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Abstract

Miocene post-collisional ultrapotassic rocks in the southern and central parts of the Lhasa Terrane of southern Tibet pro-
vide an opportunity to explore the deep processes and lithospheric evolution of the Tibetan Plateau. The magmatic source of
the ultrapotassic rocks is still debated. However, the source can be identified using the Re–Os isotopic system. In this paper,
we provide comprehensive data on the Re–Os isotopic compositions of ultrapotassic rocks from Mibale and Maiga areas in
southern Tibet, and we refine the age of the Mibale ultrapotassic rocks to 12.5 Ma. The Os isotopic data demonstrate that
crustal assimilation affected the Os isotopic compositions of some ultrapotassic rocks with low Os contents, but samples with
high Os contents have little or no evidence of crustal contamination. The initial 187Os/188Os ratios of the least-contaminated
ultrapotassic rocks are higher than those of primitive upper mantle (PUM). The ultrapotassic rocks show a weak correlation
between initial 187Os/188Os ratios and Mg# values, a negative correlation between eNd(t) and Mg# values, and high Ni con-
tents and FeO/MnO ratios. These observations indicate that the ultrapotassic rocks were derived from a pyroxenite-bearing
lithospheric mantle. Simple calculations indicate <20% pyroxenite in the lithospheric mantle, which is consistent with the
pyroxenite xenoliths found in the ultrapotassic rocks of southern Tibet. The Os model ages for the ultrapotassic rocks in
the south Lhasa Terrane range from 75 to 541 Ma, indicating that the lithospheric mantle beneath southern Tibet underwent
multiple magmatic events. We conclude, therefore, that convective removal of a pyroxenite-bearing lithospheric mantle or
break-off of the Indian continental lithospheric mantle could have resulted in the generation of the ultrapotassic rocks in
southern Tibet.
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1. INTRODUCTION

It is generally accepted that the expansive Tibetan
Plateau and surrounding mountain ranges are direct conse-
quences of the collision of the Indian and Asian continents
in the late Mesozoic–early Cenozoic (Rowley, 1996; Yin
and Harrison, 2000; Mo et al., 2007). Ultrapotassic and
potassic rocks were widely distributed in the southern and
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central parts of the Lhasa Terrane of southern Tibet after
the collision (Turner et al., 1996; Miller et al., 1999; Ding
et al., 2003; Williams et al., 2004; Chung et al., 2005;
Zhao et al., 2006, 2009; Gao et al., 2007a,b; Guo et al.,
2013; Liu et al., 2014b), and this post-collisional ultrapotas-
sic magmatism offers a unique opportunity to constrain the
deep mantle and dynamic processes that created the highest
plateau in the world. Although many researchers have
investigated these ultrapotassic lavas, their petrogenesis
remains controversial (Turner et al., 1996; Miller et al.,
1999; Ding et al., 2003; Williams et al., 2004; Chung
et al., 2005; Guo et al., 2006, 2013; Gao et al., 2007b,
2009, 2010; Zhao et al., 2009; Chen et al., 2010, 2012a,b;
Liu et al., 2013, 2014b). There are three main hypotheses
for explaining the post-collisional ultrapotassic rocks: (1)
convective removal of a previously metasomatized litho-
spheric mantle (Turner et al., 1996; Miller et al., 1999;
Williams et al., 2004; Liu et al., 2011), (2) intracontinental
subduction of the Indian continental lithosphere (Ding
et al., 2003; Gao et al., 2007b; Zhao et al., 2009), and (3)
break-off of a northwards subducted slab of the Indian
Fig. 1. (a) Map of southern Tibet showing the major terranes and the
(modified from Chung et al., 2005 and Zhao et al., 2009). (b) Simplified
(modified from Ding et al., 2003 and Guo et al., 2013). (c) Simplified
(modified from Chen, 2007).
continental lithosphere (Kohn and Parkinson, 2002;
Maheo et al., 2002). Most recently it has been proposed
that mixing of the asthenospheric mantle wedge with fluids
and/or melts derived from subducted crust led to the gene-
sis of the ultrapotassic volcanic rocks (Guo et al., 2013),
and that the crust of the ancient Lhasa Terrane may have
contributed to the ultrapotassic magmas (Liu et al., 2013,
2014b).

To understand the petrogenesis of ultrapotassic magmas
in relation to the evolution of geodynamic condition at
deep levels, we concentrated our study on the Mibale and
Maiga ultrapotassic volcanic rocks of southern Tibet
(Fig. 1a), which are typical ultrapotassic rocks with high
MgO contents (Ding et al., 2006; Gao et al., 2007b; Zhao
et al., 2009; Guo et al., 2013). Although data on the major
and trace elements, and Sr–Nd isotopes of these volcanics
have been published, the traditional data for radiogenic
Sr–Nd isotopes are not ideal for providing sufficient infor-
mation on magma sources because of possible contamina-
tion by crust or sediment-derived melts/fluids; this
problem arises because of the similar behavior of
temporal and spatial distribution of Miocene ultrapotassic rocks
geological map showing outcrops of ultrapotassic rocks in Mibale

geological map showing outcrops of ultrapotassic rocks in Maiga
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radioactive mother-daughter isotopes during both partial
melting and fluid activity. The Re–Os isotope system pro-
vides a way of overcoming this problem because Re is a
moderately incompatible element whereas Os is a compati-
ble element during partial melting of mantle peridotite,
thereby making it possible to distinguish the Os isotopic
characteristics of crust, lithospheric mantle, and astheno-
spheric mantle (Shirey and Walker, 1998; Xu et al., 2007;
Callegaro et al., 2013). In this paper we provide
high-precision Re–Os isotope data, and in combination
with previous research, our comprehensive Os–Nd–Sr iso-
topic investigations of the ultrapotassic rocks of southern
Tibet allow us to evaluate the source of the ultrapotassic
volcanic rocks as well as constrain the dynamic mechanisms
involved in the formation of the Tibetan Plateau.

2. GEOLOGICAL SETTING

The Tibetan Plateau, which is composed of many blocks
that were involved in collisional and accretionary processes
throughout the Paleozoic and Cenozoic, consists of the
Songpan-Ganzi, Qiangtang, and Lhasa terranes, from
north to south (Fig. 1a; Yin and Harrison, 2000; Royden
et al., 2008; Pan et al., 2012; Zhu et al., 2013). The Lhasa
Terrane is located in southern Tibet, and is bounded by
the Bangong-Nujiang suture (BNS) to the north and the
Indus-Yarlung-Zangbo suture (IYZS) to the south (Yin
and Harrison, 2000). It is generally accepted that the
IYZS marks the closure of the Neo-Tethys Ocean and the
subsequent collision of India and Asia at ca. 65 Ma (Yin
and Harrison, 2000; Mo et al., 2007). The southern part
of the Lhasa Terrane is typified by the Andean-type
calc-alkaline Linzizong volcanics and the Gangdese batho-
lith (Early Jurassic to Eocene, Zhou et al., 2004; Mo et al.,
2007, 2008; Ji et al., 2009; Lee et al., 2009, 2012; Zhu et al.,
2011; Zhang et al., 2013). All this magmatism was caused
by the northwards subduction of the Neo-Tethyan litho-
sphere and the subsequent India-Eurasia collision.

Volumetrically minor, post-collisional
potassic-ultrapotassic lavas and dikes, adakitic dikes and
intrusions are widely distributed in southern Tibet, and they
represent the intraplate magmatism that took place after
the cessation of subduction-related volcanism (Owens and
Zandt, 1997; Chung et al., 2005). The ultrapotassic rocks
in this region are defined as having K2O/Na2O > 2,
K2O > 3 wt%, and MgO > 3 wt%, based on whole-rock
chemistry (Foley et al., 1987), and they generally occur west
Table 1
Age of the ultrapotassic rocks in Mibale and Maiga, southern Tibet.

Locality Sample Dating method Mineral o

Mibale CM10-04-03 U–Pb Zircon
Mibale 8030-5 K–Ar Whole roc
Mibale 8030-5 K–Ar Whole roc
Mibale 8030-5 40Ar/39Ar Whole roc
Mibale 8030-18 K–Ar Whole roc
Mibale 8030-18 40Ar/39Ar Whole roc
Maiga 2003T405 40Ar/39Ar Phlogopite
Maiga CQQ4-04-02 40Ar/39Ar K-feldspar
of 87�E (Zhao et al., 2006, 2009). This paper mainly focuses
on the relatively high-MgO ultrapotassic rocks in southern
Tibet, as they are perhaps the closest in their compositions
to the original magmas.

The ultrapotassic rocks studied in this paper were col-
lected from the Maiga and Mibale areas (Fig. 1a). The
Mibale ultrapotassic rocks were nearly all erupted in the
middle of the N–S trending Tangro Yumco-Xuruco
Graben at 12.6–19 Ma (Table 1, Fig. 1a; Liao et al., 2002;
Xie et al., 2004; Gao et al., 2007b; Zhou et al., 2009; Guo
et al., 2013), and they overlie Cretaceous sedimentary rocks
and the Linzizong volcanics. The Tangro Yumco-Xuruco
Graben is located in the mid-western part of the Lhasa
Terrane. It is the largest graben in southern Tibet
(Blisniuk et al., 2001; Kapp et al., 2007; Royden et al.,
2008), and it contains numerous examples of
small-volume Miocene ultrapotassic volcanic rocks
(Fig. 1b).

The Maiga ultrapotassic rocks are located in the
mid-northern region of the Gangdese batholith, about
150 km west of Mibale (Fig. 1a), and they form small lava
mounds that were erupted at ca. 17 Ma (Table 1; Ding
et al., 2006; Chen, 2007). These ultrapotassic rocks directly
overlie Carboniferous and Permian sedimentary rocks
(Fig. 1c).

