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INTRODUCTION
Rising as the “roof of the world” today, the 

Tibetan Plateau is underlain by an anomalous 
crust with a thickness about twice that of the 
average continental crust. Knowledge of the 
evolution of the composition and thermal regime 
of Tibetan lithosphere is therefore of key impor-
tance to understanding the uplift of the plateau. 
Geophysical observations have provided con-
straints on the present-day lithospheric structure 
(Owens and Zandt, 1997; Tilmann et al., 2003; 
Nábělek et al., 2009); geologic evidence such as 
postcollisional potassic volcanism in the Tibetan 
Plateau may provide temporal constraints on the 
tectonic evolution (Turner et al., 1993, 1996; 
Chung et al., 1998; Williams et al., 2001).

Postcollisional potassic rocks are widely 
distributed across the Tibetan Plateau (Fig. 1). 
They display trace element characteristics that 
commonly are explained as the signature of 
low-degree melting of metasomatized litho-
spheric mantle, in response to the convective 
removal of the lower portion of the thickened 
Asian lithosphere (Turner et al., 1993, 1996; 
Chung et al., 1998; Miller et al., 1999; Williams 
et al., 2001; Ding et al., 2003; Zhao et al., 2009). 
This removal is also thought to be responsible 
for the east-west extension and the uplift of the 
plateau; the ages of the potassic rocks therefore 
have been used to constrain the timing of these 
events (Turner et al., 1993; Chung et al., 1998; 

Williams et al., 2001). Potassic and ultrapotas-
sic lavas were erupted between 26 and 8 Ma 
in southern Tibet (Zhao et al., 2009), indicat-
ing the presence of a hydrous (i.e., phlogopite 

bearing) and weak lithospheric mantle beneath 
southern Tibet during the Miocene. Both granu-
lite and pyroxenite xenoliths entrained in ultra-
potassic lavas from southern Tibet suggest a 
hot geotherm at lower crustal depths during the 
time (Ding et al., 2007; Chan et al., 2009). In 
contrast, seismic velocities beneath southern 
Tibet indicate that cold and strong upper mantle 
currently underlies the thick crust (Owens and 
Zandt, 1997; Nábělek et al., 2009). Therefore, 
a dramatic change in the thermal regime and 
composition of the lithosphere has been taking 
place since the Miocene.

Peridotite xenoliths are rare in the Tibetan 
Plateau, and the locality of Sailipu (Fig. 1) is the 
only known occurrence of peridotite xenoliths 
in the hinterland of the plateau. The Sailipu peri-
dotite xenoliths provide an opportunity to reveal 
the compositional features and thermal state of 
the lithospheric mantle beneath southern Tibet 
during the Middle Miocene, which might shed 
light on the mechanism of plateau uplift.
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ABSTRACT
Uplift of the Tibetan Plateau and its infl uence on our global climate have been the focus 

of numerous studies. Miocene potassic to ultrapotassic volcanism is widespread in southern 
Tibet and has been generally attributed to convective removal of collision-thickened Asian 
lithosphere, which is also responsible for the uplift of the plateau. An implicit assumption 
of this model is the existence of a hydrous, metasomatized (i.e., phlogopite bearing) litho-
spheric mantle that remained after the convective thinning and was subsequently heated to 
form small-volume melts. If such a lithospheric mantle was present in the Miocene, it implies 
further change since that time, as seismic velocities indicate that cold and strong upper man-
tle occurs beneath the thick crust in southern Tibet. Here we describe peridotite xenoliths 
entrained in Middle Miocene ultrapotassic lavas from Sailipu, southern Tibet. The results 
suggest the existence of hot, highly metasomatized lithospheric mantle beneath southern Tibet 
during the Middle Miocene, and thus support the idea that convective thinning of the litho-
sphere was responsible for the uplift of the plateau. The relict mantle was later removed or 
squeezed northward by the underthrusting Indian continental lithosphere, which terminated 
magmatism in southern Tibet and played a role in creating the entire plateau.
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Figure 1. Sketch map of main tectonic units and distribution of potassic rocks of 
various ages in Tibetan Plateau, modifi ed after Chung et al. (2005). Inset shows 
location of Tibet in regional context. Localities of mantle peridotite (Sailipu) and 
crustal xenoliths (Xigaze and Yibuchaka) are also shown. STDS—South Tibet De-
tachment System; IZS—Indo-Zangpo suture; BNS—Bangong-Nujiang suture; JS—
Jingsha suture; F.—fault; W.—West; S.—southern.  
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GEOLOGICAL SETTING
In southern Tibet, Cenozoic ultrapotassic 

