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Post-collision, Shoshonitic Volcanism on
the Tibetan Plateau: Implications for

Convective Thinning of the Lithosphere
and the Source of Ocean Island Basalts

Potassic volcanism has been widespread and semi-continuous on
the Tibetan plateau since ~13 Ma, post-dating the orogenic
thickening of the India—Asia collision. Volcanism may have
commenced slightly earlier (~16-20 Ma) in the southern
portion of the plateau and then ceased around 10 Ma. The
dominant lavas are pyroxene- and plagioclase-phyric shoshonites
with subordinate occurrences of dacites and rhyolites. Their
mineralogy reflects  crystallization  from  high-temperature
( €1100°C) magmas which had elevated oxygen and water
Jugacities. Geochemically, they are characterized by relatively
low T10,, Al;05 and Fe;03, and high NayO, coupled with
variable abundances of compatible trace elements and very high
contents of incompatible trace elements. Normalized incom-
patible element patterns have marked negative Nb, Ta and Tq
anomalies whereas K,0 appears to be buffered at ~ 4% over a
wide range of St0,. Isotope data show a relatively broad and
enriched range of ¥ Sr/™Sr (0-7076-0-7106) at more restricted
Eng (—9:2 to —8-1). Pb isotopes are characterized by a range of
27 pps?py (15-51-15-72) and 2 Pb/*™ Ph (38-67~39-30)
at very uniform “°°Pb/*™ Pb (18-39-18-83), leading to vertical

arrays. Volcanics from the southern parts y{ lateau have
more primitive isolopic composztwn.r Sr 0-7046-
0-7080, exg 14 to 208py, zf’”Pb 18-48-18-67,

2”7Pb/2’”Pb 15-59-15-68 and me/ Pb 38-73-38-98.

In general, the geochemical and isotopic data most closely
approximate partial melling arrays, although fractionation
processes have clearly operated. The isotopic ratios and the
enrichment of incompatible elements and LREE/HREE cannot
be derived from a depleted mantle source via a single-stage

*Corresponding author.

melting process. Instead, a metasomatized, garnet peridotite
source containing ~6% phlogopite is required and this is
inferred to lie within the lithospheric mantle. The enrichment in
incompatible elements in this source must have been sufficiently
ancient to generate the observed isotopic ratios, and Nd depleted
mantle model ages suggest this was Proterozoic in age (~I-2
Ga), whereas Pb model ages record an Archaean event,
suggesting the source had a multi-stage enrichment history. The
negative Ta, Nb and Ti anomalies and low Rb/Ba suggest that
metasomatism may have occurred during an ancient subduction
episode. The high “®°Pb/***Pb, 2’Pb/*™Pb and low Nb/U,
Ce/Pb of the Tibetan shoshonites are distinct from ocean island
basalts. Thus, if convectively removed lithospheric mantle
provides a source for ocean island basalts, it must differ
significantly from the source of the Tibetan shoshonites.

A lithospheric mantle source for the volcanism places import-
ant constraints on geodynamic models for the evolution of the
Tibetan plateau and the India—Asia collision. For likely thermal
Structures beneath the plateau, the temperatures required to
irigger melting within the lithospheric mantle can only be
plausibly obtained if the lower parts of the lithospheric mantle
were removed by convective thinning. This is consistent with
recent models which inpoke the same process to explain the current
elevation and extensional deformation of the plateau. The age
data suggest this occurred at ~13 Ma and the duration of
volcanism may be explained by continued conductive heating since
that time. Poorly sampled but slightly older volcanics from the
southern portions of the plateau may indicate that convective
thinning began in the south and migrated northwards. Rapid
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uplift of the plateau may have resulted in increased rates of
chemical weathering, which led to global cooling, as indicated by
oxygen isotope data from Atlantic sediments.

KEY WORDS: climate; lithospheric mantle; OIB; Tibet; volcanism

INTRODUCTION

The India—Asia collision and the resultant Himalaya
provides the best modern example of continental
collision plate tectonics. Associated with the
development of this orogen, and formed as a con-
sequence of the continuing indentation of India into
Asia, is the problematic Tibetan plateau, which has
had a central role in the development of recent
models for the mechanics of mountain belts (e.g.
England & Houseman, 1988, 1989) and Cenozoic
climate change (e.g. Raymo & Ruddiman, 1992;
Kutzbach et al., 1993). The evolving tectonic regimes
of orogenic belts are typically marked by changes in
the composition of associated magmatism, and the
India—Asia collision has provided a type example of
the progression through geochemically distinctive
pre-, syn- and post-collision magmatism (Harris et
al., 1986). Post-collision, potassic magmatism is a
common feature in many collisional orogens around
the world and, although in a thermal context its
origin is poorly understood, it often has similar
characteristics irrespective of location and age
(Pearce et al., 1984; Harris et al., 1986; Turner ¢t al.,
1992). Clearly, the potassic volcanism that post-
dates collision, and is still active on the Tibetan
plateau today, provides a potentially important
window into the deep thermal and compositional
structure of the India—Asia orogen.

Various earlier studies have documented the
existence of the Tibetan post-collision volcanism
(e.g- Coulon et al., 1986; Pearce & Mei, 1988; Deng,
19894, 19894; Liu & Maimaiti, 1989; Arnaud e al.,
1992; Turner et al., 1993); however, most have pro-
vided only limited analytical data. To provide the
first comprehensive data set we include these data
and additionally, analyses of samples collected by W.
M. Deng during the 1987-1988 Academia Sinica
field expeditions, samples collected by J. Liu and
samples collected by N. Arnaud during the 1989
1990 Sino-French geotraverses. In conjunction with
data published by McKenna & Walker (1990) and
Coulon ¢t al. (1986), this constitutes all available
data to our knowledge. The volcanic rocks are first
described according to age, location and compo-
sition, then the constraints on their source region are
discussed. Finally, these observations are used to
assess this volcanism in the context of geodynamic
models for the evolution of the India—Asia collision
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and the Tibetan plateau and the source regions of
ocean island basalts.

GEOLOGICAL SETTING

The Tibetan plateau forms the most prominent
topographic structure on Earth. Surrounded by
high-altitude ranges on all sides except to the east, its
average altitude exceeds 5000 m over an area
greater than 10° km?. The plateau is bounded to the
north by the Tarim basin, and to the south by the
Himalaya (extending to the west in Pakistan as the
Karakorum range). The structure of the plateau is
one of a tectonic collage of continental blocks
accreted to the southern margin of Eurasia during
successive ocean basin closures since the Permian.
From north to south, the four main crustal blocks
are Kunlun, Songban-Ganzi, Qjangtang and Lhasa,
with the broadly accepted ages for these collisional
events being late Permian for Kunlun—-Songban, late
Triassic to early Jurassic for Songban—Qiantang and
late Jurassic for Qiangtang—Lhasa (Dewey et al,
1988). In the present tectonic setting these blocks are
disrupted by the sinistral strike slip Altyn-Tagh fault
marking the northern limit of Tibet and western
limit of the Kunlun block, and the dextral strike slip
Karakorum fault to the south and west (Fig. 1).
Successive stages of the India—Asia collision and
accretion of the Tibetan plateau were accompanied
by specific magmatic associations. During the Cre-
taceous and Palaeocene, India moved northwards
towards Asia via subduction of Tethyan oceanic crust
beneath Asia. This was accompanied by voluminous
calc-alkaline arc magmatism from ~120 to 50 Ma
(Debon et al., 1986; Harris ¢t al., 19884, 1988b; Pearce
& Mei, 1988), now exposed parallel to, and just
north of the main mantle thrust which lies at the
southern edge of the Tibetan plateau. Continental
collision started in the Early Tertiary (~55 Ma) to
the west (in Pakistan) and spread progressively
toward the east. The absence of any oceanic basin
remnants after 50 Ma, and the decrease in speed of
the northward drift of India, show that continental
collision was under way along the whole southern
margin of Eurasia by that time, involving crustal
thickening, obduction of oceanic crust and partial
underthrusting of the Indian continent beneath Asia.
During the last 50 Ma, India has moved northwards
with respect to Asia at a constant rate (4-5 cm/yr)
indenting Asia by >2000 km. This has apparently
been accommodated by internal deformation
(Houseman & England, 1994; Jin et al., 1994; Hirn &
al., 1995) of India and Asia and formation of the
Tibetan plateau. A second pulse of magmatism,
recorded by crustally derived peraluminous leuco-
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Fig. 1. General map of the India-Eurasia collision zone and Tibetan Plateau, showing the terranes (dashed lines) which make up the

plateau, the area of high mantle temperatures inferred from seismic data (shaded region) and the distribution of potassic volcanism

