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[1] Phase equilibrium experiments on primitive Miocene olivine leucitite (Bb-107) from
the Qiangtang terrane of the Tibetan Plateau were performed from 1.0 to 2.2 GPa and
1270 to 1440�C. The composition is multiply saturated with olivine and clinopyroxene
from 1.2 to 2.2 GPa and 1340�C under nominally anhydrous conditions. Phase
assemblages in the experiments have been used to model the effects of high-pressure
fractional crystallization. The results are consistent with an origin of Bb-107 as a modified
mantle melt produced by fractional crystallization in the lithospheric mantle or lower
continental crust. Liquids from spinel + garnet peridotite melting experiments are
compositionally similar to the primitive fractionation corrected melt. If metasomatized
mantle contained H2O when melting began, the depth of melting approaches the base of
the Moho and is 1300�C at 2 GPa for 5 wt % H2O in the melt and 1360�C at 2.2 GPa for
2 wt % H2O, and 1420�C at 2.4 GPa for a dry melt. Major and trace element
evidence from Bb-107 and other primitive Tibetan shoshonitic lavas indicates that these
magmas may be derived as low-extent melts (1–3 wt %) of a metasomatized mantle in the
spinel and garnet stability fields. The depth of melting and the geochemical
characteristics of the Tibetan lavas are correlated. Increased extents of melting correlate
with increasing depth of melting. This correlation is to be expected if melting occurred
during lithospheric thinning during downward convective flow at the margin of the
lithosphere–asthenosphere boundary.
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1. Introduction

[2] On the Tibetan Plateau, China, high-potassium basal-
tic volcanism has occurred throughout the Tertiary [Ding et
al., 2003], extending from the Paleocene (60–63 Ma) until
the Quaternary [Cooper et al., 2002]. This volcanism
postdates the collision of the Indian and Asian plates and
is related to the processes of uplift of the Tibetan Plateau.
The eruptions are associated with east-west extension that is
occurring perpendicular to the direction of plate conver-
gence. Two different hypotheses have been proposed to
explain the volcanism. In one model convective thinning of
the lithosphere occurs in response to extension [England
and Houseman, 1986, 1989; McKenna and Walker, 1990;
Molnar et al., 1993]. In the second model subduction and
descent of Indian lower crust beneath the Tibetan Plateau
drives volcanism [Arnaud et al., 1992; Nomade et al., 2004;
Tapponnier et al., 2001; Wang et al., 2001]. The erupted
lavas record the mantle dynamic processes beneath the

Tibetan Plateau and provide a unique opportunity to place
constraints onmantle potential temperature as well as melting
processes. In this study, we use results of phase equilibrium
experiments to place constraints on the mantle source as well
as processes and conditions of melt generation.
[3] A synthetic analog of primitive Miocene shoshonitic

lava from the Qiangtang terrane [Turner et al., 1996] was
used to carry out a series of piston cylinder experiments
under pressure-temperature conditions of the lower crust
and uppermost mantle. Our results support fractional crys-
tallization at lower crustal depths as an important process
that has influenced the compositional variability observed in
the highly potassic Tibetan lavas. We also propose that our
primitive shoshonitic lava may have been derived from a
metasomatized peridotite mantle source that contained both
garnet and spinel. Mantle temperatures at the site of melt
segregation (60 to 65 km) were between 1300 to 1420�C.
We also combine geochemical data with constraints from
experimental petrology to place constraints on the nature of
the mantle melting process that is occurring beneath the
Tibetan Plateau. The evidence is consistent with convective
lithospheric thinning and melting during conductive heating
of the sinking lithospheric material.

1.1. Geological Setting

[4] The Tibetan Plateau covers an area of �3 � 106 km2

and has an average altitude of 5 km. To the south it is

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 113, B04210, doi:10.1029/2007JB005149, 2008
Click
Here

for

Full
Article

1Department of Earth, Atmospheric and Planetary Sciences, Massachu-
setts Institute of Technology, Cambridge, Massachusetts, USA.

2Now at Bayerisches Geoinstitut, University of Bayreuth, Bayreuth,
Germany.

Copyright 2008 by the American Geophysical Union.
0148-0227/08/2007JB005149$09.00

B04210 1 of 17



bordered by the Himalayas that rise over 8 km high and are
the result of a large-scale active continental deformation.
This process thickened the crust by a factor of 2 and led to a
crustal thickness of �65 km beneath the Tibetan Plateau
[e.g., Fielding et al., 1994; Haines et al., 2003]. The Indus-
Tsangpo suture separates the Tibetan Plateau from the
Himalayans in the south (Figure 1). In the north the Altyn
Tagh fault separates the plateau from the Tarim Basin. The
terranes that make up the Tibetan Plateau from north to
south are the Kunlun, Songpan-Ganzi, Qiangtang, and
Lhasa. During several ocean basin closures, these terranes
were successively accreted to the Asian continent. These
collisions started in late Permian in the north by the
accretion of the Kunlun and Songpan-Ganzi blocks and
moved to the south, involving Qiangtang in late Triassic–
early Jurassic and Lhasa in late Jurassic [Dewey et al.,
1988]. With India moving northward, the orogenesis of the
Himalayas followed, and in Cretaceous and Paleocene, the
Tethyan ocean crust was subducted underneath the Asian
continent. With the collision of the two continents in early
Tertiary, the crust was thickened, oceanic crust was
obducted, and India started to underthrust beneath Asia,
leading to the formation of the Tibetan Plateau and the
deformation of the Indian and Asian continents [Hirn et al.,
1995; Houseman and England, 1993; Jin et al., 1994]. The
high-potassium basaltic volcanism began at this stage of
evolution and has continued to the present time.
[5] Kola-Ojo and Meissner [2001] describe the crustal

structure of the southern Lhasa terrane. They propose a
partly molten upper sialic crust and a lower mafic and
granulitic crust with temperatures above the gabbro and
granulite solidi. They also propose magma chambers in the
lowermost crust and describe a smooth transition zone to the
relatively cold lithospheric mantle at a depth of 60–70 km.
In the Qiangtang terrane, where the shoshonitic rocks of this
study are found, Rodgers and Schwartz [1998] describe a