rocks commonly crop out along north-south−
trending normal faults (Fig. 1), and their occur-
rence is limited to the area west of long 87°E 
(Zhao et al., 2009). The ultrapotassic rocks show 
features in both trace elements and isotopes that 
suggest that these magmas were derived from 
a highly metasomatized lithospheric mantle 
(Turner et al., 1996; Chung et al., 1998; Miller 
et al., 1999; Ding et al., 2003; Williams et al., 
2004; Zhao et al., 2009). Their unradiogenic 
Nd isotopes imply that the metasomatic events 
could be as old as 1.9–2.9 Ga (Zhao et al., 
2009). The ultrapotassic lavas that crop out in 
the Sailipu basin were erupted ca. 17 Ma (Zhao 
et al., 2008, 2009). Mantle xenoliths entrained 
in these lavas are very small, with diameters 
<1 cm. They are mainly harzburgites composed 
of 70%–85% olivine, 10%–25% orthopyrox-
ene, and <5% clinopyroxene + spinel; phlog-
opite is as much as 5% by volume in several 
xenoliths. Neither garnet nor kelyphite has been 
observed in any of the xenoliths. The Sailipu 
xenoliths display equigranular to porphyro-
clastic textures. Phlogopite is the only hydrous 
mineral present in the Sailipu xenoliths, and 
commonly shows reactive textures with spinel 
(see the GSA Data Repository1).

GEOCHEMICAL RESULTS
Olivine in all Sailipu xenoliths but two (SLP-

26 and SLP-34) has distinctly higher Mg# [Mg/
(Mg + Fe)] than the olivine phenocrysts in the 
host lavas (Fig. 2), i.e., 0.87–0.90 versus 0.69–
0.81, respectively. The olivines from the xeno-
liths also contain lower CaO (0.05%–0.09%) 

and MnO (0.12%–0.16%), but higher NiO 
(0.37%–0.44%) than the phenocrysts (0.14%–
0.47%, 0.24%–0.44%, and 0.13%–0.28%, 
respectively). Olivine in both SLP-26 and SLP-
34 has lower Fo (82.3–82.5) and NiO (0.21%–
0.28%) but higher CaO (0.15%–0.16%) and 
MnO (0.24%–0.25%) contents than the other 
Sailipu xenoliths. Olivine in sample SLP-13 
shows compositional zonation and the rim has a 
composition similar to the olivine phenocrysts.

Orthopyroxene in the Sailipu xenoliths has 
Mg# values ranging from 0.85 to 0.91, and con-
tains 0.72%–1.53% CaO and 1%–5.03% Al2O3. 
Clinopyroxene with Mg# of 0.84–0.89 contains 
19.03%–20.8% CaO, 0.9%–5.71% Al2O3, and 
0.25%–0.62% Na2O. Equilibrium temperatures 
of 1069–1248 °C have been obtained using 
the two-pyroxene geothermometer (Brey and 
Köhler, 1990).