The ultrapotassic rocks in both areas typically display
porphyritic textures, with abundant phenocrysts up to
2–4 mm in diameter set in a fine groundmass. The main
phenocryst phases are olivine, diopside, K-feldspar,
phlogopite, and biotite, with lesser amounts of amphibole,
coupled with minor accessory minerals such as Fe-Ti oxides,
apatite, and zircon. The groundmass has a trachytic texture
and consists of microcrystalline laths of K-feldspar, biotite,
glass, and minor opaque minerals. More details and further
sample descriptions can be found in previous papers (Zhao
et al., 2006, 2009; Gao et al., 2007b; Guo et al., 2013).

3. ANALYTICAL METHODS

Zircon, as an accessory mineral in various types of mag-
matic rocks, can effectively preserve the U–Pb isotopic
ratios of the igneous material. We chose sample
CM10-04-03 from Mibale, and separated the zircons to
determine an accurate eruption age, using U–Pb isotope
analyses obtained with the sensitive high-resolution ion
microprobe II (SHRIMP II) at the Institution of
Geology, Chinese Academy of Geological Sciences,
r whole rock dated Age (Ma) References

12.5 ± 0.5 This study
k 19.04 ± 0.97 Xie et al. (2004)
k 12.60 ± 0.97 Liao et al. (2002)
k 13.47 ± 0.13 Zhou et al. (2009)
k 14.22 ± 0.68 Xie et al. (2004)
k 13.17 ± 0.11 Zhou et al. (2009)

17.4 ± 0.1 Ding et al. (2006)
16.28 ± 0.07 Chen (2007)
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Fig. 2. Zircon U–Pb concordia diagram for sample CM10-04-03
from Mibale, southern Tibet (see the text for details).
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Beijing, China. Zircons were mounted with a fragment of
the reference zircon SL 13 (572 Ma, U = 238 ppm)
(Williams et al., 1996) and with grains of the standard
zircon TEM (417 Ma, with variable U contents) (Black
et al., 2003). External standardization was by analysis of
NIST SRM 610. Common Pb corrections were based on
the measured 204Pb/206Pb and/or 208Pb/206Pb ratios, as
described in Compston et al. (1992). Errors for individual
analyses are given at the 1-sigma level (Table A1) and were
determined from counting statistics and time-dependent
correction of the standard. The chi-squared (v2) test was
employed to assess if an age population met the statistical
requirements. When v2 = 1, the error of the weighted mean
age is consistent with the error of individual analyses, and
there is no excess scatter (Black and Jagodzinski, 2003).
For details of the operating conditions of the SHRIMP II
and data correction, see Jian et al. (2012).

Selected whole-rock samples (any weathered surfaces
were removed, and mostly fresh samples were chosen for
analysis) were first split into small blocks and ultrasonically
cleaned in distilled water with 5% HNO3, and then washed
with distilled water alone. After drying, fresh samples were
handpicked. The rocks were crushed and ground in an agate
ring mill, and the final powder was used for analyses of major
and trace elements as well as Sr–Nd isotopes. Major elements
were determined using X-ray fluorescence (XRF) spectrom-
etry, whereas trace element contents were measured with a
PE Elan 6000 inductively coupled-plasma mass spectrometer
(ICP-MS) at the Guangzhou Institute of Geochemistry,
Chinese Academy of Sciences (GIGCAS), Guangzhou,
China. Analytical uncertainties are ±1–3% for major ele-
ments. The uncertainties in the analyses of internal standards
and trace elements are ±5% for REEs and ±5–10% for trace
elements. The analytical procedures followed those described
by Chen et al. (2010).

Sr and Nd isotope contents were measured using a
Micromass Isoprobe multicollector-inductively coupled
plasma-mass spectrometer (MC-ICP-MS), also at
GIGCAS. The analytical procedures for measuring Sr
and Nd isotope contents are described in detail by Li
et al. (2004) and Wei et al. (2002). The methods used for
the chemical separation of Sr and Nd were similar to those
described by Aikman et al. (2012) and Chen et al. (2010).
The 87Sr/86Sr value of the NBS 987 standard and the
143Nd/144Nd value of the JNdi-1 standard were
0.710282 ± 20 (2r) and 0.512116 ± 11 (2r), respectively,
and all measured 143Nd/144Nd and 86Sr/88Sr ratios were
fractionation corrected to 146Nd/144Nd = 0.7129 and
86Sr/88Sr = 0.1194, respectively.

The samples for Re–Os isotopic analysis were split into
small chips using a hammer wrapped in paper to avoid con-
tamination, and the chips were then soaked in 4N HCl for
half an hour. After rinsing in distilled water, selected rock
chips were crushed by hand in an agate mortar, providing
5–10 g powder. Approximately 2 g of the sample powder
(spiked with 190Os and 185Re) was then dissolved in aqua
regis, frozen in a Carius tube and sealed, then heated at
240 �C for 24 h for digestion (Shirey and Walker, 1995).
After opening the Carius tube, Os was extracted with
CCl4 and back-extracted into HBr (Cohen and Waters,
1996; Pearson and Woodland, 2000). After Os had been
separated, the remaining Re-containing solution was dried
and re-dissolved in HCl. The Re was then separated and
purified in an anion exchange column (AG1X8 resin,
100–200 meshes). Finally, the Re isotopes were measured
by isotope dilution-inductively coupled plasma-mass spec-
trometry (ID-ICP-MS, Thermo-Scientific XSERIES-2).
Before the Os contents were measured with a thermal ion-
ization mass spectrometer (N-TIMS, Thermo-Finnigan
TRITON), the Os was purified by micro-distillation, and
the isotopic abundances of OsO3

� and ReO4
� were measured

on a Thermo-Finnigan Triton mass spectrometer in nega-
tive ion detection mode (Creaser et al., 1991; Volkening
et al., 1991). Equipped with an oxygen gas leak valve and
an ion counting multiplier, the Os was loaded onto a
high-purity Pt filament (99.999%, 1 � 0.025 mm) that had
already been heated in air for more than 3 min. The Re
and Os isotope compositions were measured using a static
multiple Faraday collector and a pulse counting electron
multiplier, respectively. The instrumental mass fractiona-
tion of Os was corrected by normalizing the measured
192Os/188Os ratio to 3.08271. Oxide corrections were made
using 17O/16O = 0.00037 and 18O/16O = 0.002047 (Nier,
1950). Both Re and Os were corrected for blanks. Total
blank levels were 7.1 ± 0.3 (2r) and 2.0 ± 0.4 (2r) pg for
Re and Os, respectively, and the blank 187Os/188Os ratio
was 0.298 ± 0.030 (2r). The contributions of the blanks
to the measured Os and Re contents were minor (<1%).
The Re–Os isotopic analyses of the Mibale and Maiga
ultrapotassic rocks were undertaken at the Japan Agency
for Marine-Earth Science and Technology (JAMSTEC),
Yokosuka, Japan, and at GIGCAS, respectively. Repeat
analyses of the ultrapotassic rocks in the two laboratories
show consistent results. The details of the analytical proce-
dures are described by Li et al. (2010, 2014) and Xu et al.
(2007).

4. RESULTS

4.1. Age data

The analytical results are listed in Appendix Table A1.
The Th/U ratios of zircons range from 0.69 to 6.01, which
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Fig. 4. REE and trace element concentrations in the Mibale and
Maiga ultrapotassic rocks normalized to chondrite and primitive
mantle after Sun and McDonough (1989).

F. Huang et al. / Geochimica et Cosmochimica Acta 163 (2015) 279–298 283
suggest they are typical igneous zircons (Hoskin and
Schaltegger, 2003) with crystallization ages that could rep-
resent the age of the formation of the Mibale ultrapotassic
rocks. The 207Pb-corrected weighted mean age is
12.5 ± 0.5 Ma (Fig. 2), close to that given in previous stud-
ies (Table 1) with the exception of two inherited zircons that
gave inherited ages of 164.4 and 51.6 Ma (Table A1). The
common Pb correction procedure follows Compston et al.
(1992) and Jian et al. (2012).

4.2. Major and trace elements

The Mibale ultrapotassic volcanic rocks belong to the
alkaline series, and they plot mainly as trachyandesite and
trachyte on a TAS diagram (Fig. 3). The MgO contents
of our samples exceed 3 wt%, except for sample
CM10-04-20 (Table A2). The Maiga ultrapotassic rocks
exhibit a small range in composition, and they all plot in
the trachyandesite field. The major element contents of
the Maiga ultrapotassic rocks are similar to those of the
Mibale trachyandesites except for the MgO contents which
are much higher and exceed 9 wt%.

Chondrite-normalized REE patterns for the Mibale and
Maiga ultrapotassic rocks exhibit the same geochemical sig-
natures, including a strong enrichment in light rare earth
elements (LREEs) and weak negative Eu anomalies
(Mibale, dEu = 0.55–0.96; Maiga, dEu = 0.59–0.76).
Primitive-mantle-normalized trace element spider diagrams
for the Mibale and Maiga volcanic rocks (Fig. 4) exhibit
enrichment in large ion lithophile elements (LILEs; e.g.,
Rb, Ba) and depletion in high field strong elements
(HFSEs) such as Nb, Ta, and Ti. Ba and Sr show obvious
negative anomalies, though they have high concentrations.