crustal thickness of 65 ± 5 km. They also find attenuation of
s waves in the shallow upper mantle and suggest that it
contains �1–2% partial melt. Migration of hotter mantle to
the base of the lithosphere is suggested to result in elevated
crustal temperatures and provide the heat for the generation
of partial melts. A profile of the Tibetan Plateau after Owens
and Zandt [1997] is shown in Figure 2. Crustal thickness
varies from 75 km in the southern Lhasa terrane to 55 km in
the Songpan-Ganzi terrane. In this model the Qiangtang
terrane lies in a back arc setting, whereas the Lhasa terrane
lies above the subduction zone. In the lithospheric thinning
model, the Qiangtang terrane lies in a region where hot
mantle upwelling and down welling are focused by the
removal of old Indian lithospheric mantle. Elkins-Tanton
and Hager [2000] and Elkins-Tanton [2007] describe the
nature of the mantle flow that would accompany such a
process.

1.2. Shoshonitic Lavas From the Qiangtang Terrane

[6] On the Tibetan Plateau, high-K volcanism has accom-
panied the entire uplift history of the plateau [Ding et al.,
2003; Guo et al., 2006; Nomade et al., 2004;Williams et al.,
2004]. The ages of volcanic rocks of the Qiangtang terrane
range from Pliocene-Miocene (3–13 Ma) to Paleocene
(60–63 Ma). The volcanic rocks in the Kunlun, Songpan-
Ganzi, Qiangtang, and Lhasa terranes are Miocene and
younger in age. The volcanic centers are generally small
in volume and widespread over the entire plateau (Figure 1).
Calc-alkaline dacites and rhyolites occur subordinately with
shoshonitic and ultrapotassic volcanic rocks. Pyroxene- and
plagioclase-phyric extrusives, with a SiO2 content of
between 45 and 65 wt %, relatively constant K2O at 3.5–
4.5 wt %, and K2O/Na2O mostly between 0.5 and 2.0
[Turner et al., 1996] lie within the shoshonite field defined
by Peccerillo and Taylor [1976]. Few are ultrapotassic
(K2O/Na2O > 2) or calcalkaline (K2O/Na2O < 0.5). The

Figure 1. Generalized map of the Himalaya and Tibetan Plateau redrawn after Turner et al. [1996] (by
permission of Oxford University Press), showing the major terranes of the Tibetan Plateau and the
distribution of potassic volcanism. Thin lines indicate borders of the terranes, and thicker lines indicate
faults.
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Mg # (Mg # = molar MgO/[molar MgO + molar FeO]) lies
within a broad range of 0.73 to 0.10, indicating primitive to
highly evolved lavas [Turner et al., 1993]. Phenocrysts
present in the shoshonitic rocks consist of olivine with
Mg # �0.83 and unzoned augite with Mg # �0.74. Also
present in the more evolved lavas are orthopyroxene and
feldspar that are compositionally zoned and sanidine is also
present along with minor Fe-Ti oxides and phlogopite.
[7] For the experimental study we chose Miocene shosh-

onitic basalt Bb-107 (Table 1), the most primitive compo-
sition (Mg # = 0.67) described by Turner et al. [1996].
Sample Bb-107 is from the greatest concentration of vol-
canism in the northeast, where seismological evidence
suggests high mantle temperatures [Hirn et al., 1995].
Sample Bb-107 is highly silica-undersaturated (44.9 wt %
SiO2) and the alkali abundances (3.31 wt % Na2O, 3.89 wt
% K2O) place the composition well within the composi-
tional field of olivine leucitite or basanite. Since many
authors refer to these lavas as shoshonitic lavas we will
retain this terminology in our discussion. Similarly primi-
tive shoshonitic lavas were erupted 60 Ma before present in
the Lagal area of Qiangtang terrane [Ding et al., 2003].
Therefore, mantle melting processes have produced this
magma type throughout the uplift history of the Tibetan
Plateau.
[8] For the mantle source of the Tibetan shoshonitic

rocks, Turner et al. [1996] suggest a metasomatized, garnet
peridotite source containing �6% phlogopite inferred from
geochemical and isotopic data. More recent trace element
modeling by Williams et al. [2004] concludes that melting
of a metasomatized spinel + garnet bearing source, or
melting that exhausted garnet from the source region, or
in some circumstances melting in the spinel stability field
were all possible scenarios for the origin of the shoshonitic
magmatism. Guo et al. [2006] have reported on the geo-
chemistry of several additional volcanic centers and find
that the trace element abundance variations are most con-
sistent with melting from a spinel peridotite. The more
primitive shoshonitic rocks from the Tibetan Plateaus dis-
play a depletion of high field strength elements (HFSE),
indicative of prior melt extraction. Large ion lithophile
elements (LILE) are enriched, suggesting a later metaso-
matic event that eventually accompanied subduction. The

heavy rare earth elements are depleted (HREE) relative to
the light rare earth elements (LREE), but LREE/HREE
depletions are variable and can be attributed to prior melt
extraction and/or residual garnet [Williams et al., 2004].

2. Experimental and Analytical Methods

2.1. Starting Material

[9] We prepared a synthetic mix with a composition
analogous to Bb-107. In order to obtain a homogenous
mixture with the correct alkali and P2O5 abundances, we
first synthesized a glass from which we excluded FeO and
MgO. The synthetic mixture contained the alkali carbo-
nates, fluor-apatite and oxides. It was homogenized for 5
h by grinding under ethanol in an agate mortar and pestle.
To decarbonate the mixture, it was heated to 850�C in a Pt
crucible for 29 h at atmospheric pressure. The decarbonated
mix was then placed in a 0.1 MPa gas mixing furnace and
heated at a rate of 3�C/min to 1350�C for a period of 8 h. A
rapid quench produced a homogeneous glass, as indicated
by low standard deviations of replicate electron microprobe
analysis. A CO2 and H2 gas mixture was used to maintain
the oxygen fugacity near the quartz-fayalite-magnetite
(QFM) buffer and the flow rate was minimized to avoid
alkali loss. To this alkali- and P-rich glass, we added MgO
and FeO as a stoichiometric mixture of Fe metal sponge and

Figure 2. North–south cross section through the Himalaya and the Tibetan Plateau at �92�–93�E,
redrawn after Owens and Zandt [1997] (with permission from Macmillan Publishers Ltd.). White areas
indicate the crust, light grey areas indicate the lithospheric mantle, and dark grey areas indicate the
asthenospheric mantle.