[modified from Arnaud {1992) and based on remote sensing data from Spot and Landsat images as well as the China geological map

from the Academia Sinica]. Ages [from Tables | and 2; 4 Ma age for Ulugh Muztagh (arca VI) from Burchfiel ef al. (1989)] are shown

in heavy numerals, sub-areas in roman numecrals. The sub-areas can be grouped into a northwestern region (areas [-1V), a northeastern
region (areas V-IX) and a southern region (areas X and XI).

granites (e.g. France-Lanord & Le Fort, 1988; Harris  (Shackelton & Chang, 1988). Seismic data indicate
& Massey, 1994) emplaced at ~20 Ma in the central that the crust of the plateau has since been thickened
High Himalaya most probably reflects increasing to approximately twice normal thickness (~70 km)
temperatures in the thickened crust coupled with although considerable lateral thickness variations are
decompression (e.g. Harris & Massey, 1994) that has inferred (Molnar, 1990). Low shear-wave velocities
been associated with the onset of rapid exhumation of and high attenuation indicate that the north—central
the Himalaya (e.g. Copeland et al., 1987, 1990; part of the plateau, where the crust is thinnest (50—
Burchfiel et al., 1989). 60 km), is underlain by anomalously hot mantle and

In contrast to the Himalaya, the central Tibetan here Moho temperatures may approach 1000°C
plateau was generally devoid of magmatic activity (Brandon & Romanovitz, 1986; Molnar, 1988).
between 90 Ma and the Mid-Miocene, since which Importantly, the plateau is currently undergoing
time it has become the site of widespread (Fig. 1), east-west extension (~1%/m.y.) on north—south
but small volume, eruptions of potassic basalts and normal faults despite the continuing convergence of
lesser felsic lavas (e.g. Coulon et al., 1986; Pearce & India and Asia (Armijo et al., 1986; Mercier ¢t al.,
Mei, 1988; Liu & Maimaiti, 1989; McKenna & 1987; Kidd & Molnar, 1988; Maluski et al., 1988;
Walker, 1990; Arnaud e al., 1992; Turner ¢t al., Pan & Kidd, 1992; Coleman & Hodges, 1995). Ter-
1993). The southern plateau preserves Cretaceous to tiary thrust faults indicate that the plateau was
Early Eocene fossiliferous limestones, indicating it under compression for most of the Tertiary and
was at sea-level before collision (Norin, 1946; Li ef extension appears to have commenced around 14-10
al., 1981), and a Mid- to Late Miocene pediplain Ma (Mercier et al., 1987; Maluski ¢t al., 1988; Pan &
indicating a lack of exhumation since that time Kidd, 1992; Coleman & Hodges, 1995).
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AGE AND GEOGRAPHIC Table 1: Published K—Ar age
DISTRIBUTION OF THE determinations on Tibetan lavas
LAVAS
The distribution of potassic volcanic samples Sampleno. Location Age Reference
obtained from the Tibetan plateau is divided into 11
sub-areas in Fig. 1. In detail, volcanism crosses K89G185 ! 56 1
several major tectonic and morphologic terranes and  K89G197 ' 6-4 1
is rarely associated with clear tectonic structures, K89G200 ' 36 1
such as grabens or normal faulting. Exceptions are Kp23-1 l 1-2 2
the Ashikule area (IV) and the Ulugh Muztagh area  Kp24-1 n 2-02 2
(VI), which seem to occupy large pull-apart basins. «713 v 0-4 3
To simplify the remaining discussion, the 11 areas k716 v 02 3
are grouped into three large geographical regions, 718 v 03 3
two in the north and one in the south (see Fig. 1). k720 W 07 3
Areas I-IV make up the northwestern region, (723 W 06 3
whereas the greatest concentration of volcanism is k735 v 03 3
located in the c.cntral northeastern region (areas V— 534 W 0-6 3
IX), where hlgh mantle temperatures and 'the Kp12-4 v 0-07 2
presence of partial melt are inferred from inefficient kp10-3 v 16 2
S, wave propagation (Molnar, 1988; Hirn et al.,
) X Bg 121 VI 14 2
1995). Finally, the volcanics from the southern
; Kp35-10 Vil 1-07 2
plateau are represented by the Shiquanhe (area X)
. . couL 328 Xl Oct-16 4
and Maquiang (area XI) volcanics.
. . . K89G159 X 16 1
Table 1 summarizes the existing age data which, .
with the exception of the work of Coulon et al. K89G162 X 8 !
K83G163 X 20 1

(1986), largely employed the K—Ar method. As ;Jart
of this study, new laser whole-rock fusion *Ar-"Ar
age data were obtained on lavas from the north—
central part of the plateau where few age data were
previously available. The data fall within the age
range of the existing data but are concentrated
around 8-13 Ma (Table 2). Combining these data
with those already in the literature, and excluding
for the moment data from the southern part of the
plateau, and one K—Ar age of 16 Ma in area V, the
data span a period from 13 Ma to the present; an
eruption occurred in the Ashikule area in 1951 (Liu
& Maimaiti, 1989). There appears to be little sys-
tematic geographical distribution to the volcanism
and although no age older than 5 Ma is recorded in
the northwestern region, young deposits are found
throughout the northern plateau. Locally mafic and
silicic volcanics are sometimes associated in a
restricted area (areas I or VIII, for example) and
where these have been dated they showed roughly
the same age, implying bimodal volcanism. Owing
to the limited age data available it is not possible to
interpret any pattern to the intensity of this vol-
canism.

Although the.data are limited, there is some sug-
gestion that voleanism commenced (and apparently
ceased) earlier in the southern parts of the plateau,
with no ages younger than 10 Ma yet recorded;
Coulon et al. (1986) reported **Ar—*°Ar step heating

1, Arnaud (1992); Amaud et a/. {1992). 2, Deng (1989b). 3, Liu &
Maimaiti (1989). 4, Coulon et &/. (1986).

ages on mineral separates from lavas in the
Maquiang area (XI) near Lhasa that range from 10
to 16 Ma, whereas K—Ar ages on intermediate-silicic
volcanics from the Shiquanhe area (X) in the
southwest lie in the range 16—20 Ma (Table 1). This
apparent northward younging is shown dia-
grammatically in Fig. 15a, below; unfortunately,
despite the occurrence of numerous volcanic fields in
the central southern part of the plateau (Fig. 1),
there are as yet no samples or age data to confirm
the duration of volcanism in these southern parts of
the plateau. Collection of such samples is now a high

priority.

PETROLOGY

The morphology of eruptive centres and units varies
considerably, from numerous perfectly preserved
cinder cones to highly eroded pyroclastic deposits
(Fig. 2a). Well-preserved maars and large collapse
structures associated with pyroclastic flows have
tentatively been recognized on satellite images. The
volcanics are undeformed and some are inter-
stratified with recent clastic alluvial deposits, as is
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Table 2: New laser Ar—Ar whole-rock age determinations on Tibetan lavas

Sample Location ¥ap Ca/K %A “Oart ;8 Ar E Age (Ma) *

k9006 Vil 4275 056 70 56-90 1-38 87 0-2
k9006 vilk 4-448 0-66 70 58-36 1-39 90 0-2
k9007 Vil 5-308 075 37 7666 175 117 0-3
k9007 Vil 3984 1-00 38 9813 231 15-0 0-4
k9008 Vil 7088 056 96 61-76 0-76 94 01
k9008 Vit 5162 054 97 61-49 111 93 0-2
k9010 Vil 3217 0-60 26 62-42 216 94 0-3
k9010 Vil 4-880 078 17 59-75 2:96 90 0-4
k9016 Vil 6-088 064 83 56-17 0-64 84 01
k9016 Vil 11-819 0-67 84 66-75 063 86 01
k9016 Vil 9270 0-59 84 55-13 0-68 83 01
k9018 Vil 4-670 0-69 19 66-20 1-91 99 03
k9018 Vil 4473 076 21 63-64 1-61 96 0-2
k9021 Vil 3537 063 64 57-36 113 86 02
k9021 vin 4596 067 72 66-88 113 85 02
k9024 1X 5-879 110 22 8812 2-93 13-0 0-4
k9024 Vil 3290 064 40 86-99 279 129 04
k9026 il 4-651 093 84 87-73 103 12:9 0-2
k9026 il 9102 070 85 84-49 073 12:4 01
k9028 Vil 4398 1-57 31 130-14 416 186 06
k9031 Vil 4930 069 83 8329 0-88 119 0-1
k9031 il 7267 077 73 80-89 077 116 0-1
k9032 Vi) 4-467 0-81 97 8183 1-08 118 02
k9032 Vit 10-429 o071 94 82-70 058 19 01
k9038 vi 5080 424 19 6645 924 96 1-3
K9039 vil 5174 119 67 86 97 1-88 12:6 03

*39Ar amounts in 10e—=12 cm® STP.