4.3. Sr–Nd isotopes

Initial Sr–Nd isotopic ratios were calculated using the
average ages of the two volcanic fields (Table 2). The initial
87Sr/86Sr ratios of the Mibale and Maiga ultrapotassic
rocks are in the ranges 0.7191–0.7207 and 0.7219–0.7220,
Fig. 3. TAS diagram (based on Bas et al., 1986) showing data for
ultrapotassic rocks in Mibale and Maiga.
respectively. The Mibale and Maiga ultrapotassic rocks
have extremely unradiogenic Nd isotopes (Table 2), and
eNd(t) values in the two locations range from �12.12 to
�16.17. The Nd model ages (TDM) range from 1.97 to
2.05 Ga, which lies within the range of values reported pre-
viously (1.3–2.9 Ga; Turner et al., 1996; Miller et al., 1999;
Williams et al., 2004; Wang et al., 2008; Zhao et al., 2009;
Guo et al., 2013; Liu et al., 2014b).

4.4. Re–Os isotopes

Whole-rock Re–Os isotope data and age-corrected Os
isotopic ratios of the studied rocks are given in Table 3.
The concentrations of Re and Os in the Mibale ultrapotas-
sic rocks vary from 57.29 to 283.39 ppt and 14.32 to
82.47 ppt, respectively. The Re/Os ratios vary from 0.73
to 4.25. The initial 187Os/188Os ratios lie within the rela-
tively wide range of 0.1550–0.1983. The Os model ages
(TMA), calculated relative to chondrite (Shirey and
Walker, 1998), vary from 75 to 541 Ma. The cOs(t) values
of these ultrapotassic rocks range from 18.6 to 56.2.

The Re and Os concentrations in the Maiga ultrapotas-
sic rocks are 53.78–234.76 ppt and 105.18–152.86 ppt,
respectively, higher than in the Mibale ultrapotassic rocks.
The Re/Os ratios are 0.47–2.23, and the initial 187Os/188Os
ratios vary from 0.1370 to 0.1540, lower than in the Mibale
ultrapotassic rocks. The values of TMA are similar to those
for Mibale, varying from 159 to 468 Ma, and the cOs(t) val-
ues are 8.0–21.3.
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Table 2
Sr–Nd isotopic composition of the ultrapotassic rocks in Mibale and Maiga, southern Tibet.

Samples Location Rb (ppm) Sr (ppm) 87Rb/86Sr 87Sr/86Sr ± 2r 87Sr/86Sri Sm (ppm) Nd (ppm) 147Sm/144Nd 143Nd/144Nd ± 2r 143Nd/144Ndi eNd(t) TDM(Ga)

CM10-04-04* Mibale 753.9 838.8 2.6 0.719233 ± 14 0.719200 20.13 138.1 0.09 0.511958 ± 7 0.511957 �12.95 1.98
CM10-04-08 Mibale 604.1 984.5 1.8 0.719124 ± 19 0.719101 18.53 128.6 0.09 0.511952 ± 5 0.511951 �13.08 1.97
CM10-04-12* Mibale 504.3 999.8 1.5 0.719610 ± 10 0.719591 14.62 82.07 0.11 0.511927 ± 6 0.511926 �13.56 2.00
CM10-04-14 Mibale 1335.1 556.1 7.0 0.722064 ± 13 0.721975 9.09 60.50 0.09 0.511894 ± 6 0.511893 �14.20 1.98
CM10-04-20 Mibale 403 786.2 1.5 0.720573 ± 10 0.720554 10.94 80.05 0.08 0.511927 ± 6 0.511926 �13.56 1.97
CM10-04-26 Mibale 450.8 997.4 1.3 0.720746 ± 14 0.720730 10.79 78.32 0.08 0.512000 ± 7 0.512000 �12.12 1.97
CQQ4-04-02 Maiga 368.8 1167.2 0.9 0.722189 ± 12 0.721971 26.83 127.9 0.13 0.511801 ± 7 0.511787 �16.17 2.03
CQQ4-04-03 Maiga 327.1 1165.7 0.8 0.722129 ± 13 0.721935 22.70 100.8 0.14 0.511835 ± 7 0.511820 �15.54 2.05

eNd(t) = (143Nd/144Ndsample/
143Nd/144NdCHUR � 1) � 10,000, TDM = ln[1+(143Nd/144Ndsample-

143Nd/144NdDM)/(147Sm/144Ndsample-
147Sm/144NdDM)]/kSm.

In the calculation, 143Nd/144NdCHUR = 0.512638, 147Sm/144NdCHUR = 0.1976, 143Nd/144NdDM = 0.51315, 147Sm/144NdDM = 0.2136, kSm = 6.54 � 10�12 year�1.
The ages (t) in Mibale and Maiga ultrapotassic rocks are 12.5 Ma and the average ages of Maiga ultrapotassic rocks on Table 1, respectively.

* Data from Chen et al. (2012a).

Table 3
Re–Os isotopic composition of the ultrapotassic rocks in Mibale and Maiga, southern Tibet.

Samples Location Re (ppt) 2r Os (ppt) 2r 187Re/188Os 2r 187Os/188Os 2r 187Os/188Osi cOs(t) TMA(Ma)

CM10-04-02 Mibale 66.07 0.04 36.81 0.10 9.48 0.01 0.1600 0.0009 0.1580 24.5 201
CM10-04-04 Mibale 63.76 0.03 55.41 0.37 5.57 0.00 0.1691 0.0014 0.1679 32.3 460
CM10-04-08 Mibale 62.72 0.03 41.35 0.16 8.01 0.00 0.1673 0.0014 0.1657 30.5 298
CM10-04-10 Mibale 68.23 0.07 39.19 0.25 9.19 0.01 0.1756 0.0034 0.1736 36.8 314
CM10-04-12 Mibale 60.07 0.05 82.47 0.43 3.85 0.00 0.1558 0.0008 0.1550 22.1 459
CM10-04-14 Mibale 63.47 0.05 64.58 0.85 5.19 0.00 0.1727 0.0047 0.1716 35.2 541
CM10-04-17 Mibale 62.67 0.05 18.91 0.12 17.50 0.01 0.1791 0.0030 0.1754 38.2 174
CM10-04-20 Mibale 68.28 0.06 18.80 0.10 19.18 0.02 0.1922 0.0363 0.1882 48.3 200
CM10-04-24 Mibale 61.07 0.04 17.65 0.09 18.27 0.01 0.1651 0.0026 0.1613 27.1 119
CM10-04-26* Mibale 283.39 0.05 66.66 23.14 20.54 0.00 0.1549 0.0002 0.1506 18.6 75
CM10-04-29* Mibale 57.29 0.03 14.32 0.16 21.12 0.01 0.2027 0.0067 0.1983 56.2 212
CQQ4-04-03* Maiga 53.78 0.10 114.93 0.54 2.47 0.00 0.1377 0.0006 0.1370 8.0 238
CQQ4-04-06* Maiga 103.97 0.15 152.86 1.76 3.29 0.04 0.1519 0.0018 0.1510 19.0 468
CQQ4-04-10* Maiga 234.76 0.62 105.18 0.23 10.79 0.04 0.1570 0.0004 0.1540 21.3 159

cOs(t) = (187Os/188Ossample/
187Os/188Oschondrite � 1) � 100, TMA = ln[1 + (187Os/188OsChondrite � 187Os/188Ossample)/(

187Re/188OsChondrite � 187Re/188Ossample)]/kRe.
In the calculation, 187Os/188Oschondrite = 0.1296, 187Re/188Oschondrite = 0.435, kRe = 1.666 � 10�11 year�1.
The ages (t) in Mibale and Maiga ultrapotassic rocks are 12.5 Ma and the average ages of Maiga ultrapotassic rocks on Table 1, respectively.

* The samples are analyzed at GIGCAS, the others are conducted at JAMSTEC.
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Fig. 5. Plot of Os vs initial 187Os/188Os, showing the characteristics
of the Mibale and Maiga ultrapotassic rocks (Sailipu and Xungba
ultrapotassic rocks for comparison). See text for discussion of the
possible crustal contamination. Data sources: Sailipu data from
Wang et al. (2014); Xungba data from Schaefer et al. (2000);
SCLM (sub-continental lithospheric mantle) data from Ellam et al.
(1992), Meisel et al. (2001), Shirey and Walker (1998), Walker et al.
(1989, 2002) and Widom and Shirey (1996); OIB data from Shirey
and Walker (1998) and Xu et al. (2007).
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The Re/Os ratios of the ultrapotassic rocks are all much
higher than the value for fertile mantle (187Re/188Os = 0.4;
Meisel et al., 1996; Shirey and Walker, 1998), and their Re
and Os contents display negative and positive trends with
increasing MgO contents, respectively (not shown), as
expected for a melt, given the incompatibility of Re and
the compatibility of Os. The initial 187Os/188Os ratios are
0.1370–0.1980, and samples with low Os concentrations dis-
play initial 187Os/188Os ratios that are obviously higher
(Fig. 5).