Table 1. Chemical Composition of the Starting Materiala

Calc Meas

SiO2 45.42 46.8(1)
TiO2 1.26 1.18(7)
Al2O3 12.55 12.27(1)
FeO 9.02 9.04(20)
MnO 0.16 0.17(2)
MgO 10.42 10.45(1)
CaO 12.24 11.97(11)
Na2O 3.35 3.32(15)
K2O 3.94 3.56(2)
P2O5 1.55 1.30(8)
F 0.10
Cl 0.01

aCalc, goal composition of the Tibetan shoshonite sample BB107 after
Turner et al. [1996]; Meas, microprobe analyses of sample B883 (1.3 GPa,
1380�C), normalized to 100 wt %. Units in parentheses indicate 1 sigma
uncertainties.
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Fe2O3. The final mixture was ground again to produce a
homogeneous starting material.

2.2. Piston Cylinder Experiments

[10] Nominally dry experiments were performed in a
graphite capsule machined from dense Specpure graphite
rods. The sample + graphite capsule assembly was dried for
12 h at 125�C, placed in a Pt capsule and welded shut. This
capsule assembly was surrounded by an Al2O3 ceramic
cylinder and centered in the hot spot of a graphite heater,
using MgO spacers [see also Hesse and Grove, 2003].
[11] The melting experiments were carried out from 1.0 to

2.2 GPa in a 0.5-inch solid-medium piston cylinder device
[Boyd and England, 1960]. The pressure medium was
BaCO3 and pressure was calibrated using the Ca-Tschermak
breakdown reaction [Hays, 1967]. The temperature was
monitored and controlled using a W97Re3–W75Re25 ther-
mocouple and corrected for a temperature difference of
20�C between the hotter center of the run assembly and
the colder position of the thermocouple that is offset above
the center. The temperature was not corrected for the effect
of pressure on the thermocouple EMF. The run temperature
was maintained by a Eurotherm 818 controller to ±2�C and
we judge temperature reproducibility to be ±7�C. The
oxygen fugacity of our experiments has not been measured
directly. Because we have added iron as Fe + Fe2O3 in
proportions to make FeO, and since our measured Fe-Mg
exchange distribution coefficients (KDFe-Mg) are similar to
those measured in 0.1 MPa gas-mixing experiments carried
out at the quartz-fayalite-magnetite (QFM), we conclude
that oxidation conditions were below QFM. Watson [1987]
and Brooker et al. [1998] also suggest conditions more
reducing than �QFM-1 to QFM-2, for similar piston
cylinder assemblies.
[12] Experimental assemblies were first pressurized to

1.0 GPa at room temperature conditions. This pressure
was maintained while the sample was heated at a rate of
100�C/min to 865�C and held at this temperature for 6 min.
After 3 min at 865�C the pressure was raised to the final run
pressure. The temperature was then increased by 50�C/min
to the run temperature and the pressure was adjusted to the
desired final experimental pressure. The pressure was held
constant using the piston-in technique [Johannes et al.,
1971]. After �24 h, the experiments were quenched by
turning off the output power.

2.3. Electron Microprobe Analysis

[13] All samples were cut in half, mounted in epoxy and
polished. The samples were then carbon coated and ana-
lyzed on the MIT JEOL-JXA-733 Superprobe, using wave-
length dispersive spectrometry (WDS) with a 10 nA beam
current and an accelerating voltage of 15 kV. For glass
analyses, the beam diameter was set to �10 mm and Na was
counted at the beginning of the analysis for 5 s. Other
elements were measured for up to 40 s, depending on
abundance level. Analytical precision can be inferred from
replicate analyses of glass working standards [Gaetani and
Grove, 1998]. One standard deviation of the average of
replicate glass analyses for each oxide expressed as relative
percent of oxides is SiO2 = 0.4%, Al2O3 = 0.9%, CaO =
1.5%, MgO = 1.5%, FeO = 1.4%, MnO = 8.1%, P2O5 = 5%,
Na2O = 1.9%, K2O = 1.1%, based on 289 individual

measurements over 28 analytical sessions. The CITZAF
correction package of Armstrong [1995] was used to reduce
the data and to obtain quantitative analysis. The atomic
number correction of Duncumb and Reed, Heinrich’s tab-
ulation of absorption coefficients, and the fluorescence
correction of Reed were used to obtain a quantitative
analysis [Armstrong, 1995].

3. Experimental Results

[14] To study the phase relations of the system, experi-
ments were conducted on the dry starting material over the
pressure range of 1.0–2.2 GPa at temperatures of 1270–
1440�C. The experimental conditions and chemical compo-
sitions of the phases produced are listed in Tables 2 and 3.
Figure 3 shows the back scattered electron images of
samples that are representative of the different phase
assemblages produced. The crystals of all samples are
compacted at the bottom of the capsule; a phenomenon that
we assume is caused by chemical diffusion and relative
migration of phases due to a thermal gradient [Walker and
Agee, 1988]. The hot spot of the assembly used lies on the
uppermost part of the capsule; the bottom of the capsule is
�7�C colder [Grove et al., 2006].
[15] Figure 3a shows run B895, an experiment at 1.6 GPa

