C J. Osmium isotopes in ophiolites. Earth Planet 
Sci Lett, 1991, 107: 406–415 

12 Tsuru A, Walker R J, Kontinen A, et al. Re-Os isotopic systematics 
of the 1.95 Ga Jormua Ophiolite Complex, northeastern Finland. 
Chem Geol, 2000, 164: 123–141 

13 van Acken D, Becker H, Walker R J. Refertilization of Jurassic oce-
anic peridotites from the Tethys Ocean—Implications for the Re-Os 
systematics of the upper mantle. Earth Planet Sci Lett, 2008, 268: 
171–181 

14 Rudnick R L, Walker R J. Interpreting ages from Re-Os isotopes in 
peridotites. Lithos, 2009, 112: 1083–1095 

15 Harvey J, Gannoun A, Burton K W, et al. Unravelling the effects of 
melt depletion and secondary infiltration on mantle Re-Os isotopes 
beneath the French Massif Central. Geochim Cosmochim Acta, 2010, 
74: 293–320 

16 Alard O, Luguet A, Pearson N J, et al. In situ Os isotopes in abyssal 
peridotites bridge the isotopic gap between MORBs and their source 
mantle. Nature, 2005, 436: 1005–1008 

17 Hassler D R, Shimizu N. Osmium isotopic evidence for ancient sub-
continental lithospheric mantle beneath the Kerguelen Islands, south-
ern Indian Ocean. Science, 1998, 280: 418–421 

18 Parkinson I J, Hawkesworth C J, Cohen A S. Ancient mantle in a 
modern arc: Osmium isotopes in Izu-Bonin-Mariana forearc perido-
tites. Science, 1998, 281: 2011–2013 

19 Zheng J P, O'Reilly S Y, Griffin W L, et al. Relict refractory mantle 
beneath the eastern North China block: Significance for lithosphere 
evolution. Lithos, 2001, 57: 43–66 

20 Liu C Z, Snow J E, Hellebrand E, et al. Ancient, highly heterogene-
ous mantle beneath Gakkel ridge, Arctic Ocean. Nature, 2008, 452: 
311–316 

21 Shi R D, Griffin W L, O’Reilly S Y, et al. Evolution of the Lüliang-
shan garnet peridotites in the North Qaidam UHP belt, Northern Ti-
betan Plateau: Constraints from Re-Os isotopes. Lithos, 2010, 117: 
307–321 

22 O’Reilly S Y, Zhang M, Griffin W L, et al. Ultradeep continental 
roots and their oceanic remnants: A solution to the geochemical 
“mantle reservoir” problem? Lithos, 2009, 112: 1043–1054 

23 Hofmann A W. Sampling mantle heterogeneity through oceanic bas-
alts: isotopes and trace elements. In: Holland H D, Turekian K K, eds. 
Treatise on Geochemistry, Vol 2. New York: Elsevier, 2003. 61–101 

24 Escrig S, Capmas F, Dupre B et al. Osmium isotopic constraints on 
the nature of the DUPAL anomaly from Indian mid-ocean-ridge bas-
alts. Nature, 2004, 431: 59–63 

25 Schiano P, Birck J L, Allègre C J. Osmium-strontium-neodymium- 
lead isotopic covariations in mid-ocean ridge basalt glasses and the 
heterogeneity of the upper mantle. Earth Planet Sci Lett, 1997, 150: 
363–379 

26 Roy-Barman M, Wasserburg G J, Papanastassiou D A, et al. Osmium 
isotopic compositions and Re-Os concentrations in sulfide globules 
from basaltic glasses. Earth Planet Sci Lett, 154: 331–347 

27 Peucker-Ehrenbrink B, Hanghoj K, Atwood T, et al. Rhenium-   
osmium isotope systematics and platinum group element concentra-
tions in oceanic crust. Geology, 2012, 40: 199–202 

28 Suzuki K, Senda R, Shimizu K. Osmium behavior in a subduction 
system elucidated from chromian spinel in Bonin Island beach sands. 
Geology, 2011, 39: 999–1002 

29 Walker R J, Nisbet E. 187Os isotopic constraints on Archean mantle 
dynamics. Geochim Cosmochim Acta, 2002, 66: 3317–3325 