5. DISCUSSION

5.1. Crustal contamination

The Mibale and Maiga ultrapotassic rocks all have rela-
tively high initial 187Os/188Os ratios, which differs from typ-
ical lithosphere-derived melts (Fig. 5), and there are two
main potential scenarios that could explain this: (1) their
parental magmas were contaminated by crustal compo-
nents during magma evolution (Esser and Turekian, 1993;
Hattori et al., 2003), or (2) these ultrapotassic rocks inher-
ited high 187Os/188Os ratios from their mantle source
(Schaefer et al., 2000; Carlson and Nowell, 2001). The
Mibale and Maiga rocks, combined with other ultrapotas-
sic rocks from southern Tibet (e.g., samples from Sailipu
and Xungba), show that samples with the lowest Os con-
centrations have distinctly high 187Os/188Os ratios (e.g.,
sample CM10-04-29, where Os = 14.32 ppt and
187Os/188Os = 0.1983; Fig. 5, Table 3), suggesting that crus-
tal materials were involved in the formation of the ultra-
potassic magmas with low Os contents. The samples with
low Os contents (e.g., CM10-04-17, CM10-04-20,
CM10-04-24, and CM10-04-29) also have low MgO con-
tents and high 187Os/188Os ratios, and they were possibly
contaminated by crustal materials, and therefore cannot
represent the initial magmas and sources (Xu et al., 2007).
The Os isotopic data of these low-Os rocks will not be con-
sidered further in the following discussion on the mantle
source of the ultrapotassic rocks in southern Tibet.

Excluding the samples with low Os contents, the Mibale
and Maiga ultrapotassic samples with high Os contents
(>30 ppt) display relatively homogeneous 187Os/188Os
ratios, which is incompatible with crustal contamination.
Furthermore, assuming that the parental magma had an
initial 187Os/188Os = 0.125 (Ellam et al., 1992), and that
the crustal component from the Tibetan continental crust
was characterized by 187Os/188Os = 1.1 and Os = 30 ppt
(Hattori et al., 2003), simple calculations show that a crus-
tal component of �50% must be added to the parental melt
to reach the value of 187Os/188Os = 0.1983. Given the large
amounts of crust required to explain the 187Os/188Os ratios
of the ultrapotassic rocks in southern Tibet, one would
expect dramatically different major element contents to
those observed (in particular the Mg# values should be
much lower); consequently, such a high degree of crustal
contamination appears to be unrealistic.

Crustal contamination is also excluded by the Nd and Sr
isotopic compositions. Crustal contamination, particularly
if accompanied by fractional crystallization, would have
been expected to produce steeply positive correlations
between Mg# values and eNd(t) values and a negative cor-
relation between Mg# values and 87Sr/86Sr ratios. In fact,
the Mibale and Maiga ultrapotassic rocks show the oppo-
site correlations (Fig. 6), indicating that the Os–Nd–Sr iso-
topic characteristics were inherited in the parental magmas
from the mantle source, rather than as a result of contam-
ination by crustal materials. In addition, the ultrapotassic
rocks in Mibale and Maiga display high K2O contents
and no correlation with Mg# variation (Fig. 6a), suggesting
there were K-buffering minerals in their magmatic sources,
such as phlogopite, which is widely appeared in the ultra-
potassic rocks in southern Tibet (Turner et al., 1996;
Miller et al., 1999; Guo et al., 2013).

There are many other lines of evidence that prove the
ultrapotassic rocks with high Os contents are at most only
slightly contaminated by crustal materials, including: (1)
the Mibale and Maiga ultrapotassic rocks have high
Mg# values (mean 67.8 and 75.1) and high MgO contents
(generally >6 wt%), and such high-MgO ultrapotassic
rocks probably represent the partial melts from a source
in the mantle lithosphere (Prelević et al., 2012); (2) the
ultrapotassic rocks have concentrations of incompatible
elements that are many times higher than in crustal mate-
rials (Fig. 4), which render their Os–Nd–Sr isotopic sys-
tems relatively immune to contamination (Turner et al.,
1996; Miller et al., 1999; Williams et al., 2004), and (3)
the presence of mantle xenoliths and xenocrysts in the
ultrapotassic rocks (Miller et al., 1999; Zhao et al., 2008;
Liu et al., 2011, 2014a) testify to their rapid transport
through the crust, further hinting that they were little con-
taminated by the crust, at least with regard to samples
with high Os contents.
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Fig. 6. Plots of K2O contents and radiogenic isotopic composition vs Mg#, showing the trends of ultrapotassic rocks in southern Tibet. (a)
K2O vs Mg#. (b) Initial 87Sr/86Sr vs Mg#. (c) eNd(t) vs Mg#. (d) Initial 187Os/188Os vs Mg#. Data of the literature on ultrapotassic rocks of
southern Tibet come from Chen et al. (2012a,b), Ding et al. (2006), Gao et al. (2007a,b), Guo et al. (2013), Schaefer et al. (2000), Wang et al.
(2008, 2014), and Zhao et al. (2009).
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5.2. Origin of radiogenic Os isotopic composition

The widespread high-MgO ultrapotassic rocks (MgO
>6 wt%) provide good geochemical proxies for the
post-collisional dynamics of orogenic lithospheric mantle
(Foley et al., 1987; Prelević et al., 2012). In the case of
the Miocene examples from southern Tibet (Chung et al.,
2005; Chen, 2007; Gao et al., 2007b; Wang et al., 2014;
Liu et al., 2014a,b), the ultrapotassic rocks are relatively
homogeneous in their major, trace elements, and Nd–Sr
isotopic compositions (Williams et al., 2004; Chen, 2007;
Gao et al., 2007b; Wang et al., 2008, 2014; Zhao et al.,
2009; Chen et al., 2012a,b; Liu et al., 2014b), indicating,
as shown by Fig. 7a, that they were the products of partial
Fig. 7. Plot of major and trace element contents and ratios, showing the s
La vs La/Yb. (b) MgO vs FeO/MnO. Peridotite partial melt data are from
from Pertermann and Hirschmann (2003), and the base figures is from H
melting, and that their radiogenic isotopic compositions
probably represent those of the primary magmas.

Previous researchers have suggested these ultrapotassic
rocks were derived from a metasomatized lithospheric man-
tle, based on their high potassium and trace elements con-
centrations (Turner et al., 1996; Miller et al., 1999;
Williams et al., 2004; Chen et al., 2012a,b). Therefore,
before constraining the source of these rocks, it is necessary
to evaluate what could influence the Os isotopic composi-
tions of these ultrapotassic rocks. During the process of
partial melting, sulfides would affect the Os isotopic compo-
sitions of the ultrapotassic magmas, despite the insignificant
volume of the sulfides (Hart and Ravizza, 1996; Harvey
et al., 2010, 2011). Mass balance calculations for Os show
ource characters of the ultrapotassic rocks from southern Tibet. (a)
Herzberg and Asimow (2008), high-SiO2 pyroxenite melt data are

erzberg (2011).
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that the bulk-rock Os in peridotite is dominated by contri-
butions from two populations of sulfide grains: (1) intersti-
tial metasomatic sulfides with low Os concentrations and
radiogenic 187Os/188Os values, and (2) primary sulfides with
high Os concentrations and unradiogenic 187Os/188Os val-
ues, preserved within the host silicate grains and shielded
from interaction with transient melts and fluids (Harvey
et al., 2010, 2011). The former would bring about a distinct
increase in the 187Os/188Os ratios, while the latter would ele-
vate the Os concentrations.

The 187Re/188Os ratios of interstitial sulfides are > 100,
even up to 68000, which would lead to increases in the
radiogenic Os compositions (Harvey et al., 2011). Given
that Os and Re behave respectively as compatible and
incompatible elements during partial melting of the mantle
(Shirey and Walker, 1998), the 187Re/188Os ratios of rocks
influenced by the presence of interstitial sulfides would be
clearly much higher than those of the ultrapotassic rocks
we have studied (2.5–21.1; Table 3). In addition, these inter-
stitial sulfides that are preserved along the grain boundaries
of the silicates possess generally supra-chondritic
187Os/188Os ratios (<0.37; Harvey et al., 2011). Mass bal-
ance calculations also show that a small volume of intersti-
tial sulfides with low Os concentrations would not
significantly change the Os isotopic compositions of their
concomitant magmas (Harvey et al., 2010, 2011).

Based on the Os concentrations of mineral phases from
natural rock samples, Hart and Ravizza (1996) noted that
the partitioning of Os between olivine and basalt melt
was 20 ± 5, and that for sulfides and basalt melt it was
2 � 106. Therefore, any sulfide precipitation from a basaltic
melt will produce a horizontal trajectory on the plot of Os
vs Ni concentrations (Hart and Ravizza, 1996). However,
the data presented in this paper show a positive correlation
between Os and Ni concentrations (not shown), which is
obviously different from the situation with sulfide precipita-
tion. Moreover, several earlier studies (Hart and Ravizza,
1996; Harvey et al., 2010) demonstrated a negligible contri-
bution from the major rock-forming minerals (e.g., olivine,
orthopyroxene, clinopyroxene, and spinel) to the Os con-
centrations of peridotite. Hence, the involvement of pri-
mary sulfides during the formation of the ultrapotassic
magmas would have resulted in Os concentrations
(>1 ppb; Harvey et al., 2011) obviously higher than those
found.

The ultrapotassic rocks with high Os concentrations, as
described in this paper, have initial 187Os/188Os ratios that
are clearly higher than the values of mantle reservoirs
(0.1276 for CHUR, 0.1296 for PUM, 0.126 for
MORB-type mantle, 0.1–0.128 for SCLM, 0.123–0.1268
for DM; Walker et al., 1989, 2002; Ellam et al., 1992;
Widom and Shirey, 1996; Hart et al., 1997; Shirey and
Walker, 1998; Meisel et al., 2001; Gannoun et al., 2007).
The OIB-like Os isotopic signatures of the ultrapotassic
rocks from southern Tibet (e.g., the Sailipu, Xungba,
Mibale, and Maiga areas; Fig. 5) show a clear depletion
in HFSEs (e.g., Nb, Ta; Fig. 4), which is a typical imprint
of lithospheric mantle that has been metasomatized by
subduction-related agents. Moreover, the unradiogenic
Nd isotopes of the ultrapotassic rocks exclude the
possibility of a contribution from asthenospheric mantle.
Therefore, although those samples with high Os contents
have some OIB-like Os isotopic features, it is unlikely that
they were derived from an OIB mantle source.