and 1365�C. This experiment contains mostly glass along
with a small amount of clinopyroxene and lies just below
the liquidus. The clinopyroxene crystals are dark grey and
are surrounded by lighter grey chemically homogenous
matrix of glass. The crystals have diameters of �20 mm
and are compositionally homogeneous, indicating an ap-
proach toward chemical equilibrium. This experiment is
typical of the 1.2 to 2.2 GPa runs in terms of crystal sizes
and distribution of melt. Figure 3b shows sample B903, an
experiment at 1.0 GPa and 1300�C. It contains glass,
clinopyroxene, olivine, apatite and phlogopite. The dark
grey matrix is the glass, clinopyroxene are relatively large
crystals, �300 mm in diameter, and olivine and apatite are
light colored and small (�10–20 mm in diameter). The
phlogopite crystals are tabular and sometimes contain a
lamellar structure. Unfortunately, it was not possible to
quench the glass in these multiply saturated 1.0 GPa experi-
ments. Although the glass appeared to be compositionally
uniform, it was very low in MgO in all of the experiments
and all of the minerals contained chemically distinct, Fe-
enriched overgrowth rims. The analyses of these 1.0 GPa
experiments are presented in Table 3 and include analyses of
cores and rims of crystals as well as an attempt to reconstruct
a melt composition prior to quench modification.
[16] Figure 4 shows the different phase assemblages of

our samples in a pressure-temperature diagram along with
the liquidus and phase boundaries. For the dry experiments,
the liquidus rises from 1340�C at 1.0 GPa [Médard and
Grove, 2008] to 1440�C at 2.2 GPa. Olivine and clinopyr-
oxene are the liquidus phases at �1.4 GPa and clinopyrox-
ene is the liquidus phase at >1.4 GPa. At 1 GPa olivine is
the liquidus phase followed by clinopyroxene, phlogopite
and apatite at 1320�C.
[17] For each experiment, we used a materials balance

technique to estimate phase proportions and to determine
whether the bulk composition of the experimental sample
had remained constant. A linear regression of the compo-
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sitions of the phases analyzed in each experiment and the
bulk composition of the starting material provided estimates
of phase proportions. The mass balance also provided a
comparison of the experiment’s bulk composition to the
bulk composition of the starting material. This information
is provided for each experiment in Table 2. There was no
significant loss or gain (>5%) of any element. We cannot
prove that our experiments achieved chemical equilibrium,
because that would require reversal experiments for all
possible compositional changes in all phases. However,
for the reasons outlined below we conclude that the experi-
ments approached equilibrium sufficiently to allow us to
understand the crystallization behavior of the Bb-107 com-
position. Although phase appearances have not been re-
versed, it has been demonstrated that direct synthesis is
sufficient to recover equilibrium phase appearance temper-
atures in experiments with >40% melt [Grove and Bence,
1977]. Furthermore, we maintained constant sample com-
position with little or no loss or gain of iron, which is an
important prerequisite for an approach to equilibrium. We
also achieved regular and consistent partitioning of major
elements between crystalline phases and melt, an additional
prerequisite for approaching equilibrium.
[18] Most experiments are close to the liquidus and

experimental products contain more than 80% glass
(Table 2). The experimental glass is homogenous judging
from the small standard deviations of replicate analyses of
glass (Table 3). The Ca, Al and Ti contents of clinopyrox-
enes in our experiments are comparable to those from
longer duration multiple saturation experiments using ba-
saltic compositions [Gaetani and Grove, 1998; Kinzler and

Grove, 1992a, 1992b]. The Fe-Mg distribution coefficients
KDFe-Mg (where KDFe-Mg = [XFe

xtl * XMg
liq ]/[XMg

xtl *XFe
liq]) are

close to constant in our experiments at pressures �1.2 GPa.
The mean Fe-Mg partition coefficient KDFe-Mg between
olivine and melt is 0.29 (±0.01) in experiments on Bb-
107, with the exception of the 1.0 GPa experiments that
were multiply saturated with olivine, clinopyroxene, phlog-
opite and apatite. Our values of KDFe-Mg(Ol-Liq) (where Ol
is olivine) are comparable to those of longer duration
experiments [Gaetani and Grove, 1998; Kinzler, 1997].
The KDFe-Mg(Cpx-Liq) (where Cpx is clinopyroxene) for
clinopyroxene is 0.22 (±0.02) for experiments on Bb-107.
Compared to longer duration experimental studies, the
KDFe-Mg(Cpx-Liq) are similar to those found in melts
containing high Na2O [Elkins-Tanton and Grove, 2003;
Kinzler and Grove, 1992b; Kinzler, 1997]. At high temper-
atures, the large amounts of melt present, the consistent
partitioning and minor element composition of solid phases
observed in our experiments indicate that the experimental
phases are close enough to equilibrium to aid in the
understanding of the petrogenesis of this Tibetan shosho-
nitic composition.
[19] The Fe-Mg distribution coefficients KDFe-Mg of oliv-

ine melt and clinopyroxene melt in the 1.0 GPa multiply
saturated experiments are distinctly lower than those mea-
sured in the higher-pressure experiments. The olivine melt
KDFe-Mg varies between 0.28 and 0.31 for pressure
�1.2 GPa and between 0.12 and 0.24 in the multiply
saturated 1.0 GPa experiments, the clinopyroxene melt
KDFe-Mg at �1.2 GPa are 0.16–0.23 and 0.04–0.05 at