J values were not optimized for samples with these ages. When initially analysed, these samples were expected to be Quaternary in age, in
common with other samples in the north of Tibet. Selected older samples were re-irradiated at higher flux and yielded ages within error of

those shown above.

the case in the Karakax valley, for example, in area
1 (Arnaud, 1992). The more silicic lavas are pre-
served as tuffs and volcanic plugs.

Despite being scattered over a vast area, the vol-
canics show a striking uniformity of textural and
mineralogical features. The mafic lavas display
typical quench textures, with abundant phenocrysts
(10-40%) embedded in a fine groundmass (Fig. 2b).
Glass is rarely preserved and the groundmass consists
of microcrystalline feldspar, alkali feldspar, pyroxene
and Fe-Ti oxides. Plagioclase, aggregated clinopyr-
oxene and subordinate orthopyroxene are the ubi-
quitous phenocryst phases, along with more minor
Fe-Ti oxides and rare biotite. The most under-
saturated lavas contain olivine and feldspathoids
(Coulon et al., 1986; Deng, 1989a), whereas the more
silicic lavas contain quartz phenocrysts and sanidine

in addition to andesine and occasional biotite, and
their groundmass consists essentially of alkali
feldspar and quartz. The Ulugh Muztagh rhyolites
(area VI) (Burchfiel et al, 1989; McKenna &
Walker, 1990) display rarer mineralogies including
quartz, biotite and tourmaline.

Compositional data on phenocrysts from repre-
sentative mafic samples (S8iO,=55-58%) are given
in Tables 3-7 and used in the following discussion.
Olivine phenocrysts have mg-number ~83 (Table
3). Clinopyroxene phenocrysts are mostly unzoned
magnesian augites (mg-number ~0-74) with high Al/
Ti ratios, whereas the orthopyroxenes are hypers-
thenes (Table 4). Feldspar phenocrysts show a large
compositional range from labradorite to andesine
and sanidine (Table 5) and exhibit prominent com-
positional zonation. Oxides consist of ilmenite and
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a Table 3: Selected olivine analyses

Sample no.: K98G193 K98G193
Si02 39-86 40-09
TiO; 0-04 003
Al;0, 002 001
FeO 16-32 1609
MnO 031 020
MgO 44-42 44-84
Ca0 0-24 020
Ne;0 000 000
K20 000 002
Cr,04 004 003
Total 101:26 101-49
Cations on basis of 4 oxygens
si 0-9951 09964
Ti 0-0008 0-0006
Al 0-0006 0-0002
Fe 0-3409 0-3347
Mn 0-0066 0-0042
Mg 1-6528 1-6609
Ca 0-0083 00053
Na 0-0000 0-0000

Fig. 2. (a) Sub-glacial, basaltic volcanic cone on the northern part K 0-0000 0-0006

Bt dhiuing rmmcans 4l phoets st 1 1 s 0 0007 00008

mai-:':tocrystallirﬁ: gr!:mndmw (aol:acﬁl polars; [\’vidthc;;:iew 4 mm). St 30038 0032

titaniferous magnetite (Table 6), and biotite is a

Mg-rich phlogopite (Table 7). Finally, the crystallization of Mg-rich biotite

The compositional data place someconstraints on
the petrogenesis of the lavas. The olivine phenocrysts
are too Fe rich to have been in equilibrium with
mantle peridotite, indicating that significant
fractionation has occurred, consistent with the pro-
minent compositional zonation of the plagioclase
phenocrysts. The clinopyroxene compositions
indicate temperatures between 900 and 1200°C,
whereas the orthopyroxenes fit closely to the 1100°C
isotherm (Fig. 3a), suggesting that magmatic tem-
peratures were ~ 1100°C. Additionally, the high Alf
Ti ratios of the clinopyroxenes are indicative of
crystallization at medium to high pressures (mid—
lower crust). In comparison, the feldspars conform
only very broadly to a 1000-1100°C isotherm (Fig.
3b), indicating that some alteration or down-tem-
perature equilibration may have occurred. The
oxides are usually altered and exsolved, although
one ilmenite—magnetite pair also records tempera-
tures of ~1100°C (Table 6) and suggests that
oxygen fugacities were elevated above the QFM
(quartz—fayalite-magnetite) buffer (~log fo, ~8°6).

suggests that these were potassium-rich magmas with
significant H,O contents.

GEOCHEMISTRY AND
ISOTOPE SYSTEMATICS

Major and trace element analyses were performed
using standard X-ray fluorescence (XRF) and
instrumental neutron activation analysis (INAA)
techniques  at Clermont-Ferrand (samples
K89G159-200), The Open University (samples
K9001-9039) or Beijing (remaining samples).
Analyses for samples COUL 311, 328 and 338 are
from Coulon et al. (1986). Sr and Nd isotope analyses
on samples K9001-9039 were performed at The
Open University and results from analysis of
standards have been given by Turner et al. (1993). Sr
and Nd analyses for samples K705-K738 were
determined in Beijing. All of the Pb and the
remaining Sr and Nd isotope analyses were per-
formed at Clermont-Ferrand, and details of pro-
cedures and standards have been given by Arnaud et
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TURNER et al.

Table 6: Ilmenite—magnetite pair

(sample K98G193)
Magnetite limenite

$10, 007 0-08
TiO, 9:79 39-39
A0, 193 0-34
FeO 77-87 51-30
MnO 020 3-42
MgO 1-44 2-86
Ca0 0-03 0-08
Nay0O 0-00 010
K,0 0-02 0-06
Cry04 0-07 0-00
Total 91-42 97-63
Catons on basis of 3 and 2 oxygens, respectively

Si 0-0024 0-0015
T 0-2573 0-6372
Al 0-0795 0-0073
Fe 2-2768 0-7783
Mn 0-0059 0-0525
Mg 0-0760 0-0773
Ca 0-0011 0-0016
Na 0-0000 0-0035
K 0-0009 0-0014
Cr 0-0019 0-0000
Sum 2-7009 1-4606

al. (1992). In light of the uncertain age of many
samples and their generally young ages, no age cor-
rection was made to the isotope ratios. Only the Rb—
Sr system is likely to require age corrections for
Tertiary rocks but in the case of the Tibetan lavas
such corrections are trivial because of their low Rb/
Sr ratios. The only exception is the rhyolite sample
K89G197, which has an Rb/Sr ratio of 17-8 (Table
8), and the initial 878r/%®Sr ratio for this sample,
when corrected to 64 Ma (Table 1), is 0-709015
(measured ?’Sr/®*Sr =0-713700, Table 9).