The mean Mg# values of the ultrapotassic rocks in the
Mibale and Maiga areas are 67.8 and 75.1, and the aver-
age Ni concentrations are 156 and 357 ppm, respectively.
These values seem paradoxical, and the enrichments in
LILEs and radiogenic Sr–Nd isotopes signify derivation
from a melt having an enriched component. To explain
this problem, previous researchers proposed that primitive
mantle (e.g., MORB or Indus-Yarlung Zangbo
ophiolite-like lithospheric mantle) was metasomatized by
melts/fluids derived from Indian continental sediments
(Ding et al., 2003), or that Tethyan oceanic sediments
(Gao et al., 2007b) contributed to the source of the ultra-
potassic rocks in southern Tibet. However, metasomatism
by melts and fluids derived from sediments would not
have modified the radiogenic Os compositions signifi-
cantly, because the Os content of sediments is much lower
than that of the mantle (Shirey and Walker, 1998; Day
et al., 2009), and it could only have significantly changed
the concentrations of incompatible elements in the litho-
spheric mantle. Hence, it is reasonable to speculate that
the ultrapotassic lavas have inherited their radiogenic Os
isotopic compositions from a mantle source.

5.3. Source of the ultrapotassic magmas

There are mianly two potential sources for
post-collisional ultrapotassic rocks: (1) a previously
enriched lithospheric mantle (Turner et al., 1996; Miller
et al., 1999; Williams et al., 2004; Liu et al., 2011) and (2)
the Indian continental lithosphere (Ding et al., 2003; Gao
et al., 2007b; Zhao et al., 2009). Although it is inevitable
that the Indian continent would have had some impact on
the southern Tibetan lithospheric mantle after the collision
of India and Eurasia, there is no evidence that the Indian
continent was the main contributor to the radiogenic Os
isotopic compositions of the ultrapotassic rocks. Instead,
we prefer to ascribe those compositions to a surviving
ancient lithospheric mantle below southern Tibet, mainly
on the basis of the following lines of evidence:

(1) Compared with the syn-collisional Linzizong Group
volcanic rocks (eNd(t) = +5 to �5; Mo et al., 2007,
2008) and the post-collisional adakitic rocks
(eNd(t) = +3 to �8; Chen et al., 2011; Hou et al.,
2004; Guan et al., 2012; Guo et al., 2007), the wide-
spread ultrapotassic rocks display relatively homoge-
neous unradiogenic Nd isotopic compositions
(eNd(t) = �12 to �17; Ding et al., 2003; Gao et al.,
2007a,b; Liu et al., 2014b; Miller et al., 1999;
Turner et al., 1996; Williams et al., 2004; Zhao
et al., 2009; this study). If the subduction of the
India continental lithosphere had indeed made a con-
tribution to the formation of these ultrapotassic
rocks, it would be difficult to explain how this process
would have created such consistent values of eNd(t) in
the ultrapotassic magmas.
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(2) Previous researchers have attributed the unradio-
genic Nd isotopes to the Higher Himalayan
Crystalline Sequence (HHCS, the ancient basement
of the Indian continent). However, the Nd and Sr iso-
topic compositions of the HHCS are highly heteroge-
neous (87Sr/86Sr = 0.71–0.775, eNd(t) = �8.1 to �19;
Ahmad et al., 2000; Richards et al., 2005). Therefore,
the involvement of materials from the Indian conti-
nent should have given the ultrapotassic magmas
variable elemental and isotopic compositions rather
than the homogeneous compositions they actually
possess.

(3) The Eocene volcanic rocks in southern Tibet have
variable unradiogenic Nd isotope compositions
(eNd(t) values low to �18; Lee et al., 2012), represent-
ing the remelting products of the basement of the
Lhasa Terrane, which could not have had anything
to do with the subduction of the Indian continent.
Moreover, as a result of an investigation of inherited
zircons in southern Tibet, Chu et al. (2006) and Zhu
et al. (2011) concluded that an ancient crustal base-
ment existed beneath the Lhasa Terrane.

(4) The widely distributed Miocene adakitic rocks occur
along the IYZS, implying that the southern Tibetan
crust had been thickened up to 50 km during the per-
iod from the Eocene to the Miocene (Chung et al.,
2003, 2009; Hou et al., 2004; Gao et al., 2007a;
Guan et al., 2012). This thickened crust would have
prevented the subduction of the Indian continental
lithosphere.

(5) The Re–Os model ages (75–541 Ma) of the ultra-
potassic rocks analyzed in this study suggest that
the lithospheric mantle in southern Tibet had been
disturbed by multiple events before collision, and it
seems, therefore, that a contribution from the
Indian continental lithosphere to the formation of
the ultrapotassic rocks was not essential.

(6) The consistency between the REE patterns of the
ultrapotassic rocks and the model melts in equilib-
rium with clinopyroxenes in the mantle xenoliths in
the Sailipu area (Liu et al., 2011) corroborates the
suggestion that they had their sources in a metasom-
atized lithospheric mantle.

Although the India continental lithosphere cannot be
excluded from having had an impact on the composition
of the mantle beneath southern Tibet, any impact would
have been restricted to the latest enrichment event.
Therefore, the various Re–Os isotopic compositions of
the ultrapotassic magmas were derived from an enriched
mantle beneath southern Tibet, rather than from the sub-
ducted materials of the Indian lithosphere.
5.4. A pyroxenite-bearing lithospheric mantle?

The initial 187Os/188Os ratios of the ultrapotassic rocks
described in this paper are obviously higher than those
found in peridotite xenoliths worldwide (60.1296; Ellam
et al., 1992; Meisel et al., 2001), suggesting that the
partial melting of the latter could not have produced
the Os isotopic composition of the former. This implies
that another end-member component was involved. All
these ultrapotassic rocks show high K2O contents, testi-
fied the K-buffering (e.g. phlogopite) minerals were essen-
tial in the mantle source (Turner et al., 1996; Miller
et al., 1999; Guo et al., 2013). Meanwhile, the least
crustal-contaminated ultrapotassic rocks in southern
Tibet have higher initial radiogenic Os ratios (>0.13),
SiO2 contents (>53 wt%), and lower MgO contents
(Mibale area, 3.13–7.53 wt%; Maiga area, 9.33–
10.75 wt%; Table A2) than typical peridotite-derived
melts. An alternative interpretation is that the ultrapotas-
sic rocks were the products of partial melting of a phlo-
gopite pyroxenite-bearing lithospheric mantle (Foley,
1992; Schaefer et al., 2000; Carlson and Nowell, 2001;
Conticelli et al., 2007; Sobolev et al., 2008). Such
pyroxenite-derived melts would have relatively high
K2O, SiO2 and low MgO contents (Sobolev et al.,
2007), which is consistent with the results of our study.

It is generally accepted that pyroxenite have variable Os
concentrations and high Os isotopic ratios (Shirey and
Walker, 1998; Sobolev et al., 2008), and they are wide-
spread in the lithospheric mantle. The Mibale and Maiga
ultrapotassic rocks have high initial 187Os/188Os ratios,
and they show affinities with a pyroxenite-bearing litho-
spheric mantle, as described by Schaefer et al. (2000),
Carlson and Nowell (2001), and Sobolev et al. (2008). It
should be noted that pyroxenite xenoliths have been found
in ultrapotassic rocks from southern Tibet (Zhao et al.,
2008; Liu et al., 2011), and this further supports that a
pyroxenite-bearing lithosphere most likely exists below
southern Tibet.

Olivine phenocrysts in most of the Sailipu xenoliths in
southern Tibet have lower CaO (<0.1 wt%) and distinctly
lower MnO (<0.16 wt%) contents than those of magmatic
olivines, and they have high NiO contents (>0.13 wt%)
(Liu et al., 2011). The ultrapotassic rocks of Mibale and
Maiga also have high Ni concentrations and lower MnO
contents (<0.1 wt%). Previous studies concluded that par-
tial melts from pyroxenite would show enrichment in Ni
and Si but depletion in Mg, Mn, and Ca compared with
the peridotite-derived counterparts (Sobolev et al., 2005,
2007, 2008; Gurenko et al., 2009). Mixing between
peridotite- and pyroxenite-derived melts would result in
olivines with relatively high Ni but low Ca and Mn contents
compared with the melts formed by peridotite partial
melting.

The ultrapotassic rocks of southern Tibet have distinctly
variable FeO/MnO ratios (Fig. 7b; assuming all the Fe2O3

is transformed into FeO, following Herzberg, 2011, and
Pertermann and Hirschmann, 2003), and experiments on
pyroxenite-derived melts produced a wide range of
FeO/MnO ratios. In contrast, the FeO/MnO ratios in
peridotite-derived melts are relatively constant because
those melts cannot effectively fractionate Fe and Mn, and
the FeO/MnO ratios are much lower than in
pyroxenite-derived melts (Liu et al., 2008). All of these sug-
gest that formation of the ultrapotassic rocks were involved
the partial melting of a pyroxenite.
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Fig. 9. Plot of cOs(t) vs eNd(t) for the ultrapotassic rocks of
southern Tibet. The mantle reservoirs and base figure are from
Shirey and Walker (1998) and Xu et al. (2007). The Sailipu and
Xungba ultrapotassic rocks are shown for comparison. Binary
mixing between a hypothetical peridotite lithospheric mantle and a
pyroxenite is also shown, and the end-members used in the
modeling are from Chesley et al. (2002), Ellam et al. (1992) and
Day et al. (2009). More details are given in the text.
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The ultrapotassic rocks in southern Tibet that have
primitive features (MgO >6 wt%) mainly belong to the
intermediate alkaline series (Fig. 3), whereas the results of
melting experiments on anhydrous lherzolite show that
the silica contents of a low-degree partial melt are
<55 wt% (Baker et al., 1995). Melts from pyroxenite would
have higher SiO2 contents and be enriched in LILEs
(Yaxley and Green, 1998; Sobolev et al., 2005, 2007,
2008). Moreover, Hirschmann et al. (2003) pointed out that
alkalic magmas could be generated by partial melting of
pyroxenite, which is in accord with the ultrapotassic rocks
of southern Tibet. Therefore, the above arguments indicate
that the ultrapotassic rocks of southern Tibet most proba-
bly involved a pyroxenite component in their magmatic
source.