30 Standish J J, Hart S R, Blusztajn J, et al. Abyssal peridotite osmium 
isotopic compositions from cr-spinel. Geochem Geophys Geosyst, 
2002, 3: 1004–1027 

31 Wang X B, Bao P S, Deng W M, et al. Tectonic Evolution of 
Himalayan Lithosphere-Tibet Ophiolite (3)-Geochemistry of Petrology 
and Mineralogy (in Chinese). Beijing: Beijing Publishing House, 
1987. 138–214 

32 Zhou M F, Malpas J, Robinson P T, et al. The dynamothermal aure-
ole of the Donqiao ophiolite (northern Tibet). Can J Earth Sci, 1997, 
34: 59–65 

33 Xia B, Xu L F, Wei Z Q, et al. SHRIMP zircon dating of gabbro from 
the Dongqiao ophiolite in Tibet and its geological implications (in 
Chinese). Acta Geol Sin, 2008, 82: 528–531 

34 Sun L X, Bai Z D, Xu D B, et al. Geological characteristics and zir-
con U-Pb SHRIMP dating of the plagiogranite in Amduo ophiolites, 
Tibet (in Chinese). Geol Surv Res, 2011, 34: 10–15 

35 Jaques A L. Petrology and petrogenesis of cumulate peridotites and 
gabbros from the Marum ophiolite complex, Northern Papua New 
Guinea. J Petrol, 1981, 22: 1–40 

36 Sláma J, Košler J, Condon D J, et al. Plešovice zircon — A new nat-
ural reference material for U-Pb and Hf isotopic microanalysis. Chem 
Geol, 2008, 249: 1–35 

37 Andersen T. Correction of common lead in U-Pb analyses that do not 
report 204Pb. Chem Geol, 2002, 192: 59–79 

38 Claesson S, Vetrin V, Bayanova T, et al. U-Pb zircon ages from a 
Devonian carbonatite dyke, Kola peninsula, Russia: A record of geo-
logical evolution from the Archaean to the Palaeozoic. Lithos, 2000, 
51: 95–108 

39 Li J, Zhong L F, Tu X L, et al. Platinum group elements and Re-Os 
isotope analyses for geological samples using a single digesting pro-
cedure (in Chinese). Geochimica, 2011, 40: 372–380     

40 Li J, Liang X R, Xu J F, et al. Simplified technique for the measure-
ments of Re-Os isotope by multicollector inductively coupled plasma 
mass spectrometry (MC-ICP-MS). Geochem J, 2010, 44: 73–80 

41 Hao Y L, Huang Q S, Zhang X R et al. Re-Os isotopes of Dali pic-
rites(Yunnan): New constraits on the formation of Emeishan Large 
Igneous Province (in Chinese). Acta Petrol Sin, 2011, 10: 2937–2946 

42 Li J, Xu J F, Suzuki K, et al. Os, Nd and Sr isotope and trace element 
geochemistry of the Mulipicrites: Insights into the mantle source of 
the Emeishan Large Igneous Province. Lithos, 2010, 119: 108–122 

43 Birck J L, Barman M R, Capmas F. Re-Os isotopic measurements at 
the Femtomole Level in natural samples. Geostand Newsl, 1997, 21: 
19–27 

44 Creaser R A, Papanastassiou D A, Wasserburg G J. Negative thermal 
ion mass spectrometry of osmium, rhenium and iridium. Geochim 
Cosmochim Acta, 1991, 55: 397–401 

45 Völkening J, Walczyk T G， Heumann K. Osmium isotope ratio 
determinations by negative thermal ionization mass spectrometry. Int 
J Mass Spectrom, 1991, 105: 147–159 

46 Harvey J, Gannoun A, Burton K W, et al. Ancient melt extraction 
from the oceanic upper mantle revealed by Re-Os isotopes in abyssal 
peridotites from the Mid-Atlantic ridge. Earth Planet Sci Lett, 2006, 
244: 606–621 

47 Shi R D, Alard O, Zhi X C, et al. Multiple events in the Neo-Tethyan 
oceanic upper mantle: Evidence from Ru-Os-Ir alloys in the Luobusa 
and Dongqiao ophiolitic podiform chromitites, Tibet. Earth Planet Sci 
Lett, 2007, 261: 33–48 