The geochemical data presented in Table 8 show
that all of the samples are potassium rich. On a
conventional Harker diagram of K,O vs 8iO, (Fig.
4a) the samples define a scattered trend between 45
and 75% SiOgq at high KO (generally >3-5%), and
lie almost totally within the shoshonite field as
defined by Peccerillo & Talyor (1976). Despite their
high KyO, however, they are not ultra-potassic,
having K9O/NayO ratios between 0-5 and 2:0 (Fig.
4b), again within the field of shoshonitic magmas.
The mg-number [=MgO/(MgO x0:8+FeO,,)]

VOLCANISM ON THE TIBETAN PLATEAU

Table 7: Selected biotite analyses

Sample no.. K89G193 K89G193 K89G193
SiO2 44-25 42-07 43-05
TiO, 415 4-92 4-60
AL O, 10-64 10-81 10-77
FeO 6-46 6-34 6-74
MnO 008 0-08 0-05
MgO 20-28 20-40 20-88
Ca0 002 0-03 0-01
Na,0 084 0-87 0-75
K0 897 9-05 9-36
Cr04 0-00 003 0-06
Total 95-71 94-61 96-26
Cations on basis of 4 oxygens

Si 6-2475 6 0438 6-0857
Ti 0-4408 05321 0-4890
Al 17714 1-8310 1-7948
Fe 07633 0-7621 0-7974
Mn 0-0100 0-0102 0-0066
Mg 4-2672 , 43688 4-3988
Ca 0-0026 0-0045 0-0011
Na 0-2310 0-2437 0-2058
K 1-6161 1-6591 1-6886
Cr 0-0000 0-0033 0-0052
Sum 15-3499 16-4687 16-4729

ranges from 73 to 10, and SiOy and AlyOj5 increase,
whereas CaO and Fe;Og (which has an inflection at
5% MgO) decrease, with decreasing MgO (Fig. 5).
TiO; (not plotted) shows an inflected trend and the
absolute abundances of Al,O3 and TiO4, are low,
with averages of 13-15% and 1-5-2%, respectively.
K50 and NayO have relatively constant abundances
though K,O is always slightly greater than Na,O
(K9O/N2a,O < 2). The rhyolites broadly lie at the
projected end of the trends defined by the more
mafic compositions, being highly depleted in TiO,,
MgO and CaO, whereas Ky0O and NaO
abundances remain similar to those of the mafic
lavas.

Those trace elements that are compatible in
olivine and clinopyroxene, such as Ni, Cr and Sc, all
decrease rapidly with MgO (Fig. 6), the more mafic
lavas having high abundances (140 p.p.m. Ni, 500
p-p-m. Cr). Falling off this trend are the Ulugh
Muztagh rhyolites and some of the rhyolites from the
Shiquanhe area, which have fairly high Ni (Fig. 6).
Plagioclase is a major phenocryst phase and,
although the absolute abundances of Sr are very
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Ab Or

Fig. 3. Phenocryst composition data from selected mafic lavas
suggest crystallization from relatively primitive magmas at
temperatures in excess of 1000°C. (a) Pyroxene quadrilateral
with method of projection and 5 kbar temperature contours from
Lindsley (1983). (b) Feldspar ternary diagram with 5 kbar
temperature contours from Fuhrman & Lindsley (1988).

high, typically 600—4800 p.p.m. in the mafic lavas,
Sr also shows a positive correlation with MgO (Fig.
6). The rare earth patterns for the mafic lavas do not
show negative Eu anomalies consistent with moder-
ately elevated fo, (Fig. 7).

A characteristic feature of the Tibetan lavas is
their extreme enrichment in all of the incompatible
elements (Table 8). For example, La contents range
from >110 to 540 p.p.m. in the mafic to inter-
mediate rocks, making these among the highest
abundances reported from igneous rocks. Moreover,
some of the highest concentrations are found in the
more primitive samples (Fig. 6). In general,
however, there is only a weak correlation between
incompatible element abundance and indices of dif-
ferentiation such as MgO, and most plots show con-
siderable scatter (Fig. 6). Primitive mantle-
normalized incompatible element diagrams illustrate
the enriched nature of the Tibetan lavas (Fig. 7).
Abundances range from several times primitive
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Fig. 4. Tibetan lavas plotted on (a) a K;0 vs SiO; and (b) a K0
vs Na;O diagram, showing that they are shoshonitic rather than
calc-alkaline or ultra-potassic in character. For the vast majority
of the mafic lavas, K5O remains relatively constant (3:54:5%)
over a wide range of §i0; and Na,O, suggesting buffering by a
residual phase in the source region, most probably phlogopite.
The rhyolites, which are shown as open squares in (a), are not
plotted in (b).

mantle for Y and the HREE, to several hundred
times for Rb, Ba and Th, with steep rare earth
element (REE) patterns and high LREE/HREE
ratio. Significant departures from the overall pattern
are negative anomalies for Sr, Nb, Ta and K which
occur despite their overall very high abundances (see
Fig. 7 and Table 8). Negative Ti anomalies are ubi-
quitous and some samples also have small negative
Ba and Zr anomalies (Fig. 7). The mafic lavas may
be broadly divided into those with higher Rb/Ba
(Fig. 7a) and those with lower Rb/Ba (Fig. 7b).

All of the available samples have been analysed for
Sr, Nd and Pb isotopes (Table 9). The results show a
relatively broad range of high ®’Sr/®Sr (0-7076-
0-7106) at more restricted &ng (=52 to —8:1)
forming a cluster well displaced into the enriched
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Fig. 5. Selected major element—-MgO variation diagrams illustrating the broad compositional range of the Tibetan lavas which extends
back to fairly magnesian compositions (MgO 8-10%). Symbols refer 1o sub-area in Fig. 1, as indicated in the legend.
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Fig. 6. Selected trace element-MgO variation diagrams which have discernible trends about which there is considerable scatter,
particularly in the case of the silicic lavas. Symbols as in Fig. 5.

quadrant relative to bulk Earth (Fig. 8). Nd depleted arrays (Fig. 9) that lic above the northern hemisphere
mantle model ages are much older than the age of the reference line (NHRL), well to the right of the geo-
lavas and show a relatively restricted range between chron. These are unlikely to reflect crustal con-
0-8 and 1 Ga (Table 9). Pb isotopes are characterized tamination, as sediments tend to show a broad range
b‘% a range of 207pp/204pp (15:51-15-72) and in mst[m‘Pb, and this is particularly true of analyses
2%8pp/2%*Pb  (38:67-39-30) at relatively invariant of sediments scattered along the Kunlun Range in
200ph2%Ph (18:39-18-83), leading to near-vertical Tibet (N. O. Arnaud, unpublished data, 1994).
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Fig. 7. Pnmitive mantle-normalized incompatible element
diagrams for the Tibetan lavas, all of which show extreme incom-
patible element and LREE/HREE enrichment and have negative
K, Ta, Nb and Ti anomalies. The mafic lavas can be sub-divided
into those in (a), which have high Rb/Ba, and those in (b), which
have low RbfBa. The available data from the Maquiang lavas are
shown in (b). The patterns for two of the rhyolites are shown in
(c) [Ta is not plotied for the Ulugh Muztagh rhyolites because
the values given by McKenna & Walker (1990) almost certainly
reflect contamination from milling in a tungsten carbide shatter-
box]. Where trace element analyses were incomplete specific
clement abundances were calculated using the relationships
Zr=Hfx 375, Nb=Tax 16, P=8m/[15-5. Normalization factors
from Sun & McDonough (1989).

Inspection of Tables 8 and 9 and Figs 5, 6, 8 and 9
shows that the rocks from the different northern sub-
areas cannot be distinguished on the basis of the
geochemical or isotopic data. In contrast, the mafic
lavas described from the Maquiang area (XI) in the
southern part of the plateau by Coulon ef al. (1986)
show some important differences from the northern
lavas just described. These lavas have higher Al,O3
and lower K;O (Table 8) and much lower abund-
ances of incompatible elements and lower LREE/
HREE ratios, although apart from their positive Sr

& 1
N X |
'_._F |
4 xx
ENg r Ayt ‘
b EM ;«..-.._..,‘
- C_CL,

875y/86 gy

Fig. 8. Present-day eng and %’Sr/®Sr of the Tibetan lavas,
showing their relatively broad and evolved range of Sr/®®Sr at
more restricted éng and indicating that the source of these lavas
must have been enriched and isolated from mantle convection for
a long period to develop these distinct isotopic values (the Nd
depleted mantle models ages are ~0-9 Ga). The lavas from the
southern parts of the plateau have strikingly more primitive
er{‘“Sr and eng whereas the rhyolites have more evolved com-
positions. It should be noted that the Tibetan lavas do not
coincide with the OIB end-members EM I and EM II proposed
by Zindler & Hart (1986); symbols as in Fig. 5.

anomalies, the general shape of their incompatible
element patterns is similar, with negative Nb, Ta
and Ti anomalies (Table 8, Fig. 7b). They also
exhibit more primitive Sr and Nd isotopic composi-

Q
S a
X
= A
¥ uve
Pb P 4.0 Al
Xtk e

b ip

Fig. 9. Pb isotope data from the Tibetan lavas characterized by a

range of 2"Pb/™Pb and 2°®Pb/*™Pb at very uniform 2®Pb/*™Pb,
leading to wvertical arrays displaced well to the right of the
geochron and above the northern hemisphere reference line
(NHRL). The Tibetan lavas do not coincide with the OIB end-
members proposed by Zindler & Hart (1986) and although they
partially overlap with EM II on this diagram, comparison with
Fig. 8 shows that this is not the case for Sr and Nd isotopes.
Symbols as in Fig. 5.
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tions (37Sr/%®Sr =0-7048-0-7064; eng=14 to -3-3),
and lower 2°°Pb/2%*Pb (18:53-18:61), 207p204pp,
(15-59-15-68) and 2°®Pb/***Pb (38-73-38-98).