Table 2. Chemical Compositions of the Experimentally Produced Phasesa

Run P T

Weight Percent Mg # KD

SR2Gl Cpx Ol Ap Phl Gl Cpx Ol Phl Cpx Ol Phl

B910 1.0 1335 98 2 0.66
B901 1.0 1320 34(6) 42(4) 5(4) 3(1) 15(7) 0.15 0.80 0.61 0.49 0.05 0.12 0.22 1.00
B903 1.0 1300 33(2) 42(2) 11(1) 4(1) 10(2) 0.19 0.81 0.61 0.49 0.05 0.15 0.24 1.00
B922 1.0 1270 32(4) 36(3) 6(3) 5(1) 20(5) 0.21 0.87 0.52 0.62 0.04 0.24 0.16 1.00
B888 1.2 1355 100
B889 1.2 1345 100
B890 1.2 1337 87(2) 8(2) 3(1) 0.61 0.89 0.85 0.19 0.28 1.15
B887 1.2 1330 79(3) 17(2) 4(1) 0.56 0.89 0.82 0.16 0.28 1.32
B904 1.2 1315 86(3) 9(3) 3(1) 0.61 0.88 0.84 0.21 0.29 1.88
B916 1.2 1290 76(3) 19(2) 5(1) 0.54 0.86 0.81 0.19 0.28 1.00
B892 1.4 1365 100
B891 1.4 1350 94(2) 4(2) 1(1) 0.64 0.89 0.86 0.21 0.29 0.70
B893 1.4 1345 100
B894 1.4 1335 82(2) 14(2) 2(1) 0.59 0.88 0.84 0.20 0.28 0.70
B895 1.6 1365 95(4) 4(3) 0.67 0.88 0.27 2.11
B896 1.6 1350 98(3) 1(3) 0.68 0.89 0.26 1.79
B900 1.6 1335 86(2) 12(2) 0(1) 0.62 0.88 0.85 0.22 0.30 0.93
B907 1.6 1320 78(2) 19(20 1(1) 0.59 0.86 0.83 0.22 0.29 1.00
B902 1.8 1395 100
B897 1.8 1380 93(2) 6(2) 0.65 0.89 0.22 1.05
B898 1.8 1350 79(3) 19(2) 0.60 0.87 0.23 1.57
B899 1.8 1335 69(3) 28(3) 1(1) 0.56 0.85 0.80 0.23 0.31 1.85
B905 2.0 1335 64(3) 32(3) 1(1) 0.53 0.84 0.80 0.23 0.29 1.47
B908 2.0 1320 62(2) 35(2) 1(1) 0.53 0.83 0.80 0.23 0.29 1.00
B914 2.2 1440 100
B911 2.2 1415 92(8) 7(4) 0.64 0.88 0.24 1.00
B906 2.2 1350 68(2) 30(2) 0.56 0.84 0.24 1.00
B909 2.2 1320 57(3) 40(3) 2(1) 0.50 0.82 0.77 0.23 0.30 1.00

aP, pressure in GPa; T, temperature in �C; Gl, glass; Cpx, clinopyroxene; Phl, phlogopite; Mg # = (wt % MgO/40.311)/[(wt %MgO/40.311) + (wt %FeO/
71.846)]; KD = molar [MgOmelt*FeOolivine]/[MgOolivine*FeOmelt]; SR

2 is sum of square residuals of the mass balance. Units in parentheses indicate 1 sigma
uncertainties.

B04210 HOLBIG AND GROVE: TIBETAN PLATEAU MANTLE MELTING

5 of 17

B04210



Table 3. Experimental Conditions, Phase Proportions, and Mg-Fe Distributiona

Run F N SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cl F Total

B910 Gl 9 46.5(4) 1.38(6) 12.5(2) 9.00(31) 0.12(3) 9.72(16) 12.1(2) 3.35(16) 3.63(6) 1.50(24) - - 99.8
B901 Gl 4 50.6(2) 0.27(19) 21.0(4) 7.54(59) 0.17(2) 0.77(5) 3.01(20) 7.85(18) 7.18(26) 0.53(7) - - 99.8

glb 46.0 1.39 13.01 9.72 0.08 10.1 11.29 3.40 3.67 1.38 - - 100.0
Cpx c 5 51.0(5) 1.24(9) 4.94(90) 6.24(1.10) 0.13(3) 14.1(3) 22.3(3) 0.52(4) - - - - 100.4
Cpx r 12 47.7(1.5) 2.20(70) 8.13(1.20) 7.08(1.08) 0.13(2) 12.0(1.3) 22.3(3) 0.70(8) - - - - 100.3
Ol c 6 39.3(2) - 0.02(1) 13.9(7) 0.18(4) 46.2(7) 0.48(4) - - - - - 100.0
Ol r 6 35.7(6) 0.03(20 0.24(36) 33.5(3.5) 0.52(9) 29.2(3.1) 0.49(9) - - - - - 99.7
Ap 6 0.70(54) - 0.20(12) 0.78(10) 0.05(1) 0.36(5) 55.2(5) 0(0) 0.32(7) 40.40(44) 0.08(2) 1.77(16) 99.9
Phl 8 34.5(5) 7.04(65) 16.9(3) 18.6(13) 0.12(2) 10.1(8) 1.12(6) 0.57(17) 9.27(10) 0.01(1) 0.01(1) 0.44(7) 97.8

B903 Gl 8 52.3(8) 0.05(5) 24.0(4) 3.59(38) 0.01(2) 0.47(12) 1.26(12) 8.75(25) 8.71(25) 0.57(14) - - 99.6
glb 49.9 0.73 18.3 6.22 0.07 5.31 7.52 5.90 5.61 0.36 - - 100.0

Cpx c 8 50.2(5) 1.38(14) 6.3(6) 5.59(64) 0.10(3) 13.8(5) 22.2(3) 0.64(5) - - - - 100.0
Cpx r 7 47.5(1.8) 2.29(87) 9.49(1.46) 6.67(56) 0.11(2) 12.0(1.28) 21.9(23) 0.86(12) - - - - 100.8
Ol c 5 36.5(2) 0.02(2) 0.03(1) 29.2(1.9) 0.37(2) 33.2(1.5) 0.48(2) - - - - - 99.7
Ol r 8 35.2(5) 0.02(20 0.17(17) 36.6(2.1) 0.52(7) 26.6(1.8) 0.48(2) - - - - - 99.6
Ap 7 0.58(31) - 0.17(9) 0.91(10) 0.05(1) 0.40(2) 55.0(4) 0.00(0) 0.26(6) 40.4(5) 0.20(2) 1.91(11) 99.8
Phl 10 34.7(5) 8.88(68) 17.0(3) 16.0(5) 0.10(2) 11.1(5) 0.10(7) 0.48(5) 9.27(10) 0.03(3) 0.02(1) 0.48(7) 98.1