To determine the nature of the pyroxenite involved
requires us to explain the Os isotopic data of the ultrapotas-
sic rocks. Therefore, we performed some simple isotopic
modeling based on a binary model (Fig. 8; Langmuir
et al., 1978) where the primitive parental melt of the peri-
dotite is assumed to have Os = 500 ppt and
187Os/188Os = 0.125 (Ellam et al., 1992; Chesley et al.,
2002), and the pyroxenite Os = 200 ppt and
187Os/188Os = 0.8 (Day et al., 2009). The results indicate
that <20% of pyroxenite in the lithospheric mantle would
produce the radiogenic Os compositions of the ultrapotas-
sic rocks of southern Tibet (Fig. 8). This result is reasonable
because pyroxenite have a wide distribution in the litho-
spheric mantle (Hirschmann and Stolper, 1996; Becker
et al., 2004; Liu et al., 2005; Day et al., 2009; Gurenko
et al., 2009). In the mantle, veins or sheets of pyroxenite,
enriched in incompatible elements, would have a lower
melting temperature than the surrounding peridotite
(Allegre and Turcotte, 1986; Hirschmann and Stolper,
1996; Hirschmann et al., 2003), and hybrids between melts
Fig. 8. Binary mixing between a hypothetical peridotite- and a
pyroxenite-lithospheric mantle. The end-members composition
used in the modeling are after Chesley et al. (2002), Ellam et al.
(1992) and Day et al. (2009), and more details are given in the text.
The Os isotopic data for the ultrapotassic rocks of southern Tibet
are shown as the shaded area.
of pyroxenite and peridotite would show these enrichment
characteristics (Yaxley and Green, 1998; Liu et al., 2005).

In addition, in contrast to the fact that Rb-Sr isotopic
systematics can be easily modified by fluids or melts, Nd
is a strongly incompatible element that would not change
its isotopic composition during the evolution of the magma.
Consequently, the eNd(t) values, coupled with cOs(t) values,
will effectively identify the source of the ultrapotassic rock
in southern Tibet. Then we assume the eNd(t) value (+5)
and high Nd concentration (100 ppm) represent the
pyroxenite-derived melt that existed in the southern
Tibetan lithospheric mantle. With reference to the most
metasomatized peridotite and enriched unradiogenic
eNd(t) in the ultrapotassic rocks of southern Tibet (Turner
et al., 1996; Miller et al., 1999; Ding et al., 2003; Williams
et al., 2004; Chung et al., 2005; Zhao et al., 2006, 2009;
Gao et al., 2007a,b; Guo et al., 2013; Liu et al., 2014b),
we chose a eNd(t) value of �17 for peridotite-derived melt
and a Nd content of 50 ppm. Combining the above radio-
genic Os isotopic compositions, the currently existing radio-
genic Os–Nd isotopic compositions are close to the mixing
curve between melts of peridotite and pyroxenite (Fig. 9).
The trends also indicate that <20% pyroxenite is required
in the lithospheric mantle, and the results provide further
support for the suggestion that pyroxenite played an essen-
tial role in the origin of the ultrapotassic rocks of southern
Tibet.

5.5. Geodynamic implications

Previous studies have suggested several geodynamic
models of post-collision in the southern Tibet, such as grav-
itational collapse, convective removal of the southern
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Tibetan lithospheric mantle, and break-off of the Indian
continental lithospheric slab, which could be related to
the ultrapotassic–potassic and adakitic magmatic activity
(Miller et al., 1999; Maheo et al., 2002; Williams et al.,
2004; Chung et al., 2005; Liu et al., 2011). The
small-volume ultrapotassic lavas could have originated
from gravitational collapse of the lithospheric mantle.
However, these ultrapotassic rocks are widely distributed
in southern Tibet, and adakitic rocks and peraluminous
granites also formed at the same time (Chung et al., 2003,
2009; Hou et al., 2004; Liao et al., 2007). The wide extent
of this Miocene magmatism therefore requires a tectonic
mechanism that involved the whole of southern Tibet
rather than some specific locations. The ultrapotassic rocks
were typically emplaced along a series of N-S grabens
(Zhao et al., 2009), and the close temporal and spatial links
between the grabens (24–10 Ma; Blisniuk et al., 2001;
Royden et al., 2008) and the magmatism (26–8 Ma; Zhao
et al., 2009; Guo et al., 2013; Liu et al., 2013, 2014b) indi-
cates that the Tibetan Plateau underwent a transition from
compression to extension during the early Miocene. The
eruptive Mibale and Maiga ultrapotassic magmatism is
therefore probably the result of Miocene extension in the
southern Tibetan region (Chen, 2007).

It is generally thought that the Os model ages could rep-
resent the time of magma separation from the mantle, and
the start of developments that are in accordance with chon-
dritic evolution (Shirey and Walker, 1998), because there is
substantial Re/Os fractionation during magmatic extraction.
Therefore, the Os model ages described in this paper proba-
bly represent the time of multiple magmatic events and Os
depletion of both pyroxenite and peridotite in southern
Tibet. Re–Os isotopic compositions of the Mibale and
Maiga ultrapotassic rocks, coupled with their geochemical
characteristics, indicate the existence of pyroxenite with rel-
atively radiogenic Os isotopes in the lithospheric mantle.
The formation of the pyroxenite could have been related to
the subduction of the Paleozoic Tethys and Neo-Tethys
Oceans. This earlier oceanic crustal subduction would have
provided incompatible elements (e.g., Re, LILEs) back into
the southern Tibetan lithospheric mantle, and after a long
time of radiogenic daughter growth this would have led to
relatively high radiogenic Os and Sr isotopic compositions
and unradiogenic Nd isotopic characteristics.

Thus, here we favor the concepts of the convective
removal of lithospheric mantle or continental lithospheric
slab break-off as the possible causes of the ultrapotassic
rocks in southern Tibet. Both mechanisms would have led
to regional extension (Turner et al., 1996; Chung et al.,
2005) and partial melting of widespread pyroxenite in the
lithospheric mantle as veins or sheets (Foley, 1992;
Carlson and Nowell, 2001). The radiogenic Os and unra-
diogenic Nd compositions of the ultrapotassic lavas were
derived from hybrid melts of pyroxenite and perodotite in
an ancient lithospheric mantle beneath southern Tibet, dur-
ing a process that took place during convective removal or
break-off of the lithospheric mantle.

6. CONCLUSIONS

(1) The Mibale ultrapotassic rocks were erupted at
12.5 Ma, which is coincident with the transformation
of the Tibetan Plateau from a compressive to an
extensional tectonic regime. The ultrapotassic rocks
are therefore probably related to Miocene
post-collision regional extension in southern Tibet.

(2) The initial Os isotopic compositions of the ultra-
potassic rocks are higher than those of the peridotite
xenoliths from the lithospheric mantle. Combined
with the elemental geochemical characteristics, this
suggests that the generation of the ultrapotassic rocks
of southern Tibet can be attributed to a phlogopite
pyroxenite-bearing lithospheric mantle source.

(3) Other Miocene magmatic activity that is related to
the ultrapotassic–potassic rocks, including the devel-
opment of adakitic rocks and peraluminous granites
in southern Tibet, is consistent with a genetic model
that involves the convective removal or break-off of
lithospheric mantle.
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Table A1

SHRIMP U–Pb data of zircons from sample CM10-04-03 in Mibale, southern Tibet.