48 Zheng J P, Yu C M, Lu F X, et al. Age and composition of peridotites: 
Implications for the lithospheric thinning accompanying with mantle 
replacement beneath the eastern North China Craton. Earth Sci Front, 
2007, 14: 87–97 



98 Huang Q S, et al.   Chin Sci Bull   January (2013) Vol.58 No.1 

49 Xu X S, Griffin W L, O’Reilly S Y, et al. Re-Os isotopes of sulfides 
in mantle xenoliths from eastern China: Progressive modification of 
lithospheric mantle. Lithos, 2008, 102: 43–64 

50 Griffin W L, Spetsium Z V, Pearson N J, et al. In situ Re-Os analysis 
of sulfide inclusions in kimberlitic olivine: New constraints on deple-
tion events in the Siberian lithospheric mantle. Geochem Geophys 
Geosyst, 2002, 3:1069–1093 

51 O’Hara M J. The bearing of phase equilibria studies in synthetic and 
natural systems on the origin and evolution of basic and ultrabasic 
rocks. Earth-Sci Rev, 1968, 4: 69–133 

52 Bottinga Y, Allegre C J. Thermal aspects of sea-floor spreading and 
the nature of the oceanic crust. Tectonophysics, 1973, 18: 1–17 

53 Bottinga Y, Allegre C J, Thompson R N. Partial melting under 
spreading ridges [and discussion]. Philos Trans R Soc Lond Ser A, 
1978, 288: 501–525 

54 Walker D, Shibata T, DeLong S. Abyssal tholeiites from the ocean-
ographer fracture zone. Contrib Mineral Petrol, 1979, 70: 111–125 

55 Niu Y L, Batiza R. An empirical method for calculating melt compo-
sitions produced beneath mid-ocean ridges: Application for axis and 
off-axis (Seamounts) melting. J Geophys Res, 1991, 96: 21753– 
21777 

56 Niu Y L. Mantle melting and melt extraction processes beneath ocean 
ridges: Evidence from abyssal peridotites. J Petrol, 1997, 38: 1047– 
1074 

57 Niu Y L, Batiza R. Chemical variation trends at fast and slow 
spreading mid-ocean ridges. J Geophys Res, 1993, 98: 7887–7902 

58 Niu Y L, Hekinian R. Spreading-rate dependence of the extent of 
mantle melting beneath ocean ridges. Nature, 1997, 385: 326–329 

59 Baker M B, Stolper E M. Determining the composition of high- 
pressure mantle melts using diamond aggregates. Geochim Cosmo-
chim Acta, 1994, 58: 2811–2827 

60 Obata M, Nagahara N. Layering of Alpine-type peridotite and the 
segregation of partial melt in the upper mantle. J Geophys Res, 1987, 
92: 3467–3474 

61 Elthon D, Stewart M, Ross D K. Compositional trends of minerals in 
oceanic cumulates. J Geophys Res, 1992, 97: 15189–15199 

62 Kelemen P B, Dick H J B, Quick J E. Formation of harzburgite by 
pervasive melt/rock reaction in the upper mantle. Nature, 1992, 358: 
635–641 

63 der Wal D V, Bodinier J L. Origin of the recrystallisation front in the 
Ronda peridotite by km-scale pervasive porous melt flow. Contrib 
Mineral Petrol, 1996, 122: 387–405 

64 Huber C, Bachmann O, Manga M. Homogenization processes in si-
licic magma chambers by stirring and mushification (latent heat buff-
ering). Earth Planet Sci Lett, 2009, 283: 38–47 

65 Lesher C E. Decoupling of chemical and isotopic exchange during 
magma mixing. Nature, 1990, 344: 235–237 

66 Sobolev A V, Hofmann A W, Sobolev S V, et al. An olivine-free 
mantle source of Hawaiian shield basalts. Nature, 2005, 434: 590–597 

67 Sobolev A V, Hofmann A W, Kuzmin D V, et al. The amount of re-
cycled crust in sources of mantle-derived melts. Science, 2007, 316: 
412–417 