Finally, the rhyolitic lavas (herein used to refer to
lavas with >63% SiO9) may be conveniently
divided into two groups: those which have in-
compatible element abundances and isotopic ratios
similar to the mafic lavas, and those which have
much lower abundances and very high Rb/Ba ratios
(Table 8, Fig. 7c). The first group include those of
the Shiquanhe area sampled by Arnaud (1992), and
two rhyolitic samples from the Maquiang area. The
second group are exemplified by the Ulugh Muztagh
rhyolites, which have been described in detail by
McKenna & Walker (1990). Most of the rhyolites,
particularly those with 8iOg; >70%, have isotopic
compositions (87Sr/868r ~0:715; &nga ~-—11;
06pp 24Py ~18:7;  'Pb/2*Pb  ~157 and
208pp 2Pl ~39-7) which are consistent with the
interpretation by McKenna & Walker (1990) that
they represent the products of crustal melting. Some,
however, have isotope ratios similar to the mafic
lavas (e.g. COUL 311, Table 9), more in keeping
with a fractionation origin. The petrogenesis of the
rhyolitic volcanics will not be considered further
here, and the reader is referred to McKenna &
Walker (1990) for details about the anatectic
rhyolites, which represent, a crustal isotopic end-
member for the petrogenesds of the remaining, mafic,
more dominant volcanics.

PETROGENETIC
CONSTRAINTS

Given the area of the Tibetan plateau from which
the volcanic rocks have been collected, the available
data preclude detailed petrogenetic modelling.
Instead, the extreme compositions of the lavas can
be used to place constraints on possible petrogenetic
models, as their broad similarities (e.g. Figs 7a and
7b) imply a common origin. Concentrating on the
mafic lavas as indicative of primary melts, they span
a broad range from relatively primitive to highly
evolved compositions (MgO 10-2%), and the major
element trends in Fig. 5 probably reflect the effects
of both partial melting and fractionation. High
values of both Na and K imply derivation by small
degrees of melting and additionally the high K,O
may require the presence of a potassic phase in the
source. The majority of the Tibetan rocks analysed
here have high K70, with KoO/Na,O >1, and are
therefore shoshonitic. K9O is high regardless of the
S104 content of the rock (45-60%, Fig. 4) and this
must reflect control by a potassic phase not only
during fractionation but probably also in the mantle

VOLUME 37

NUMBER | FEBRUARY 1996

source region. Meen (1987) has suggested that K
enrichment in shoshonites can be effected by ortho-
pyroxene-dominated fractionation from a high-
alumina basaltic parent at high pressures, producing
K enrichment but with little increase in SiOy. This,
however, is contrary to the flat trend defined by the
Tibetan data and so K enrichment by fractionation
seems unlikely in this case. Experimental results
(Edgar et al., 1976; Mengel & Green, 1989) indicate
that melts with ~3:5% K,O are saturated in phlo-
gopite at high pressures. This is slightly lower than
the K,O concentration in the Tibet shoshonites but,
allowing for fractionation, is probably similar to the
abundance in their parent magmas. We therefore
interpret the high K,O in the Tibet shoshonites as a
primary feature, reflecting the presence of a potassic
phase, most likely phlogopite, in their source region.
This is further supported by the relatively low
mantle-normalized abundances of K compared with
Th and La in Fig. 7 and the isotope data (see dis-
cussion below).

Some trace element trends, such as the positive
correlation between Ni and MgO, are probably
fractionation related, although many of the in-
compatible elements do not show the negative cor-
relations predicted by crystal fractionation. For
example, the Rb concentration is relatively constant
over a range of MgO from 10 to 2%. La shows a
negative correlation with MgO within many of the
individual sub-area suites but the combined array
shows a decrease with MgO (Fig. 6), suggesting that
there are important regional variations in the source
and degree of melting. The La/Yb ratios are high
and variable, and increase with both La and Yb
abundances. The low HREE abundances reflect the
presence of garnet in the source region, and this can
be further illustrated on a diagram of La/Yb vs La
(Fig. 10a). Samples from the three geographical
regions plot in distinct parts of this diagram. Partial
melting models show that a steep trend, in which La/
YD varies from 10 to 170, can only be produced in
the presence of residual garnet. Subsequent frac-
tionation increases La abundance whereas La/Yb
remains constant, so flat fractionation trends can be
easily distinguished from steep partial melting
vectors. Thus it is clear from Fig. 10a that the effects
of partial melting and source composition were more
important than fractional crystallization in con-
trolling the compositional variation within the
Tibetan lavas. The southern region lavas define a
steep trend with an intercept close to the origin
whereas the lavas of the northeastern region fall
along a flatter trend but at higher La/Yb ratios.
Melting models indicate that such extreme ratios
and abundances could not be produced from the
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La/Yb

Fig. 10. La/Yb vs La, mg-number and *’S¢/*Sr. The strong posi-
tive correlation between La/Yb and La indicates that partial
melting (heavy arrows} was the first-order control on the composi-
tional array of the Tibetan lavas, whereas fractionation (light
horizontal arrows) played a more minor role. This is unlikely to
be a mixing array, because in the mafic lavas there is a large
variation in La{’Yb at relatively constant mg-number and elevated,
but restricted *’Sr/*®Sr. Morcover, some of the most primitive
lavas (high mg-number) have thc highest La/Yb and Sr/%Sr.
On the La/Yb vs La diagram the individual sub-areas (symbols
as in Fig. 5) can be grouped into the threc geographical regions
which form arrays of different slope, suggesting some variation in
their source regions,

same source region as the southern lavas, and this
conclusion is supported by the differences in isotope
ratios between the northern and southern lavas (see
also below). The lavas from the northwestern region
do not define a clear trend but show marked
variation of La/Yb with little variation in La. They
are isotopically similar to those of the northeastern
region and so were probably derived from similar
source regions, with variations in La/Yb being

VOLCANISM ON THE TIBETAN PLATEAU

generated either by different modal abundances of
garnet in the source or young regional variations in
source composition.

The incompatible element patterns in Fig. 7 have
overall concentrations and negative Nb, Ta and Ti
anomalies that are unlike those of any oceanic basalt
known to be derived from the convecting astheno-
sphere. Some of these features, such as the negative
Nb and Ta anomalies, are observed in crustal rocks,
and it is unlikely that the Tibetan magmas could
have traversed through some 70 km of crust without
assimilating some crustal material. However, the
absolute concentrations of incompatible elements
(including Nb and Ta) are much higher than those
typically observed in crustal rocks, and this makes
crustal contamination an improbable origin for these
features. Likewise, the extreme concentrations of Nd,
Sr and Pb in the lavas mean that the isotope ratios of
the lavas are relatively insensitive to contamination.
Moreover, the high Ti]Y and low Rb/Ba of most of
the mafic lavas are features not generally ascribed to
the continental crust and the Tibetan lavas do not lie
on simple mixing lines between crust and astheno-
spheric magmas (Fig. 11). The high abundances of
Sr and the lack of significant Eu anomalies indicate
that the source was plagioclase free and therefore
probably located in the mantle, yet the low Nb/La
ratios, radiogenic Sr and Pb and unradiogenic Nd
confirm the trace element inferences that this source
was distinct from the convecting asthenosphere (Figs
8 and 9). Similarly, the degree of LREE enrichment
and fractionation is too great for these magmas to
have been generated from a depleted niantle source
by a single melting episode. This can be illustrated
using the La/Yb ratio as a general measure of the
incompatible element enrichment in the Tibetan
lavas. For a likely asthenospheric mineralogy and
composition, La/¥Yb will range from 9 to <1 as the
degree of melting increases from 1 to 15%, yet La/
Yb ranges from 10 to 170 in the Tibetan lavas (Fig.
102). This range of La/Yb is uncorrelated with mg-
number; in fact, some of the highest mg-number
lavas have the highest La/Yb (Fig. 10b), demon-
strating that the high La/Yb does not reflect frac-
tionation or combined fractionation and
assimilation. In any case, the Ulugh Muztagh and
Shiquanhe rhyolites, which would provide likely
crustal end-members in such a model, have lower
La/Yb and higher ®’Sr/®®*Sr than most of the mafic
lavas (Fig. 10c). For the mafic lavas themselves
873r/B6Sr is fairly restricted over the large range in
La/Yb (Fig. 10c), again suggesting that partial
melting, and regional source variations, exerted the
dominant control on the minor and trace element
variability within the lavas.
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Fig. 11. Plot of Ti/Y vs Rb/Ba, showing that the elemental

composition of most of the mafic Tibetan lavas is more akin to

small degree mantle melts in equilibrium with residual garnet

(represented by lamproites), than crustally contaminated astheno-

sphere-derived magmas (represented by mixing lines between mid-

ocean ridge basalt (MORB) and upper (uc) and lower (Ic) crust.
Symbols as in Fig. 5.