Spinel showing reaction texture with phlogo-
pite has Cr# [Cr#/(Cr + Al)] of 0.11–0.13 and 
contains 0.12%–0.32% TiO2, whereas spinel in 
both SLP-17 and SLP-26 without reaction tex-
ture has Cr# of 0.32–0.36 and contains 0.52%–
0.58% TiO2. Phlogopite in the xenoliths has Mg# 
= 0.82–0.93, which is higher than the phlogopite 
phenocrysts from the host lavas (0.61–0.8). The 
phlogopites in the xenoliths have lower TiO2 
contents than the phenocrysts, i.e., 1.47%–5.1% 
versus 5.92%–9.85%, respectively.

Clinopyroxene displays upward-convex rare 
earth element (REE) patterns with small nega-
tive Eu anomalies (Fig. 3A). The middle (M) 
REEs are enriched over both light (L) and heavy 
(H) REEs, giving (La/Yb)n ratios of 3.0–7.8, 
(La/Sm)n of 0.3–1.6, and (Sm/Yb)n of 2.6–15.5 
(n is CI chondrite normalized). Clinopyroxene 
also is strongly enriched in large ion lithophile 
elements (LILEs Rb, Th, and U) and depleted in 
high fi eld strength elements (HFSEs Zr, Hf, Nb, 
and Ta). The negative Sr, Nb, Ta, Zr, Hf, and Ti 
anomalies shown by the clinopyroxene mimic 
the characteristics of the ultrapotassic lavas 
from southern Tibet (Fig. 3B).

DISCUSSION
The constituent minerals of the Sailipu man-

tle xenoliths have iron-rich compositions com-
pared to mantle peridotites from typical alkali 
basalt localities (Thompson and Gibson, 2000). 
This raises the possibility that the xenoliths 
represent cumulates of the host magmas, rather 
than lithospheric mantle. However, several lines 
of evidence support the derivation of the xeno-
liths from the lithospheric mantle.

Both olivine and phlogopite in the Sailipu 
xenoliths have compositions markedly different 
from the phenocrysts in the host lavas. Olivine 
in the xenoliths has Mg# and NiO contents dis-
tinctly higher than the olivine phenocrysts in the 
host lavas (Fig. 2), as well as lower CaO and 
MnO. The CaO, NiO, and MnO contents of the 

olivines in the xenoliths are typical of olivine 
in mantle peridotite xenoliths in alkali basalts 
worldwide (Ryan et al., 1996). In particular, 
olivine in most Sailipu xenoliths has CaO con-
tents distinctly lower than those of magmatic 
olivines (Fig. 2), which commonly have CaO 
contents >0.15% (Thompson and Gibson, 
2000). Olivines in samples SLP-26 and SLP-34, 
with compositions similar to the olivine phe-
nocrysts in the host lavas, either resulted from 
the pervasive reaction of olivine with the meta-
somatizing melts or were segregated from the 
host lavas. The compositions of phlogopites in 
the Sailipu mantle xenoliths are similar to those 
of phlogopites of a metasomatic origin in mantle 
xenoliths (O’Reilly and Griffi n, 1988). Further-
more, phlogopite in Sailipu mantle xenoliths 
shows reaction textures with spinel, refl ecting 
its formation during melt metasomatism.

Although the Mg# values of olivine in the 
Sailipu xenoliths are lower than those of oliv-
ine in most mantle peridotite xenoliths from 
basalts, they are similar to those of olivine in 
the Fe-rich mantle xenoliths (Fig. 2), which 
have been interpreted as the products of melt 
metasomatism. The presence of phlogopite 
with reaction textures suggests that the Sailipu 
xenoliths have been modally metasomatized 
by K-rich fl uids and/or melts. Metasomatism 
is also supported by the trace element compo-
sitions of clinopyroxene, which show strong 
enrichment in LILEs, but depletion in HFSEs 
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1GSA Data Repository item 2011275, Figure DR1 
and Tables DR1−DR4, is available online at www
.geosociety.org/pubs/ft2011.htm, or on request from 
editing@geosociety.org or Documents Secretary, 
GSA, P.O. Box 9140, Boulder, CO 80301, USA.

