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ABSTRACT
We combine zircon sensitive high-resolution ion microprobe U-Pb spot dating and mica

40Ar-39Ar plateau ages with field-geological and geochemical constraints from the Mala-
shan area of Southern Tibet to show that the deformed granite core of the North Hima-
layan metamorphic domes in this area is not Indian basement, but was intruded and
deformed during the Himalayan orogeny. Microstructural observations reveal that a tran-
sition from top-to-the-south thrust-related to top-to-the-north extension-related deforma-
tion occurred during granite intrusion and related metamorphism. This suggests that in-
trusion triggered the onset of extensional tectonics in the Tibetan middle to upper crust.
Expected positive feedback mechanisms between decompression melting leading to more
intrusion and more extensional deformation suggest that this mechanism may have been
important on a regional scale.
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NORTH HIMALAYAN METAMORPHIC
DOMES

The Himalaya-Tibet orogenic system is a
domain of extreme crustal thickening formed
by north-south–directed convergence and col-
lision ca. 50 Ma between India and Eurasia
(Patriat and Achache, 1984; Hodges, 2000).
Crustal thickening is represented throughout
the orogen by south-directed displacements
along north-dipping thrusts (e.g., Hodges,
2000). However, in southern Tibet, extension-
al north-directed motion along a north-dipping
fault system, the South Tibetan detachment,
has also been documented (Burg et al., 1984a;
Burchfiel et al., 1992; Hodges et al., 1992).
Movement along the South Tibetan detach-
ment has exposed the high-grade metamorphic
Greater Himalayan sequence and is one of the
main tectonic features of the Himalayan oro-
gen. However, the factors controlling exten-
sion in this region of continuing plate conver-
gence are unclear and disputed.

The South Tibetan detachment forms the
boundary between the Greater Himalaya and
the overlying Tethyan Himalayan sedimentary
sequence (Hodges, 2000) that locally contains
metamorphic domes closely associated with
granitic gneiss (Burg et al., 1984b; Chen et
al., 1990; Lee et al., 2000, 2004; Fig. 1A).

These domes expose rocks formed at pres-
sures of 0.6–1.0 GPa, equivalent to midcrustal
levels in southern Tibet (Lee et al., 2000,
2004), and are ideally situated for investigat-
ing how extensional deformation shown by
the South Tibetan detachment develops to the
north of the Himalayan chain. The best-
documented example is the Kangmar dome
cored by the strongly deformed Kangmar
granite (Burg et al., 1984b; Chen et al., 1990;
Lee et al., 2000; Fig. 1A). Unlike the Greater
Himalayan leucogranites (Fig. 1A), which
have formation ages of 12–32 Ma and are ge-
netically linked with partial melting of the Ti-
betan middle crust (Schärer et al., 1986; Le
Fort et al., 1987; Hodges et al., 1992; Edwards
and Harrison, 1997; Searle et al., 1999), the
Kangmar granite is regarded as a part of the
pre-Himalayan Indian crust, based on conven-
tional U-Pb zircon ages of 566–507 Ma
(Schärer et al., 1986; Lee et al., 2000). Meta-
morphism and deformation of the Kangmar
dome occurred during the Himalayan orogeny
(Burg et al., 1984b; Chen et al., 1990; Lee et
al., 2000; Maluski et al., 1988). However, the
much older pre-Himalayan U-Pb ages of the
Kangmar granite have hindered interpretations
that consider a causal link between these fea-
tures and formation of the granite cores. Ages

of granitic cores of other metamorphic domes
have not been determined, but are generally
assumed to be the same as the Kangmar dome.

MALASHAN DOME
Published U-Pb dating gives Himalayan

formation ages of 28–9 Ma for Tethys Hima-
layan granite bodies (Fig. 1A; Schärer et al.,
1986; Harrison et al., 1997; Zhang et al.,
2004). A granite body from the Mabja area
(Schärer et al., 1986) is essentially unde-
formed and postdates the main tectonic fabric
of the area (Lee et al., 2004). In contrast, the
Malashan and Kangmar granites form cores of
metamorphic domes and are strongly de-
formed (Aoya et al., 2004; Lee et al., 2000).
Important features that the Malashan and
Kangmar domes have in common are: (1)
presence of Barrovian-type metamorphism
with grade increasing toward granite cores; (2)
development of two major ductile deformation
stages, D1 and D2, with increasing strength of
D2 toward the granite contacts; and (3) rough-
ly north-south D2 flow direction indicated by
the D2 stretching lineation, L2 (Fig. 1B). In
neither case is metamorphism associated with
formation of sillimanite or migmatite. An im-
portant distinguishing feature of the Malashan
dome is the presence of two weakly deformed
granite bodies: the Paiku leucogranite and the
Cuobu two-mica granite (Fig. 1B). The least-
deformed Cuobu granite has strikingly similar
bulk-chemical composition to the Malashan
granite core (see Data Repository1). The pres-
ence of dikes originating from the Cuobu
granite and the formation of andalusite and
skarn in adjacent metasediments demonstrate
its intrusive relationship with the surrounding