The most plausible explanation for these com-
bined trace element and isotopic observations on the
Tibetan lavas is that they were derived from
enriched sub-continental lithospheric mantle. The
age of this lithospheric mantle source and its
enrichment can be partially constrained by the
isotope data. Nd model ages based on a depleted
mantle average around 0'9 Ga for the two northern
regions. Allowing for a 30% decrease in the Sm/Nd
ratio during melting, based on distribution coeffi-
cients between melt and a garnet lherzolite assem-
blage, these ages increase to an average of 1'2 Ga,
and range from 0-9 to 13 Ga (Table 9). Model ages
for the southern region basalts are also around 1-2-
13 Ga; thus, in general, the Nd isotope ratios
indicate a Proterozoic source.

The minimum age at which the Pb isotope system
of a sample departed from that of the depleted
mantle can be calculated by drawing secondary iso-
chrons from individual Pb isotope data points to the
intersection between the geochron and the NHRL
(Silver et al., 1988). By contrast with the Nd isotope
results, these Pb model ages are mostly Archaean for
the Tibetan lavas, ranging from 2-2 Ga for the lavas
from the southern region to an average of 3-0 and a
maximum of 3-5 in the northern regions. The
younger model ages of the southern lavas almost
overlap the oldest Nd model ages from this region,
but in general the Archaean ages cannot be recon-
ciled with the Proterozoic age recorded by the Nd
isotopes and suggest that the source of the Tibetan
potassic magmas has had a multi-stage history.
Similar observations have been made in other
potassic provinces (e.g. Fraser et al., 1986; Rogers et
al., 1992) where model ages recorded in volcanic
rocks were related to the ages of significant events in
the evolution of the local continental lithosphere.
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Two-stage modelling of Pb isotopes (following
Stacey & Kramers, 1975), assuming a second-stage
U/Pb fractionation at 12 Ga, indicates that the
magma source region originally sustained a slightly
low p (= 2%%U/*®Pb) environment (82 <p< 8:8) but
following 1-2 Ga, p increased to values between 12
and 14 (Table 9). Similarly, the high values of
208pp 2P, relative to the NHRL (Fig. 9b) suggest
an increase in X (Th/U) relative to the bulk Earth
value of 3-6. Again assuming Th/U fractionation at
1-2 Ga, the present values of “®Pb/***Pb imply a
modest increase in K from 3:6 to 3-8. This compares
with an average Th/U ratio in the lavas of 9 and a
total range between 7 and 12, implying a dramatic
increase in the Th/U ratio during melting, consistent
with magma generation by small melt fractions in
the presence of garnet (Beattie, 1993). However, the
mobility of U during weathering and alteration must
also be taken into account, suggesting that the
present Th/U ratios may not represent primary
values.

Sr model ages based on a depleted mantle and
measured Rb/Sr ratios in the lavas are extremely
variable and, whereas mean model ages for the three
regions are between 11 and 1-8 Ga, maximum
values may be greater than the age of the Earth.
This variability reflects variations in the Rb/Sr ratios
of the lavas rather than the l?'A"Sr,l‘“ﬁSr ratio, which
has a relatively restricted range from 0:705 to 0-711.
The Rb/Sr ratio is easily fractionated during mag-
matic evolution, and this is particularly so in potassic
rocks in which phlogopite is a phenocryst phase. Rb/
Sr generally increases with SiO; in the Tibetan
lavas, but in those samples with <55% SiO, it
averages 0-072, implying that the primary magmatic
value is <0-1. If Rb/Sr fractionation in the source
region is also assumed to have occurred at 1'2 Ga
then the - measured %'Sr/%*Sr ratios require an
average source Rb/Sr ratio of 0-14, almost double
that measured in the least evolved samples and
implying that the Rb/Sr ratio was reduced during
melting. In an earlier section, it was suggested that
the high content of KO of ~4% in the majority of
the shoshonites implied the presence of a residual
potassic phase, possibly phlogopite, in the magma
source region. This conclusion is supported by the
isotopic arguments presented here which indicate the
Rb behaved more compatibly than Sr during melt
generation. Moreover, the two-fold fractionation of
the Rb/Sr ratio between the source and melt implies
a bulk Dgy, during melting of ~0-2, assuming Ds; of
0-1. Further assuming that Dgy between phlogopite
and melt is 3-3-5 (e.g. Henderson, 1982), this
implies a source region with ~6% phlogopite and
therefore a K70 content of ~0:6%. Such values are
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not uncommon in modally metasomatized xenoliths
sampled by kimberlites; for example, the PP samples
from Erlank et al. (1987) range from 0-11 to 2:07%
KoO with an average content of 0:8% K,O.

In conclusion, the trace element and radiogenic
isotope data measured in the Tibetan shoshonites
can be reconciled with derivation from a Proterozoic
mantle lithospheric  source region. Element
enrichment at 1'2 Ga resulted in increased U/Pb,
Rb/Sr and Th/U, and decreased Sm/Nd ratios
relative to depleted mantle, and the stabilization of a
phlogopite-bearing mineral assemblage. Never-
theless, the Pb isotope data seem to require an

Archaean component, implying a multi-stage
history.
DISCUSSION

Although the petrogenetic model presented for the
Tibetan volcanism is very general, it places con-
straints on a diverse range of geological problems
ranging from the mechanics of mountain building to
climate change, the source of ocean island basalts
and the composition of the sub-continental litho-
spheric mantle.

The composition of the Tibetan
sub-continental mantle lithosphere

The implication from the volcanic data is that parts
of the Tibetan sub-continental lithospheric mantle
were metasomatized and enriched in incompatible
trace elements (including volatiles) during the
Archaean and Proterozoic and thus must be at least
this age themselves. This is in general agreement
with the results from studies of mantle xenoliths and
many flood basalts (e.g. Waters & Erlank, 1988;
Hawkesworth et al., 1990; Turner & Hawkesworth,
1995) and various mechanisms have been proposed
for this metasomatism. McKenzie (1989) proposed
that the sub-continental lithospheric mantle is semi-
continuously being infiltrated by small partial melts
from the asthenosphere which introduce volatiles
and incompatible elements. However, this
enrichment mechanism should equally enrich ele-
ments of similar incompatibility and therefore does
not provide a mechanism for producing the observed
fractionation of Nb, Ta and Ti relative to the rare
earths. In other words, it cannot account for the
negative Nb—Ta and Ti anomalies in Fig. 7. Such
anomalies are characteristics of upper-crustal sedi-
ments, and the incorporation of ancient upper-
crustal sediments into the source region during a
subduction event (e.g. Hergt ¢t al. 1989) might also
account for the Archaean Pb model ages. However,
unless Rb/Ba is strongly fractionated during
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sediment subduction to leave the sediments with low
Rb/Ba, the low Rb/Ba of the majority of the mafic
lavas argues (Fig. 11) against such a role for upper-
crustal sediment.

Negative Nb-Ta and Ti anomalies are also fea-
tures of island arc magmas, and it is suggested that
ancient subduction processes were responsible for the
metasomatism of the Tibetan sub-continental litho-
spheric mantle. Data from metasomatized sub-arc
mantle xenoliths also have negative Ta and Ti
anomalies (Maury et al., 1992), providing some
support. for this model. If this model is correct, it is
intriguing that the different terranes which form the
Tibetan plateau were accreted during successive
Phanerozoic ocean basin closures, because the age of
the metasomatism, as indicated by the radiogenic
isotope data, is much older than these accretion ages
or indeed any of the surficial Tibetan geology, which
is dominantly Phanerozoic. The Tibetan lavas
further suggest that the Tibetan sub-continental
lithospheric mantle is compositionally heterogeneous
and geochemical differences between the southern
and northern lavas may correspond to different
lithosphere being sampled as major terrane bound-
aries are crossed (see Fig. 15, below).