U/ppm Th/ppm Th/U Pb*/ppm f206 Isotopic ratios Ages 207Pb correct ratios and ages

207Pb/235U 1r 206Pb/238U 1r 207Pb/206Pb 1r 207Pb/235U 1r 206Pb/238U 1r 207Pb/206Pb 1r 206Pb/238U 1r 206Pb/238U 1r

CM10-04-03-1 293 918 3.13 1 0.12 0.0231 0.0135 0.0022 0.0003 0.0764 0.0419 23.21 13.5 14.14 2.04 1104.3 1854 0.0021 0.0003 13.6 1.9

CM10-04-03-2 355 1249 3.52 1 0.24 �0.0056 �0.0173 0.0018 0.0003 �0.0232 0.0722 0 0 11.26 1.6 0 0 0.0019 0.0002 12.2 1.3

CM10-04-03-3 93 196 2.10 0 0.36 0.0879 0.1008 0.0025 0.0010 0.2541 0.2618 85.58 89.93 16.16 6.28 3210.7 3211 0.0019 0.0003 11.9 2.1

CM10-04-03-4 122 396 3.25 1 0.38 0.0352 0.0498 0.0022 0.0006 0.1141 0.1546 35.1 47.68 14.4 3.9 1864.9 1865 0.0020 0.0004 13.2 2.3

CM10-04-03-5 170 117 0.69 2 0.07 0.0928 0.0742 0.0111 0.0010 0.0607 0.0475 90.12 71.36 71.13 6.48 627.48 5717 0.0109 0.0008 70 5.4

CM10-04-03-6 30 41 1.35 1 0.15 0.3671 0.5279 0.0258 0.0286 0.1031 0.0817 317.47 331.6 164.43 176.9 1679.7 4038 0.0241 0.0266 153.6 159

CM10-04-03-7 336 922 2.74 1 0.10 0.0360 0.0256 0.0022 0.0004 0.1190 0.0801 35.88 25.4 14.11 2.29 1941.9 2362 0.0020 0.0003 12.8 1.8

CM10-04-03-8 90 65 0.72 1 0.23 �0.0316 �0.1989 0.0080 0.0023 �0.0285 0.1805 0 0 51.56 14.94 0 0 0.0088 0.0014 56.5 8.9

CM10-04-03-9 490 1059 2.16 2 0.13 0.0260 0.0160 0.0022 0.0003 0.0873 0.0510 26.06 15.96 13.9 1.85 1367.7 1976 0.0021 0.0003 13.2 1.6

CM10-04-03-10 388 1400 3.61 2 0.21 0.0260 0.0216 0.0020 0.0003 0.0927 0.0742 26.04 21.65 13.1 1.97 1480.8 4484 0.0019 0.0002 12.3 1.5

CM10-04-03-11 135 333 2.47 0 0.24 0.0029 0.0248 0.0020 0.0003 0.0102 0.0884 2.89 24.8 13.08 1.76 0 0 0.0021 0.0002 13.7 1.2

CM10-04-03-12 175 472 2.69 1 0.09 0.0985 0.0256 0.0028 0.0003 0.2515 0.0569 95.36 23.97 18.28 1.89 3194.2 412.8 0.0021 0.0002 13.5 1.4

CM10-04-03-13 165 413 2.51 0 0.40 �0.0151 �0.0328 0.0018 0.0004 �0.0608 0.1331 0 0 11.61 2.68 0 0 0.0021 0.0003 13.2 1.8

CM10-04-03-14 1199 3625 3.02 4 0.11 0.0019 0.0080 0.0018 0.0002 0.0076 0.0320 1.92 8.08 11.64 1.08 0 0 0.0019 0.0002 12.2 1.1

CM10-04-03-15 870 2276 2.62 2 0.26 �0.0063 �0.0105 0.0018 0.0002 �0.0255 0.0428 0 0 11.55 1.12 0 0 0.0020 0.0002 12.6 1

CM10-04-03-16 283 888 3.13 1 0.18 0.0099 0.0269 0.0022 0.0003 0.0332 0.0898 9.96 26.68 13.87 1.93 0 0 0.0022 0.0002 14.1 1.1

CM10-04-03-17 746 1739 2.33 2 0.19 �0.0110 �0.0123 0.0019 0.0002 �0.0433 0.0487 0 0 11.9 1.51 0 0 0.0021 0.0003 13.3 1.6

CM10-04-03-18 348 1305 3.75 1 0.30 0.0091 0.0239 0.0018 0.0003 0.0375 0.0976 9.19 23.79 11.33 1.93 0 0 0.0018 0.0002 11.1 1.5

CM10-04-03-19 442 1098 2.48 1 0.06 0.0201 0.0124 0.0018 0.0002 0.0835 0.0497 20.24 12.45 11.26 1.19 1281.1 2087 0.0017 0.0002 10.7 1

CM10-04-03-20 343 1478 4.31 1 0.52 �0.0713 �0.0366 0.0014 0.0004 �0.3815 0.1792 0 0 8.74 2.38 0 0 0.0021 0.0003 13.5 1.7

CM10-04-03-21 351 1028 2.92 1 0.25 0.0084 0.0215 0.0019 0.0003 0.0318 0.0807 8.48 21.43 12.32 2.14 0 0 0.0020 0.0003 12.5 1.8

CM10-04-03-22 269 549 2.04 1 0.06 0.0499 0.0309 0.0021 0.0003 0.1729 0.1004 49.43 30.31 13.47 2.07 2586.1 1585 0.0018 0.0002 11.3 1.2

CM10-04-03-23 2180 13095 6.01 10 0.04 0.0107 0.0048 0.0019 0.0001 0.0417 0.0183 10.8 4.85 11.98 0.77 0 0 0.0019 0.0001 12.1 0.7

CM10-04-03-24 152 288 1.89 0 0.36 �0.0171 �0.0377 0.0018 0.0004 �0.0687 0.1527 0 0 11.61 2.74 0 0 0.0021 0.0002 13.3 1.2

CM10-04-03-25 102 235 2.30 1 0.23 0.1119 0.0589 0.0024 0.0004 0.3365 0.1629 107.69 55.26 15.53 2.4 3646.9 1055 0.0015 0.0005 9.8 3.4

Pb* = whole Pb concentrations, f206 represents the percentage of the common 206Pb in the whole Pb concentrations.
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Table A2
Major (wt%) and trace (ppm) element data of the ultrapotassic rocks in Mibale and Maiga, southern Tibet.

Samples CM10-04-02 CM10-04-04* CM10-04-05 CM10-04-08 CM10-04-10 CM10-04-12* CM10-04-14 CM10-04-15 CM10-04-17 CM10-04-19
Location Mibale Mibale Mibale Mibale Mibale Mibale Mibale Mibale Mibale Mibale
Roke type trachy-andesite trachyte trachy-andesite trachy-andesite trachy-andesite trachy-andesite trachyte trachyte trachy-andesite trachyte

SiO2 59.84 56.63 57.64 55.95 58.34 55.99 59.99 59.97 56.61 61.00
TiO2 1.40 1.66 1.75 1.69 1.62 1.56 1.50 1.31 1.49 1.28
Al2O3 13.13 10.83 11.49 11.04 13.82 11.10 13.01 14.12 11.92 13.82
Fe2O3T 4.11 6.07 5.15 5.99 5.66 7.53 4.45 4.61 6.01 4.20
MnO 0.05 0.08 0.08 0.07 0.06 0.08 0.05 0.07 0.13 0.06
MgO 4.44 7.18 6.76 7.53 5.03 6.96 4.50 4.00 6.13 3.57
CaO 3.36 5.49 5.18 5.61 4.09 5.84 3.57 3.21 6.16 2.95
Na2O 1.21 1.75 0.91 1.56 1.86 1.77 2.25 1.94 1.92 1.77
K2O 9.24 6.89 7.80 6.63 8.23 6.11 8.10 9.72 6.94 10.61
P2O5 0.07 0.30 0.12 0.55 0.16 0.08 0.07 0.07 0.41 0.03
LOI 2.6 3.1 2.7 3.1 1.1 2.5 2.4 0.7 2.4 0.6
Total 99.40 99.96 99.63 99.67 99.96 99.49 99.83 99.74 100.09 99.92
Mg# 68.1 70.1 72.2 71.4 63.8 64.7 66.7 63.2 66.9 62.8
Cr 215 396.1 455 360.4 220.9 449.6 260.8 146.9 343.5 105.9
Co 14.5 24.0 23.2 22.7 19.8 30.4 15.3 15.5 35.7 10.8
Ni 119 210.4 227.8 213.3 145.2 215.2 137.8 101.5 194.5 65.87
Sc 12.0 17.3 21.5 26.9 17.5 22.2 22.9 22.5 24.5 25.6
V 100.9 103.9 136.1 115.8 107.1 146.6 113.8 48.4 154 85.6
Rb 291.2 753.9 252.9 604.1 641.9 504.3 1335.1 366.4 438.4 411.8
Sr 522.7 838.8 623.3 984.5 1200.8 999.8 556.1 1165.4 1083.7 800.3
Ba 3175.8 4465.3 5216.7 3881.1 2867.9 3626.3 3038.6 3987.5 3564.2 3120.5
Nb 61.9 53.2 55.6 52.0 39.5 52.7 52.2 65.6 50.0 54.9
Ta 3.1 3.5 2.9 2.3 1.9 3.0 2.6 3.9 2.7 2.6
Zr 911.2 952.5 919.6 885.9 779.7 740.5 738.9 931.8 752.7 901.4
Hf 23.5 26.9 25.4 20.9 18.4 20.5 20.0 25.9 20.4 19.8
Y 8.6 15.0 13.7 16.2 15.4 12.8 9.9 14.0 15.0 8.2
Th 88.3 117.9 123.9 108.4 133.1 165.9 85.6 148.2 145.2 54.0
U 6.2 4.1 3.0 5.1 12.8 16.3 5.8 4.9 18.0 5.2
Pb 74.6 67.8 83.0 57.2 71.4 77.9 44.3 91.0 111.9 51.9
La 61.57 113.61 115.61 122.96 69.31 49.65 57.83 139.76 90.25 49.28
Ce 140.70 260.20 257.50 269.90 174.50 153.40 129.80 344.90 208.30 190.20
Pr 18.66 34.78 34.74 35.32 24.85 19.60 17.07 35.77 28.82 15.09
Nd 68.06 138.10 131.90 128.60 102.70 82.07 60.50 126.80 112.40 57.46
Sm 9.93 20.13 19.45 18.53 17.14 14.62 9.09 18.06 18.61 8.82
Eu 1.42 3.16 2.87 2.92 3.45 2.37 1.35 2.94 2.84 1.22
Gd 4.63 9.90 9.18 8.30 7.75 7.66 4.60 8.69 9.21 5.11
Tb 0.54 1.03 0.92 0.86 0.82 0.83 0.54 0.93 0.97 0.47
Dy 2.58 4.48 4.15 3.91 3.70 3.67 2.47 3.96 4.13 1.97
Ho 0.40 0.65 0.62 0.58 0.57 0.57 0.38 0.61 0.66 0.30
Er 1.14 1.81 1.65 1.61 1.55 1.62 1.05 1.64 1.82 0.83
Tm 0.14 0.22 0.20 0.17 0.19 0.21 0.13 0.19 0.22 0.11
Yb 0.95 1.30 1.27 1.15 1.15 1.36 0.90 1.16 1.41 0.70
Lu 0.14 0.20 0.19 0.17 0.18 0.20 0.14 0.20 0.22 0.11
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Table A2 (continued)