Figure 2. Plot of CaO versus Mg# of olivine 
from both Sailipu mantle xenoliths and ul-
trapotassic host lava. Data on olivine from 
normal mantle peridotites (Thompson and 
Gibson, 2000) and Fe-rich mantle xenoliths 
(Lee and Rudnick, 1999; Ionov et al., 2005) 
are shown for comparison.

Figure 3. A: Rare earth element and clino-
pyroxene from Sailipu mantle xenoliths, 
normalized to CI chondrite (Anders and 
Grevesse, 1989). B: Trace element patterns. 
Trace element compositions of ultrapotassic 
rocks in southern Tibet are from Zhao et al. 
(2009). Model melts in equilibrium with clino-
pyroxenes are calculated using partition co-
effi cients from Foley et al. (1996).
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(Figs. 3A and 3B). The pronounced depletions 
of HFSEs (e.g., Nb, Ta, and Ti) in clinopyrox-
ene suggest that the metasomatic melts should 
be subduction related rather than asthenosphere 
derived (Turner et al., 1996). Negative Eu and 
Sr anomalies are ubiquitous in the clinopyrox-
enes of the Sailipu mantle xenoliths, suggesting 
that the metasomatic agents were derived from a 
source in which plagioclase is a residual phase. 
The subducted Indian continental material is 
the most likely candidate. Previous studies have 
demonstrated that the Sr-Nd isotopic character-
istics of the ultrapotassic rocks in southern Tibet 
also require the involvement of the Indian con-
tinental materials in their source (Turner et al., 
1996; Miller et al., 1999; Ding et al., 2003; Zhao 
et al., 2009).

The Sailipu peridotite xenoliths provide some 
constraints on the thermal state of the mantle 
lithosphere beneath the Tibetan Plateau during 
the Middle Miocene. The absence of garnet 
makes it impossible to precisely estimate the 
depths from which the Sailipu mantle xenoliths 
were derived. However, the following evidence 
suggests that the xenoliths stem from depths of 
50–65 km. Coeval with the ultrapotassic rocks 
(26–8 Ma), collision-type adakites were also 
emplaced throughout southern Tibet between 
ca. 30 and 9 Ma (Chung et al., 2009). It has been 
suggested that these adakites were generated 
by melting of the thickened lower crust, which 
implies that the continental crust in southern 
Tibet had already achieved a thickness >50 km 
before the Miocene (Chung et al., 2003; Hou et 
al., 2004). A thickened crust in southern Tibet 
during the Middle Miocene is also supported 
by the granulite xenoliths entrained in ultrapo-
tassic rocks (Chan et al., 2009). However, the 
absence of garnet and kelyphite indicates that 
the Sailipu mantle xenoliths should derive from 
depths shallower than the spinel-garnet transi-
tion (i.e., <65 km). Therefore, high equilibrium 
temperatures of the Sailipu xenoliths (1069–
1248 °C) point to a hot geotherm for the litho-
spheric mantle beneath southern Tibet during 
the Middle Miocene (Fig. 4). In combination 
with thermal data of the crustal xenoliths (Ding 
et al., 2007; Chan et al., 2009), we suggest that 
the entire lithosphere in southern Tibet had a hot 
geotherm during the Middle Miocene.

The hot geotherm in southern Tibet could be 
achieved through the upwelling of hot astheno-
sphere during the Miocene, as a response to the 
removal of the lower portion of the thickened 
Asian lithospheric mantle, i.e., the convective 
thinning processes. The metasomatism of the 
Asian lithospheric mantle during the oceanic 
and continental subduction may have enhanced 
the convective thinning processes. Mineral com-
positions of the Sailipu mantle xenoliths suggest 
that the lithospheric mantle became iron rich as 
a result of melt metasomatism. The density of 

lithospheric mantle negatively correlates with 
the Mg# of the constituent minerals (Poudjom 
Djomani et al., 2001). Therefore, melt metaso-
matism would lead to a denser lithospheric man-
tle. However, metasomatism by hydrous melts 
and/or fl uids, as indicated by the formation of 
phlogopite, would decrease the viscosity and 
thus weaken the lithospheric mantle (Pollack, 
1986; Li et al., 2008). Once the Asian litho-
spheric mantle was thickened, its lower portion 
became gravitationally unstable and could be 
convectively delaminated (Molnar et al., 1993).