The source of ocean island basalts

Some ocean island basalts (OIB) require a source
which is enriched in incompatible elements, and has
eng lower than that of bulk Earth (see Fig. 8). As
ancient oceanic crust will never develop eng <0, it
follows that some OIB sources must involve an
ancient enriched component. McKenzie & O’Nions
(1983, 1995) have suggested that, as the sub-con-
tinental lithospheric mantle can preserve geo-
chemical anomalies over long timescales and may be
periodically swept back into the asthenospheric con-
vection system (Houseman et al., 1981), the isotope
and trace element enrichments in some OIB reflect
sampling of pieces of sub-continental lithospheric
mantle which have been so removed from beneath
orogens such as Tibet. The likely volume of litho-
spheric mantle removed from beneath Tibet is of the
order of 100 x 10° km®, and the data from the vol-
canics provide some indication as to what sort of
material would be available to OIB sources in such a
model.

Some geochemical characteristics of the volcanics,
and by implication the Tibetan sub-continental
lithospheric mantle, could form an end-member for
the OIB arrays (which are shown in Figs 8-10).
These include the general enrichment in incompa-
tible elements, elevated LREE/HREE and ®’Sr/®Sr,
and low '"**Nd/'**Nd. However, other features do
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not support the McKenzie & O’Nions model. For
example, in Figs 8 and 9, the Tibetan volcanics do
not correspond to the EM I, EM II or HIMU com-
positions proposed as OIB end-members by Zindler
& Hart (1986). The Pb isotope data from OIB and
MORB define the NHRL (see Fig. 9) and whereas
some OIB are displaced above the line (the so-called
DUPAL anomaly) it would appear that the Tibetan
data are far more enriched in *°’Pb and 208ph,  and
have too small a range in 2°°Pb to be an OIB source
or end-member. Furthermore, OIB do not exhibit
the pronounced negative Ti, Nb and Ta anomalies
which are ubiquitous in the Tibetan lavas. Hofmann
et al. (1986) showed that OIB (and MORB) have
high and relatively restricted Ce/Pb (~25) and Nb/
U (~47). Figure 12 shows that, in contrast, the
Tibetan shoshonites are characterized by much
lower Ce/Pb and Nb/U. As Ce/Pb and Nb/U ratios
are generally unfractionated during partial melting
(Hofmann et al., 1986), and U loss would increase
Nb/U, and the Pb contents of the shoshonites are too
high for addition of crustal Pb to significantly lower
the Ce/Pb ratios, these values are likely to be repre-
sentative of the lithospheric mantle source of the
shoshonites. Metasomatized lithospheric mantle
xenoliths also tend to have low Nb/U [see data of
O’Reilly & Griffin (1988), Griffin ef al. (1988) and
Maury et al. (1992)]; unfortunately, there are no Pb
data available from xenoliths to allow us to pursue
this model further. Clearly, the lithospheric mantle
swept back into the asthenosphere from beneath
Tibet was deeper, and it might be argued that it was
compositionally distinct, from that which was the
source of the wvolcanics, McKenzie & O’Nions
(1995). However, taken at face value, the Tibetan
shoshonite data do not appear to provide much

30.00
2500 | MORB g
& Q1B
2000 }
Ce/Pb 1500 F
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0.00 . .
000 1000 2000 3000 4000 50.00

Nb/U

Fig. 12. Ce/Pb vs Nb/U, showing that ocean island basalts {which
have high and relatively constant Ce/Pb ~25 and Nb/U ~47;
Hofmann et al. (1986)] differ markedly from the Tibetan shosho-
nites, and by inference their lithospheric mantle source region (as
Ce/Pb and Nb/U are unlikely to decrease during partial melting).
This suggests that the lithospheric mantle that was convectively
swept back into the asthenosphere from beneath Tibet is unlikely
to be an end-mcember for occan island basalts.
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support for the source of the Tibetan shoshonites
providing OIB end-member.

Implications for the geodynamic evolution
of the India-Asia orogen

The current elevation and extensional deformation
of the Tibetan plateau, despite the continuing con-
vergence of India and Asia, have resulted in the
plateau becoming the focus of much scientific debate
[see Molnar et al. (1993) for a comprehensive
review]. In a convergent orogen the build-up of
topography results in increased gravitational
potential energy and extensional buoyancy forces
(England & Houseman, 1988, 1989; Sandiford &
Powell, 1990; Turner ¢t al., 1992), but, clearly, plate
motions can only build up topography to the point
where the resultant buoyancy forces balance these
driving forces, at which point deformation must
cease or be partitioned elsewhere. It follows that
extension will only occur if the convergent plate
driving forces are reduced or if the topography can
be raised by some other means such that the internal
buoyancy forces exceed the external driving forces.
For these reasons it has been argued that, as there is
no evidence for a reduction in the rate of con-
vergence between India and Asia, the current
extensional deformation of the Tibetan plateau is
best explained by an increase in elevation resulting
from removal of part of the underlying lithospheric
mantle (England & Houseman, 1988, 1989; Molnar
et al., 1993).

The notion that the behaviour of the crust and
mantle lithosphere may become decoupled during
deformation has major implications for the thermal
and mechanical evolution of mountain belts
(Houseman ¢t al., 1981; England & Houseman,
1988, 1989; Sandiford & Powell, 1990; Turner et al.,
1992; Platt & England, 1994), and it is in the
context of these discussions that the potassic vol-
canism on the Tibetan plateau has particular sig-
nificance. The coincident onset of extensional
deformation and the appearance of widespread,
lithospheric mantle-derived volcanism on the plateau
appears to mark a major change in tectonic regime.
Moreover, the thermal explanation of such mag-
matism is not straightforward. Melting cannot reflect
conductive rebound and radiogenic heating of
thickened crust as the low thermal conductivity of
rocks means that heating owing to thickening will
only develop on the timescale of the thermal time
constant of the thickened lithosphere (~240 m.y.).
The thickening of the lithosphere and low degrees of
extension also rule out the possibility that the
magmas reflect decompression melting of the asthe-
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nosphere, as this requires that the asthenosphere be
brought within 70 km of the surface if a mantle
potential temperature of 1280°C is assumed
(McKenzie & Bickle, 1988). Given that the areal
extent and amount of uplift are large, and yet the
magma volumes are small, it seems highly unlikely
that the volcanism can be attributed to the effects of
a mantle plume. The distribution of the volcanism
over an area extending 1000 km north of the arc
batholiths rules out a subduction origin; further-
more, magmatism occurred 30 m.y. after collision—
a delay which would not be expected if oceanic or
continental subduction were the trigger. Moreover,
the lavas are shoshonitic not calc-alkaline, and fluid
release accompanying subduction provides no
thermal rationale for melting within lithospheric
mantle that is inferred to already have been metaso-
matized (volatile enriched).