B922 Gl 6 53.8(2.1) 0.12(4) 23.1(9) 5.23(20) 0.08(2) 0.78(4) 2.18(6) 7.81(90) 4.44(2.08) 0.30(6) - - 97.8
glb 52.1 0.58 12.4 6.49 0.09 9.41 13.3 3.55 1.85 0.12 - - 100.0

Cpx c 7 52.4(4) 0.56(11) 2.82(63) 4.18(24) 0.08(2) 16.0(6) 22.4(2) 0.41(8) - - - 98.2
Cpx r 4 50.7(52) 0.95(9) 4.98(52) 4.73(23) 0.06(2) 14.5(4) 22.4(3) 0.52(5) - - - - 98.9
Ol c 4 36.0(1) 0.04(10 0.19(26) 34.2(2) 0.53(4) 27.2(2) 0.57(5) - - - - - 98.8
Ol r 4 35.9(7) 0.06(1) 0.66(60) 38.0(8) 0.65(4) 23.5(1.2) 0.60(7) - - - - - 99.3
Ap 7 0.56(33) 0.15(10) 0.80(12) 0.06(2) 0.38(6) 56.1(4) 0.14(13) 0.16(4) 39.1(4) 0.04(1) 1.11(20) 98.7
Phl 9 35.1(6) 5.91(6) 17.1(4) 13.9(6) 0.08(2) 12.8(4) 0.23(13) 0.66(18) 9.02(7) - - - 94.7

B890 Gl 11 45.6(3) 1.28(6) 13.4(1) 9.26(57) 0.15(1) 8.25(32) 11.0(5) 3.69(23) 4.08(18) 1.53(10) - - 98.2
Cpx 10 53.1(6) 0.53(8) 3.4(7) 3.61(15) 0.08(3) 16.8(5) 22.1(4) 0.47(7) - - - - 100.2
Ol 10 39.2(1) 0.02(1) 0.04(1) 14.2(2) 0.19(1) 45.3(3) 0.51(1) - - - - - 99.4

B887 Gl 9 44.6(2) 1.40(9) 14.5(1) 9.66(13) 0.16(2) 6.76(10) 9.89(6) 3.89(11) 4.35(4) 1.65(8) - - 96.8
Cpx 9 52.8(6) 0.60(10) 3.69(71) 3.78(16) 0.12(1) 16.3(5) 21.9(4) 0.04(4) - - - - 99.7
Ol 7 38.6(2) 0.04(2) 0.04(2) 17.1(3) 0.20(3) 42.7(6) 0.57(2) - - - - - 99.2

B904 Gl 11 46.6(3) 1.29(12) 13.4(1) 9.57(21) 0.16(4) 8.51(8) 10.9(2) 3.78(18) 4.02(12) 1.43(13) - - 99.6
Cpx 12 53.1(4) 0.58(5) 3.73(43) 3.91(7) 0.09(2) 16.7(3) 22.3(2) 0.52(6) - - - - 100.9
Ol 10 39.6(3) 0.03(1) 0.05(1) 14.7(2) 0.20(2) 44.8(4) 0.63(3) - - - - - 99.9

B916 Gl 9 44.7(1) 1.41(11) 14.7(1) 9.79(24) 0.14(2) 6.53(13) 9.62(12) 4.11(6) 4.54(7) 1.84(16) - - 97.4
Cpx 7 52.0(5) 0.62(8) 4.02(37) 4.35(43) 0.07(2) 15.6(3) 22.1(3) 0.55(7) - - - - 99.2
Ol 10 38.3(3) 0.04(1) 0.08(8) 17.5(3) 0.24(2) 42.1(4) 0.63(8) - - - - - 98.9

B883 Gl 10 46.1(1) 1.16(7) 12.1(1) 8.91(20) 0.17(2) 10.3(1) 11.8(11) 3.27(15) 3.51(2) 1.28(8) - - 98.6
B891 Gl 10 45.4(2) 1.20(7) 12.6(1) 9.29(17) 0.12(2) 9.45(6) 11.5(1) 3.57(10) 3.77(1) 1.41(7) - - 98.3

Cpx 6 52.6(9) 0.50(16) 3.55(88) 3.59(22) 0.10(3) 17.1(4) 21.9(3) 0.49(6) - - - - 99.9
Ol 7 39.3(2) 0.03(1) 0.05(1) 0.01(1) 13.1(2) 0.18(3) 47.1(4) 0.60(1) - - - - 100.4

B894 Gl 10 44.8(2) 1.40(9) 13.7(1) 9.86(20) 0.16(1) 8.12(8) 10.3(1) 3.86(22) 4.24(4) 1.61(6) - - 98.2
Cpx 8 52.9(2) 0.49(6) 3.91(33) 4.01(12) 0.05(1) 16.5(2) 22.0(2) 0.57(3) - - - - 100.4
Ol 6 39.6(2) 0.05(1) 0.09(3) 15.1(3) 0.20(3) 44.8(1) 0.60(8) - - - - - 100.4

B895 Gl 11 46.2(3) 1.36(17) 12.7(1) 9.69(17) 0.19(3) 11.2(2) 11.0(2) 3.46(23) 3.79(8) 1.24(20) - - 100.8
Cpx 8 53.0(6) 0.50(12) 4.54(66) 3.96(24) 0.07(1) 16.9(4) 21.2(5) 0.69(14) - - - - 100.9

B896 Gl 11 46.2(2) 1.40(14) 12.5(2) 9.43(24) 0.15(4) 11.4(1) 11.4(1) 3.40(12) 3.78(9) 1.60(24) - - 101.4
Cpx 4 53.8(6) 0.43(9) 3.78(70) 3.67(13) 0.09(2) 17.3(2) 21.8(4) 0.59(3) - - - - 101.5