1GSA Data Repository item 2005169, bulk rock
analyses of the granite bodies in the Malashan area,
is available online at http://www.geosociety.org/
pubs/ft2005.htm, or on request from editing@
geosociety.org or Documents Secretary, GSA, P.O.
Box 9140, Boulder, CO 80301-9140, USA.
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Figure 1. Locality and geological map of Malashan area. A: Tectonic map of southern Tibet modified from Burchfiel et al. (1992). MCT—
Main Central thrust, MBT—Main Boundary thrust, STD—Southern Tibetan detachment. B: Geological summary map of Malashan area.
Grt—garnet, St—staurolite, Bt—biotite, L2—D2 stretching lineation.

Figure 2. Sensitive high-resolution ion microprobe U-Pb dating for zircon (carried out at
Hiroshima University). Pb* is corrected value for radiogenic Pb based on subtracting com-
mon Pb from measured Pb assuming composition based on two-stage evolution model of
Stacey and Kramers (1975). 238U/206Pb* ages were calculated using both 204Pb and 208Pb and
207Pb corrections assuming that radiogenic 207Pb/206Pb is concordant. These ages agree
within analytical uncertainty. Here we adopt correction based on 208Pb. A: Backscattered
electron image of zircons from Cuobu granite showing analyzed spots and corresponding
238U/206Pb* ages (61 sigma). B, C: Tera-Wasserburg U-Pb concordia diagram for Cuobu gra-
nite with 95% confidence limits for mean. D: Same as A for Malashan granite. E, F: Same
as B and C for Malashan granite. Data for seven rim analyses were excluded from consid-
eration because backscattered electron (BSE) images suggest analyzed spot extends into
core. Two older U-Pb rim ages (37 6 0.9 Ma and 99.1 6 6.5 Ma;) could be mixed ages, but
BSE images do not support this interpretation. Alternatively they may represent metamor-
phism related to earlier phase of Himalayan orogeny (Edwards and Harrison, 1997) and
igneous activity of Transhimalayan batholith (Schärer et al., 1984), respectively.

schists (Aoya et al., 2004). These schists are
mapped as Jurassic to Cretaceous (Pan and
Ding, 2004) in age. The Cuobu granite must,
therefore, have an intrusion age younger than
ca. 210 Ma. To further constrain the age of the
Cuobu and Malashan granites, we carried out
sensitive high-resolution ion microprobe
(SHRIMP) U-Pb spot analyses of zircon (Fig.
2).

AGE OF MALASHAN GRANITE
Backscattered electron images (Fig. 2A) of

zircons from the Cuobu granite commonly
show dark uranium (U)-poor cores (710 ppm
on average) and relatively bright U-rich rims
(3990 ppm on average). SHRIMP spot anal-
yses (n 5 11) of the dark cores yield 238U/
206Pb* ages ranging from 1720 Ma to 22.1
Ma, with only one age younger than Jurassic
(22.1 6 1.0 Ma; Figs. 2B, 2C). In contrast,
nine analyses of the bright rims all yielded
238U/206Pb* ages younger than Jurassic (26.0–
13.7 Ma; Fig. 2C). These data indicate that the
intrusion age of the Cuobu granite is in the
range 26.0–13.7 Ma, and that the zircon cores
are dominantly xenocrysts. These results sug-
gest that formation ages from zircons in relat-
ed and chemically similar granites such as the
Malashan granite will also be recorded almost
exclusively in narrow rims around xenocrystic
cores. Zircon zoning patterns from the Mala-
shan granite are very similar to those from the
Cuobu granite (Fig. 2D) with U-poor cores
(680 ppm on average) and U-rich rims (7260
ppm on average). Core analyses (n 5 14)
yielded 238U/206Pb* ages ranging from 980
Ma to 250 Ma (Fig. 2E). We conclude that the

cores of zircons in the Malashan granite are
also dominantly xenocrysts. The U-rich rims
of zircons in the Malashan granite are gener-
ally narrower than those of the Cuobu granite,
and only six reliable rim analyses were ob-
tained. However, 4 of the 6 analyses are in the
range 18.5–17.2 Ma (Fig. 2F), indicating that

the Malashan granite is young and was intrud-
ed during the Himalayan orogeny.