On the basis of these thermal arguments, Turner et
al. (1993) concluded that, in Tibet, the only
plausible means of attaining temperatures high
enough for melting within the lithospheric mantle
was to thin it by convection (Figs 13 and 14). The
lithospheric mantle is inferred to have undergone an
ancient enrichment in incompatible elements and

a 55-20Ma

F:rjr:

e 5 -
U lithospheric mantie
- s T 1 R e e
\nxgrrnal boundary !ave/
asthenosphere
-

Fig. 13. Diagrammatic illustration of the evolution of a conver-
gent orogen subject to a convergent driving force, Fy, with the
resultant development of horizontal buoyancy forces, F, that
increase with degree of lithospheric thinning from (a) to (b).
Before convective thinning of the mantle lithosphere, the
maximum elevaton of the orogenic plateau is dictated by
balance between driving forces and buoyancy forces (a). The
increase in potential energy of orogen consequent upon convective
thinning of the mantle lithosphere will preclude further compres-
sional deformation (b) and may induce extensional collapse of
orogen if buoyancy forces exceed driving force by amount equiva-
lent to strength of the lithosphere to extensional failure. Heating of
the lithospheric mantle following thinning causes partial melting
of any metasomatized zones to produce potassic volcanism (b).
Modified from Turner e al. (1992).
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volatiles. Before collision, the surface of Tibet had
zero elevation, as indicated by Eocene fossiliferous
marine limestones (Norin, 1946). Following collision,
homogeneous thickening by a factor of two (to
obtain 70 km thick crust) resulted in an isostatically
supported elevation of 3—4 km. The lithospheric
mantle was then thinned by ~60% to achieve the
observed 5-5'5 km elevation (Fig. 14), the increase
in gravitational potential energy produced by this
topography being of the order required to induce
extension (England & Houseman, 1988, 1989; San-
diford & Powell, 1990; Turner et al., 1992; Zhou &
Sandiford, 1992). Convective thinning of the litho-
spheric mantle brought previously cooler and insu-
lated zones of the lithospheric mantle into direct
contact with asthenospheric temperatures such that
any metasomatized peridotite, which had its solidus
lowered by the addition of volatiles, underwent
partial melting (Fig. 13; Turner ¢t al., 1992). In Fig.
14, the thermal profile after thinning is such that
50% of the lithospheric mantle would have been
above the hydrous peridotite solidus and so meta-
somatized peridotite, insulated when the lithosphere
was thick, began to melt. The thermal time constant
of the lithosphere is such that gradual conductive
heating will continue over a period of ~10-15 m.y.
This model is in accordance with the observation
that eruptions have continued from ~13 Ma into
this century (Liu & Maimaiti, 1989), and seismic
evidence for the presence of ~7% partial melt over
an 80 km thickness in the upper mantle beneath
Tibet (Hirn et al., 1995). Rising Moho temperatures
may have promoted crustal melting to produce the
Ulugh Muztagh and Shiquanhe rhyolites.

The much larger data base presented here can
now be discussed in the context of this general
model. For example, any sense of migration of mag-
matism or spatial-temporal pattern in lava com-
position could clearly be important in refining the
geodynamic models. Figure 15a shows the available
age data projected onto a north—south section at
85°E. This suggests that partial melting in the litho-
spheric mantle beneath Tibet began in the south and
rapidly spread northwards towards the present zone
of seismic attenuation and inferred high Moho tem-
peratures which also contains the greatest con-
centration of volcanic rocks (Fig. 1). Assuming the
same thermal trigger for the magmatism, this would
suggest that convective thinning was initiated in the
south and spread northwards. Although limited by
the lack of data, Figs 15b and 15¢ suggest that this
northward migration of magmatism was accom-
panied by decreasing &ng and increasing La/Yb, and
it is tempting to suggest that the age and/or degree
of incompatible element enrichment of the source
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Fig. 14. Thermal and isostatic modelling of a three-stage evolution for the Tibetan plateau, with collisional thickening from (i) to (ii)
and thinning of the lithospheric mantle with attendant magmatism and extension from (ii) to (iii). (a) shows an f—f plane [parameter-
ization and input conditions from Sandiford & Powell (1990) and Turner e al. (1992)] contoured for the isostatically compensated
surface elevation (see text for explanation). Point (i) represents a crust of normal thickness at sea-level before collision. Homogeneous
thickening (fc=/f}) occurs until (1i}, at which time the whole lithosphere is double its original thickness and would have an elevation of 3—
4 km. From (ii) to (jii) the mantle lithosphere is thinned (~60%) to obtain its current elevation of 5-5-5 km. This increase in elevation
correspondingly increases the gravitational potential energy of the plateau, promoting extensional deformation. A depth—temperature
profile for the three stages illustrates the accompanying thermal history in (b). Initially, the lithosphere is of normal thickness and
geotherm. Homogeneous thickening from (i) to (ii) moves all material points downwards. Subsequent thinning of the lithospheric
mantle compresses the geotherms in the lower portion of the lithospheric mantle and results in metasomatized peridotite in contact
with asthenosphere, passing through its solidus and producing shoshonitic volcanism. Conductive heating will result in relaxation of
the geotherm on a timescale dictated by the thermal time constant of the lithosphere (~120 Ma) such that volcanism will persist over
~10-15 m.y. (Modified from Turner et al., 1993).

region is greater in the north. It is also noteworthy 1992), which coincides with the increased rate of
that the southern lavas erupted through a distinct increase in 8781 /%Sr of seawater ascribed to chemical
piece of lithosphere (the Lhasa terrane) compared weathering by Himalayan river systems (Richter et
with the volcanism further north in the Qiantang~ al., 1992; Harris, 1995). We note, however, that
Kunlun terranes. It may be that the lithospheric despite this exhumation, the lithospheric thicknesses
mantle beneath the Lhasa terrane was younger or in the Himalaya are likely to prevent decompression
underwent metasomatic enrichment to a lesser melting of the asthenosphere and it is not yet clear
degree and more recently than the terranes further how or even if exhumation is linked to the behaviour
north. A generally lower fertility might also explain of the plateau itself.
the shorter duration of magmatism in the south, and
if the metasomatized zone was deeper within the . L
lithosphere it may have heated and undergone Cenozoic climate change
partial melting more immediately following con- High plateaux affect global atmospheric circulation
vective thinning than shallower levels in the and thus it has been suggested that uplift of the
northern terranes. Tibetan plateau may be the cause of intensification
Unfortunately, the trends in Fig. 15 are largely of the Asian monsoon, Cenozoic global cooling and
controlled by the few analyses from the southern increases in Atlantic 8'%0 values (Raymo & Rud-
region of the plateau, and consequently such musings diman, 1992; Kutzbach et al., 1993; Molnar e al.,
cannot be placed on a firmer footing until additional 1993). Such hypotheses require geological con-
sumples from the southern region are obtained. The straints on the uplift history of the Tibetan plateau.
tectonics of the southern plateau and the Himalaya Independent evidence for strengthening of the
are clearly complex; mineral cooling ages from the monsoon between 9 and 6 Ma comes from for-
Gangdese-Trans Himalaya batholith leave little aminiferal studies in the Indian Ocean (Kroon et al.,
doubt that there was a rapid increase in exhumation 1991) and the carbon-isotope records from the
of the Himalaya around 20-17 Ma (Copeland ¢t al., Siwalik Formation (Quade et al., 1989). Subsequent
1987, 1990; Richter et al., 1991; Harrison et al., research has attributed isotopic changes observed at
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Fig. 15. Representative data from the Tibetan volcanics projected
onto a north—south section at 85°E. Although limited by a lack of
data from the southern parts of the plateau, it would appear that
magmatism migrated from south to north (a), which may suggest
that convective thinning of the lithospheric mantle commenced in
the south and propagated northwards. The northward migration
of volcanism is accompanied by decreases in exg (b) and increases
in La/Yb (c), which suggest that the age and/or degree of incom-
patible element enrichment of the source region is greater in the
north. This may reflect differences between the lithospheric
mantle beneath the Lhasa terrane and that beneath the Qiang-
tang, Songban-Ganzi and Kunlun terranes (terrane boundaries
indicated by dashed line). Filled squares are shoshonites, open
squares are rhyolites.

this time to a global expansion of C4 ecosystems
rather than an increased monsoon (Cerling ef al.,
1993). Molnar et al. (1993) proposed that the
plateau reached a maximum elevation of ~6 km
between 11 and 5 Ma based largely on the dating of
normal fault activity, indicating collapse of the
plateau following rapid uplift. At the time of writing,
this event was determined by reconnaissance data
from a single normal fault (Pan & Kidd, 1992), but
a second normal fault has now been dated (by
*Ar-*9Ar for hydrothermal mica) at 14 Ma
(Coleman & Hodges, 1995). Coleman & Hodges
(1995) concluded that the plateau reached its high
mean elevation well before the Late Miocene.

The present study indicates that convective
thinning beneath Tibet had occurred by 13-14 Ma,

VOLCANISM ON THE TIBETAN PLATEAU

the earliest period of potassic volcanism on the
central plateau. It is possible that southern Tibet
underwent slightly earlier uplift and that the onset of
uplift migrated northwards, as indicated by older
ages from the Maquiang volcanics. We note that at
~13 Ma an increase in 8'°0 from 1-2-1-7%0 to
>2%0 has been identified from Atlantic Ocean sedi-
ments (Raymo & Ruddiman, 1992). Our data are
therefore consistent with rapid uplift of the Tibet
plateau at ~13 Ma leading to increased chemical
weathering rates, downpull of atmospheric CO, and
global cooling at that time.
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