The compositions of the Sailipu xenoliths 
confi rm the existence of hot metasomatized 
lithospheric mantle beneath southern Tibet 
during the Middle Miocene. The temperatures 
estimated for the Sailipu mantle xenoliths are 
higher than the solidus of wet mantle peridotites 
(Fig. 4). Therefore, small degrees of melting 
could have occurred in the lithospheric mantle 
beneath southern Tibet during the Middle Mio-
cene, giving rise to the ultrapotassic rocks. 
However, the potassic rocks probably were not 
produced by low-degree melting of an enriched 
lithospheric mantle, represented by the Sailipu 
xenoliths, in the spinel stability fi eld. Using 
the Dcpx/melt from Foley et al. (1996), the calcu-
lated trace element compositions of an alkali-
rich melt in equilibrium with clinopyroxene 
in the Sailipu xenoliths matches well with the 
measured compositions of ultrapotassic lavas 
in both LREEs and MREEs, but they have dis-
tinctly higher HREE contents (Fig. 3A). This 

problem can be reconciled by melting of the 
mantle at higher pressures, i.e., in the garnet 
stability fi eld. Previous studies have suggested 
that the ultrapotassic rocks in southern Tibet are 
mixtures of melts derived from a metasomatized 
mantle source at different depths with a contri-
bution of low-volume melts of a metasomatized 
mantle within the garnet stability fi eld (Miller et 
al., 1999; Ding et al., 2003; Zhao et al., 2009). 
The enriched lithospheric mantle may have been 
delaminated, and sank into the asthenosphere, 
during which it was heated, resulting in melting 
(Holbig and Grove, 2008).

The genesis of ultrapotassic rocks by low-
degree melting of an enriched mantle would be 
consistent with a link between the ultrapotassic 
volcanism in southern Tibet and the removal of 
the lower portion of thickened Asian lithosphere 
(Turner et al., 1993; Chung et al., 1998; Wil-
liams et al., 2001). This would in turn support 
the convective removal model, which has been 
proposed to account for the uplift of the Tibetan 
Plateau (Molnar et al., 1993; Turner et al., 
1993). Furthermore, convective thinning also 
created space that allowed the Indian cratonic 
lithosphere to start underthrusting northward 
(Chung et al., 2005). The remnant Asian mantle 
may later have been removed or squeezed north-
ward by the underthrusting Indian continental 
lithosphere, which has now reached a position 
beneath the Bangong-Nujiang suture (Owens 
and Zandt, 1997; Tilmann et al., 2003; Nábělek 
et al., 2009). Indian underthrusting would have 
gradually shut off heat from the asthenosphere 
under the Lhasa terrane and terminated volca-
nism in southern Tibet ca. 8 Ma (Chung et al., 
2005; Chan et al., 2009). This scenario also 
provides a mechanism that maintains the high 
topography of the southern Tibetan Plateau, and 
could squeeze the deep lithosphere below the 
Qiangtang and Songpan-Ganze terranes, thus 
leading to lithospheric deformation and north-
ward growth of the Tibetan Plateau.

CONCLUSIONS
Peridotite xenoliths entrained in the Sailipu 

ultrapotassic rocks were derived from litho-
spheric mantle rather than representing cognate 
cumulates of the host lavas. Their compositions 
confi rm the existence of hot, wet, and thinned 
mantle lithosphere beneath southern Tibet dur-
ing the Miocene. All these characteristics sup-
port the view that the thickened Asian litho-
spheric mantle had been convectively thinned 
by the Middle Miocene, and that this removal 
led to the uplift of the Tibetan Plateau.
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