B900 Gl 6 45.0(3) 1.47(12) 13.3(1) 9.82(19) 0.11(30 9.13(8) 10.5(2) 3.52(12) 3.92(8) 2.04(19) - - 98.8
Cpx 6 52.2(2) 0.54(5) 4.53(35) 3.91(11) 0.06(2) 16.6(2) 21.2(2) 0.64(6) - - - - 99.6
Ol 8 39.6(2) 0.01(2) 0.08(4) 14.4(2) 0.18(2) 45.3(3) 0.61(5) - - - - - 100.1

B907 Gl 9 45.3(3) 1.40(17) 14.1(2) 10.4(3) 0.15(5) 8.27(6) 9.80(17) 3.87(18) 4.42(11) 1.81(30) - - 99.4
Cpx 13 52.0(3) 0.61(9) 5.09(38) 4.55(34) 0.08(2) 16.2(2) 21.4(4) 0.80(3) - - - - 100.7
Ol 9 38.8(3) 0.03(2) 0.18(16) 16.2(4) 0.20(2) 44.1(8) 0.82(52) - - - - - 100.3

B897 Gl 5 46.0(1) 1.26(23) 12.7(1) 9.67(23) 0.17(3) 10.0(2) 11.2(1) 3.45(12) 3.78(10) 1.42(38) - - 99.7
Cpx 7 53.3(4) 0.50(6) 4.39(46) 3.67(13) 0.07(2) 16.9(2) 21.4(2) 0.69(3) - - - - 100.9

B898 Gl 10 45.4(4) 1.32(16) 13.6(2) 10.4(2) 0.11(5) 8.80(14) 9.65(16) 3.80(21) 4.33(12) 1.77(21) - - 99.2
Cpx 8 52.3(4) 0.61(6) 5.61(42) 4.40(10) 0.10(2) 16.1(2) 20.7(3) 0.84(6) - - - - 100.7

B899 Gl 4 45.3(3) 1.42(19) 14.7(2) 10.7(2) 0.18(2) 7.52(10) 8.49(22) 4.44(10) 4.87(11) 1.95(18) - - 99.5
Cpx 8 51.6(3) 0.69(9) 6.41(71) 4.88(31) 0.08(2) 15.3(5) 20.4(5) 0.94(6) - - - - 100.3
Ol 8 38.7(4) 0.05(2) 0.33(27) 18.1(3) 0.21(2) 41.6(5) 0.61(7) - - - - - 99.6

B905 Gl 9 44.6(2) 1.44(10) 14.7(1) 11.3(2) 0.12(4) 7.30(13) 8.13(17) 4.63(19) 5.20(15) 1.92(27) - - 99.4
Cpx 8 51.0(5) 0.75(6) 7.36(49) 5.16(27) 0.11(2) 14.7(4) 19.9(6) 1.22(11) - - - - 100.2
Ol 6 38.5(3) 0.02(1) 0.12(3) 18.7(2) 0.25(2) 41.1(1) 0.57(8) - - - - - 99.3

B908 Gl 7 44.1(3) 1.53(14) 15.1(1) 11.0(3) 0.17(6) 7.10(40) 7.67(28) 4.81(38) 5.47(20) 2.06(26) - - 99.1
Cpx 10 50.8(3) 0.76(7) 7.62(37) 5.33(26) 0.13(2) 14.7(2) 19.9(4) 1.22(13) - - - - 100.5
Ol 8 38.4(2) 0.03(2) 0.12(3) 19.0(3) 0.22(1) 41.7(2) 0.54(3) - - - - - 100.0

B911 Gl 10 45.8(2) 1.38(8) 13.0(2) 9.84(35) 0.08(5) 9.75(13) 10.9(2) 3.53(14) 3.95(10) 1.48(32) 99.7
glb 46.0 1.39 13.0 9.72 0.08 10.1 11.3 3.40 3.67 1.38 - - 100.0

Cpx c 7 52.5(4) 0.46(6) 5.76(60) 3.99(9) 0.08(2) 16.5(3) 20.8(3) 0.96(5) - - - - 101.0
Cpx r 6 46.6(5) 1.51(12) 12.1(4) 7.71(1.03) 0.14(2) 13.5(5) 16.4(7) 1.47(17) - - - - 99.4

B906 Gl 5 44.0(5) 1.56(16) 14.0(2) 11.1(3) 0.23(5) 8.09(13) 8.48(16) 4.11(16) 4.98(21) 2.30(58) - - 98.9
Cpx 11 51.4(4) 0.62(9) 7.37(38) 5.01(15) 0.09(2) 14.9(3) 19.9(3) 1.22(13) - - - - 100.4
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1.0 GPa, and these low KD are likely to be the result of the
quench growth that occurred in these experiments.

4. Experimental Constraints on Conditions and
Processes of Magma Generation in Tibet

[20] Our starting material is an analog of the most Mg-
rich lava from Turner et al. [1996] (Mg # = 0.67), and this
composition was chosen because it was the closest to a
mantle-derived melt. The experimental liquidus olivine
(Fo87–88) is much more magnesian than any olivine found
in Tibetan shoshonitic lavas (Fo83 [Turner et al., 1996]) and
clinopyroxene in the Tibetan shoshonitic lavas is also more
Fe-rich than the pyroxenes produced in our high-pressure
experiments. Many of the phenocryst-bearing Tibetan lavas
are more evolved and have experienced crustal level frac-
tional crystallization [Putirka et al., 2003]. We will use our
experimental data for two purposes, first to understand
controls exercised by fractional crystallization on the
evolved shoshonitic lavas and secondly to place constraints
on possible mantle melts that might have been fractionated
at deeper levels (upper mantle) to produce the most prim-
itive shoshonitic melts found in the Tibetan Plateau.