68 Birck J L, Allègre C J. Contrasting Re/Os magmatic fractionation in 

planetary basalts. Earth Planet Sci Lett, 1994, 124: 139–148 
69 Burton K W, Bourdon B, Birck J L, et al. Osmium isotope variations 

in the oceans recorded by Fe-Mn crusts. Earth Planet Sci Lett, 1999, 
171: 185–197 

70 Burton K W, Gannoun A, Birck J L, et al. The compatibility of rhe-
nium and osmium in natural olivine and their behaviour during mantle 
melting and basalt genesis. Earth Planet Sci Lett, 2002, 198: 63–76 

71 Harvey J, Dale C W, Gannoun A, et al. Osmium mass balance in 
peridotite and the effects of mantle-derived sulphides on basalt 
petrogenesis. Geochim Cosmochim Acta, 2011, 75: 5574–5596 

72 Widom E, Kepezhinskas P, Defant M. The nature of metasomatism 
in the sub-arc mantle wedge: evidence from Re-Os isotopes in Kam-
chatka peridotite xenoliths. Chem Geol, 2003, 196: 283–306 

73 Alves S, Schiano P, Capmas F, et al. Osmium isotope binary mixing 
arrays in arc volcanism. Earth Planet Sci Lett, 2002, 198: 355–369 

74 Sun W D, Bennett V C, Kamenetsky V S. The mechanism of Re en-
richment in arc magmas: Evidence from Lau Basin basaltic glasses 
and primitive melt inclusions. Earth Planet Sci Lett, 2004, 222: 101– 
114 

75 Alard O, Griffin W L, Pearson N J, et al. New insights into the Re-Os 
systematics of sub-continental lithospheric mantle from in situ analy-
sis of sulphides. Earth Planet Sci Lett, 2002, 203: 651–663 

76 Sun W D, Zhi X C, Peng Z C, et al. Os isotopic composition of the 
earth’s primitive upper mantle. Chin Sci Bull, 1998, 43: 1575–1579 

77 Morgan J W, Walker R J, Brandon A D, et al. Siderophile elements 
in Earth’s upper mantle and lunar breccias: Data synthesis suggests 
manifestations of the same late influx. Meteorit Planet Sci, 2001, 36: 
1257–1275 

78 Meisel T, Walker R J, Irving A J, et al. Osmium isotopic composi-
tions of mantle xenoliths: A global perspective. Geochim Cosmochim 
Ac, 2001, 65: 1311–1323 

79 Meisel T, Walker R J, Morgan J W. The osmium isotopic composi-
tion of the Earth’s primitive upper mantle. Nature, 1996, 383: 517– 
520 

80 Xu J F, Castillo P R. Geochemical and Nd-Pb isotopic characteristics 
of the Tethyan asthenosphere: Implications for the origin of the Indi-
an Ocean mantle domain. Tectonophysics, 2004, 393: 9–27 

81 Mo X X, Niu Y L, Dong G C, et al. Contribution of syncollisional 
felsic magmatism to continental crust growth: A case study of the 
Paleogene Linzizong volcanic Succession in southern Tibet. Chem 
Geol, 2008, 250: 49–67 

82 Tapponnier P, Xu Z Q, Roger F, et al. Oblique stepwise rise and 
growth of the Tibet Plateau. Science, 2001, 294: 1671–1677 

83 Zhao W J, Kumar P, Mechie J, et al. Tibetan plate overriding the 
Asian plate in central and northern Tibet. Nat Geosci, 2011, 4: 870– 
873 

84 Guynn J, Kapp P, Gehrels G E, et al. U-Pb geochronology of base-
ment rocks in central Tibet and paleogeographic implications. J Asian 
Earth Sci, 2012, 43: 23–50 

85 Zheng Y F. Metamorphic chemical geodynamics in continental sub-
duction zones. Chem Geol, 2012: doi:10.1016/j.chemgeo.2012.02.005 

86 Taylor B, Martinez F. Back-arc basin basalt systematics. Earth Planet 
Sci Lett, 2003, 210: 481–497 

 
Open Access This article is distributed under the terms of the Creative Commons Attribution License which permits any use, distribution, and reproduction 

in any medium, provided the original author(s) and source are credited. 

 