Samples CM10-04-20 CM10-04-21 CM10-04-22 CM10-04-24 CM10-04-26 CM10-04-27 CM10-04-28 CM10-04-29 CQQ4-04-01 CQQ4-04-02
Location Mibale Mibale Mibale Mibale Mibale Mibale Mibale Mibale Maiga Maiga
Roke type trachyte trachy-andesite trachy-andesite trachyte trachyte trachy-andesite trachy-andesite trachy-andesite trachy-andesite trachy-andesite

SiO2 65.17 58.17 59.10 61.15 63.89 58.52 59.15 58.60 55.70 54.32
TiO2 0.93 1.45 1.62 1.21 0.94 1.63 1.65 1.63 1.55 1.52
Al2O3 13.41 12.30 11.19 14.17 13.67 11.72 12.02 11.48 11.37 11.57
Fe2O3T 3.66 4.85 5.04 4.30 3.82 5.25 5.11 5.34 6.98 7.27
MnO 0.05 0.10 0.06 0.06 0.06 0.06 0.06 0.06 0.09 0.09
MgO 2.94 6.14 6.35 3.61 3.13 6.50 6.03 6.11 10.11 10.36
CaO 2.51 5.69 4.13 2.53 2.60 4.13 3.90 4.20 5.01 5.33
Na2O 2.48 1.62 1.27 2.04 2.06 1.18 1.27 1.30 1.94 1.71
K2O 7.68 7.30 8.97 10.29 8.39 9.27 9.31 9.36 6.50 6.51
P2O5 0.04 0.26 0.11 0.07 0.05 0.09 0.06 0.13 0.14 0.33
LOI 0.7 2.0 1.7 0.4 1.3 1.1 1.2 1.4 0.9 1.3
Total 99.61 99.88 99.52 99.82 99.93 99.47 99.70 99.62 100.24 100.32
Mg# 61.4 71.5 71.4 62.4 61.9 71.0 70.0 69.4 74.1 73.9
Cr 117.5 332.8 366.4 101.8 116.7 350.7 364.5 359 728.9 704.8
Co 11.9 27.6 19.9 13.1 12.7 23.0 19.2 22.4 18.4 16.1
Ni 74.24 121.2 194.3 75.7 74.51 217.3 187 231.4 305 370.5
Sc 24.9 21.7 18.1 23.9 17.7 18.5 16.2 18.5 21.9 20.7
V 73.0 151.3 123.3 78.4 72.4 122.8 123.2 116.1 154.7 144.1
Rb 403 368.1 590.9 457.9 450.8 516.9 488.4 629.6 381.3 368.8
Sr 786.2 1112.2 507.4 819.4 997.4 565.3 491.4 528.4 1152.4 1167.2
Ba 2065.1 3605.8 3695.2 2969.6 2427.9 3334.3 3394.7 3334.9 3737.1 3907.6
Nb 53.7 53.3 45.1 75.5 59.1 43.8 46.8 48.7 32.2 33.0
Ta 3.1 2.8 2.7 4.2 2.8 2.2 2.4 2.2 1.9 2.0
Zr 663.8 789.7 925.1 1097.4 773.5 929.6 964 1009.5 685.5 688.6
Hf 18.4 20.2 26.7 26.3 17.8 23.0 25.7 25.1 20.7 20.6
Y 9.5 13.0 12.1 8.8 12.3 12.3 12.7 14.3 14.7 21.0
Th 104.9 152.1 107.0 122.2 118.4 97.3 115.8 113.4 201.7 212.8
U 11.1 6.7 2.2 7.0 15.3 3.0 4.0 8.7 33.8 34.5
Pb 129.9 95.5 54.2 57.0 137.3 34.8 46.9 50.8 103.0 104.1
La 113.30 71.42 67.98 66.38 114.35 86.66 81.67 92.31 26.05 53.66
Ce 210.80 170.20 174.20 148.50 211.50 200.80 198.00 221.30 86.04 153.70
Pr 24.05 24.08 25.20 18.65 23.82 28.06 27.75 29.43 16.11 25.18
Nd 80.05 94.58 101.30 67.05 78.32 108.90 113.10 117.10 80.11 127.90
Sm 10.94 15.21 16.26 9.76 10.79 16.26 17.27 18.41 19.07 26.83
Eu 2.09 2.48 2.42 1.41 1.89 2.28 2.52 2.67 3.46 4.61
Gd 4.06 7.69 8.05 5.08 4.88 6.55 7.60 7.34 10.07 14.63
Tb 0.57 0.82 0.83 0.52 0.56 0.73 0.80 0.82 1.04 1.48
Dy 2.62 3.66 3.56 2.43 2.67 3.21 3.56 3.56 4.08 5.23
Ho 0.45 0.57 0.53 0.34 0.44 0.48 0.54 0.55 0.59 0.80
Er 1.28 1.53 1.47 0.96 1.27 1.35 1.51 1.58 1.48 1.98
Tm 0.17 0.18 0.17 0.11 0.16 0.16 0.19 0.19 0.19 0.24
Yb 1.07 1.14 1.08 0.93 1.07 0.99 1.13 1.20 1.18 1.55
Lu 0.19 0.21 0.18 0.13 0.17 0.18 0.19 0.18 0.17 0.24

F
.

H
u

an
g

et
al./

G
eo

ch
im

ica
et

C
o

sm
o

ch
im

ica
A

cta
163

(2015)
279–298

293



Table A2 (continued)

Samples CQQ4-04-03 CQQ4-04-04 CQQ4-04-05 CQQ4-04-06 CQQ4-04-09 CQQ4-04-10
Location Maiga Maiga Maiga Maiga Maiga Maiga
Roke type trachy-andesite trachy-andesite trachy-andesite trachy-andesite trachy-andesite trachy-andesite

SiO2 54.83 53.82 56.00 55.64 56.89 55.20
TiO2 1.52 1.47 1.46 1.53 1.52 1.52
Al2O3 11.45 11.31 11.26 11.28 11.45 11.33
Fe2O3T 7.20 7.30 6.27 6.24 5.71 6.90
MnO 0.09 0.10 0.08 0.08 0.07 0.09
MgO 10.24 10.75 10.66 10.21 9.33 10.38
CaO 5.12 5.04 4.14 4.00 3.92 4.54
Na2O 1.58 1.62 1.38 1.38 1.38 1.64
K2O 6.74 6.84 8.23 8.27 8.42 7.03
P2O5 0.19 0.55 0.42 0.24 0.12 0.11
LOI 1.2 1.1 0.5 0.8 1.2 1.1
Total 100.16 99.88 100.37 99.68 99.98 99.84
Mg# 73.8 74.5 77.1 76.4 76.4 74.9
Cr 677.4 582.6 592.8 593.5 584 711.8
Co 16.8 28.9 14.0 12.8 6.6 17.4
Ni 310.2 389.7 382.3 377.3 336.5 381.1
Sc 21.0 18.0 18.1 18.1 18.2 19.6
V 143.1 153.7 125.1 132.5 122.7 144.7
Rb 327.1 495 635.9 662 701.9 434
Sr 1165.7 1045.3 684.2 671.5 564.8 1115
Ba 3660.7 3483.6 3887.8 3994.7 4056 3609.3
Nb 31.0 31.0 28.8 33.9 31.9 31.4
Ta 1.8 1.8 1.6 1.9 1.9 1.8
Zr 660.7 674.6 685 798.8 752.9 689.9
Hf 20.0 20.0 20.6 21.5 22.4 19.9
Y 17.4 20.6 17.5 14.8 12.8 17.1
Th 200.8 202.3 213.2 223.3 218.8 208.8
U 32.5 34.7 34.1 36.4 35.1 32.7
Pb 105.7 92.2 72.5 65.2 62.2 96.4
La 34.79 71.78 54.70 36.82 21.39 23.45
Ce 111.30 199.20 153.00 107.80 72.95 86.47
Pr 20.12 32.88 25.56 18.47 13.16 16.07
Nd 100.80 154.60 121.90 94.41 69.87 86.93
Sm 22.70 30.74 26.11 19.82 15.67 20.21
Eu 3.94 4.76 3.68 3.02 2.56 3.60
Gd 12.03 16.41 13.78 10.49 8.60 10.71
Tb 1.23 1.59 1.31 1.05 0.90 1.15
Dy 4.82 5.94 4.75 3.80 3.33 4.39
Ho 0.71 0.85 0.68 0.57 0.51 0.68
Er 1.80 2.25 1.71 1.38 1.22 1.62
Tm 0.21 0.24 0.19 0.16 0.15 0.20
Yb 1.36 1.59 1.24 1.11 1.04 1.31
Lu 0.20 0.23 0.18 0.18 0.16 0.19

Fe2O3T = Total Fe2O3 content; Mg# = 100 �Mg2+/(Mg2+ + Fe2+); dEu = EuN/(SmN � GdN)1/2, subscript N presents chondrite normalization, the chondrite normalization values are from Sun
and McDonough (1989).

* Data from Chen et al. (2012a).
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