4.1. Fractional Crystallization at Crustal Pressures

[21] Figure 5 shows the projection of experimental
glasses, saturated with olivine and clinopyroxene (pressure
>1.0 GPa) and olivine, clinopyroxene, phlogopite and
apatite (pressure 1.0 GPa), as well as the bulk compositions
of less primitive Tibetan shoshonitic lavas described by
Turner et al. [1996], Williams et al. [2004], Ding et al.
[2003], and Guo et al. [2006] along with melts produced at
0.1 MPa with a similar shoshonitic starting material [Sack et
al., 1987]. The projection scheme of Tormey et al. [1987]
[also see Grove, 1993] is shown in Figure 5 and uses
oxygen units for the projection. Negative values of the
Quartz component show the strongly silica-undersaturated
nature of some of the Tibetan lavas.
[22] The compositional trends followed by the melts

during down temperature fractional crystallization are dis-
tinct for crystallization at 0.1 MPa and different from the
trends produced by crystallization of olivine and clinopyr-
oxene at higher pressures. The difference in the slopes of the
fractionation paths are mainly caused by a higher content of
clinopyroxene in the crystallizing phase assemblage at
higher pressures. With decreasing pressure, the melts satu-
rated with olivine and clinopyroxene move toward plagio-
clase on both projections shown in Figure 5.

Table 3. (continued)

Run F N SiO2 TiO2 Al2O3 FeO MnO MgO CaO Na2O K2O P2O5 Cl F Total

B909 Gl 10 44.1(2) 1.45(22) 15.2(2) 11.5(4) 0.21(3) 6.50(51) 7.03(32) 5.11(34) 5.82(35) 2.45(31) - - 99.3
Cpx 9 50.5(4) 0.79(7) 8.24(50) 5.54(17) 0.11(2) 14.0(3) 19.3(2) 1.41(6) - - - - 99.9
Ol 8 37.9(2) 0.03(3) 0.20(25) 20.8(2) 0.24(3) 40.1(6) 0.48(3) - - - - - 99.8

aChemical compositions are in wt %. P, pressure (GPa); T, temperature (�C); F, phase; N, number of analyses; Gl, glass; Cpx, clinopyroxene; Opx,
orthopyroxene; Ol, olivine; GT, garnet; Ap, apatite; Phl, phlogopite; c, core of the crystal measured; r, rim of the crystal. Units in parentheses indicate 1
sigma uncertainties.

bRecalculated for quenching process.

Figure 3. Back-scattered electron images of phase assemblages in experimental charges. (a) Sample
B895 (1.6 GPa, 1365�C) clinopyroxene crystals are concentrated in the bottom (cold) part of the
experimental charge and the remainder of the charge is glass. Black areas are the graphite capsule.
(b) Sample B903 (1.0 GPa, 1300�C) contains clinopyroxene (largest dark crystals), phlogopite (tabular
lighter crystals), apatite, and olivine crystals (the smallest and lightest colored phases).

B04210 HOLBIG AND GROVE: TIBETAN PLATEAU MANTLE MELTING

7 of 17

B04210



[23] We used a least squares regression method to calcu-
late stoichiometric coefficients for the melting reactions
(Table 4). Pairs of near liquidus experiments with the same
phase assemblage at different temperatures at the same
pressure were used to estimate the coefficients. The major
element composition (weight fractions) of the higher-tem-
perature liquid was mass balanced against the compositions
of the liquid and all the crystalline phases present in the
lower-temperature experiment. The coefficients were then
normalized to 1 unit mass of liquid. These stoichiometric

coefficients for the 1.2 to 2.2 GPa olivine + clinopyroxene
reaction boundary are, for 1.2 GPa,

0:85 3ð Þ clinopyroxeneþ 0:15 3ð Þ olivine ¼ 1 liquid ðR1Þ

and for 1.4–2.2 GPa,

0:89 1ð Þ clinopyroxeneþ 0:11 1ð Þ olivine ¼ 1 liquid ðR2Þ

For the olivine + clinopyroxene + phlogopite + apatite-
saturated liquids we were unable to successfully reconstitute
the liquid compositions of the quench-modified experi-
ments. Thus, we have not calculated the stoichiometric
coefficients for these experiments.
[24] Most of the Tibetan shoshonitic lavas have been

influenced by crustal level fractional crystallization. This
characteristic has been noted in most geochemical studies of
Tibetan shoshonitic rocks [Arnaud et al., 1992; Ding et al.,
2003; Guo et al., 2006; Turner et al., 1996; Williams et al.,
2004]. Olivine and clinopyroxene are dominant phenocrysts
in the more primitive shoshonitic lavas [Guo et al., 2006],
and sanidine and plagioclase are often present in the more
evolved rocks [Arnaud et al., 1992; Turner et al., 1996]. As
shown in Figure 5, most of the lavas follow the crystalli-
zation paths that fall between the low P fractionation path
from Sack et al. [1987] in which plagioclase is a late
appearing phase and our 1.0 to 2.4 GPa liquids saturated
with olivine + clinopyroxene + phlogopite + apatite. Phlog-
opite and apatite are also found as phenocryst phases in
many of the Tibetan lavas. Thus, the compositional evolu-
tion in the Figure 5 projection can be explained by fractional
crystallization at pressure of 1 GPa or less.
[25] Putirka et al. [2003] reached a similar conclusion in

an experimental study of a pair of more evolved Tibetan
lavas. Putirka et al. [2003] studied clinopyroxene-liquid

Figure 4. Pressure-temperature diagram for Bb-107 ex-
periments. See Table 2 for experimental conditions and
Table 3 for analyses of phases. Symbols correspond to
phase assemblages listed in each region. Horizontal bars are
liquid-only experiments. Diamonds indicate liquid +
clinopyroxene. Squares indicate experiments containing
liquid + olivine + clinopyroxene. Circles indicate liquids
saturated with olivine + clinopyroxene + phlogopite +
apatite.

Figure 5. Experimentally produced liquids and shoshonitic volcanics of the Tibetan Plateau shown in
the olivine-plagioclase-quartz and plagioclase-clinopyroxene-olivine pseudoternary projections in the
projection scheme of Tormey et al. [1987] (also see Grove [1993]) using oxygen units. Squares indicate
melts from this study, and triangles are 0.1 MPa experiments of Sack et al. [1987]. Circles indicate
Tibetan shoshonitic compositions from the literature. Arrows mark trends for down temperature
crystallization at low pressure (0.1 MPa to 1.0 GPa) and high pressure (1.2–2.4 GPa).
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