For the Malashan granite, 40Ar-39Ar dating
of muscovite and biotite yields dates of 15.93
6 0.04 Ma and 15.50 6 0.06 Ma, respectively
(Fig. 3B). Multiple diffusion domain model-
ing (Lovera et al., 1989) using 40Ar-39Ar anal-
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Figure 3. 40Ar-39Ar dating was carried out at
New Mexico Geochronological Research
Laboratory using mineral separates. A: Age
spectra for muscovite and biotite from Cuo-
bu granite. Plateau ages are presented with
1 sigma errors. B: Same as A for Malashan
granite. C: Thermal history calculated by
multiple diffusion domain modeling for K-
feldspar from Malashan granite with mus-
covite and biotite ages. Muscovite and bio-
tite closure temperatures (vertical bars) are
taken as 400 8C and 350 8C (McDougall and
Harrison, 1999) with errors of 650 8C. MSWD
5 mean square of weighted deviates.

Figure 4. Transition from D1 (top-to-south) to D2 (top-to-north) deformations in Malashan
area. A: Asymmetric K-feldspar (Kfp) grain in Malashan granite indicating top-to-south
sense of shear during its crystallization (crossed nicols); fol—foliation, B: Staurolite (St) in
pelitic schist adjacent to Malashan granite showing overall intertectonic growth between
D1 and D2 (crossed nicols). C: Close-up of B showing convergence of internal S1 into
parallelism with external S2. Curvature in rim and implied relative rotation of staurolite grain
indicates top-to-north D2 sense of shear. D: Summary of time relationships deduced from
A–C.

yses of K-feldspar indicates rapid cooling
through 400–200 8C between 16 and 15 m.y.
This is compatible with the muscovite and bi-
otite results (Fig. 3C) and an intrusion age for
the Malashan granite of ca. 18 Ma. The 40Ar-
39Ar dating of muscovite and biotite from the
Cuobu granite also indicates rapid cooling
during 16 and 15 Ma (Fig. 3A). U-Pb rim ages
of zircon from the Cuobu granite scatter from
26.0 Ma to 13.7 Ma (Fig. 2C), but we interpret
the intrusion age to be in the range ca. 18–
15.6 Ma based on its weaker deformation than
the Malashan granite and the well-defined
40Ar-39Ar cooling ages.

Kangmar (Debon et al., 1986), Cuobu, and
Malashan granites show very similar bulk
chemistries (Data Repository; see footnote 1).
Our U-Pb results suggest, therefore, that the
conventional U-Pb ages of 566–507 Ma for
the Kangmar granite (Lee et al., 2000; Schärer
et al., 1986) are likely to be complex mixed
results reflecting xenocrystic ages, and the
Kangmar granite may, therefore, also be a Hi-
malayan intrusion. In this scenario, the in-
crease in metamorphic grade toward both the
Malashan and Kangmar granites and its con-
centric arrangement around them can be in-
terpreted, at least in part, as the result of con-

tact metamorphism. We interpret metamorphic
minerals such as staurolite and biotite (Fig.
1B) to have formed by this contact
metamorphism.

GRANITE INTRUSION AS A TRIGGER
FOR EXTENSION

Two major stages of ductile deformation,
D1 and D2, have been documented in both the
Kangmar and Malashan areas (Chen et al.,
1990; Lee et al., 2000; Aoya et al., 2004). In
the Kangmar area the shear sense changes
from top-to-the-south during D1 to top-to-the-
north during D2. The top-to-the-south motion
of D1 is recorded as sigmoidal inclusion trails
in garnet (Chen et al., 1990), indicating syn-
chroneity of D1 with burial-related regional
metamorphism. In contrast, the top-to-the-
north motion of D2 can be correlated with ac-
tivity on the South Tibetan detachment (Chen
et al., 1990; Lee et al., 2000). D2 of the Ma-
lashan area also shows a top-to-the-north
sense of shear (Fig. 1B), and this strongly af-
fects the Malashan granite (Aoya et al., 2004;
Fig. 1B). However, the Malashan granite also
locally contains K-feldspar grains with asym-
metric shapes, commonly indicating a top-to-
the-south sense of shear (Fig. 4A), and this
deformation can be correlated with D1 of the
Kangmar area. The asymmetric growth (Fig.
4A) indicates that crystallization of K-feldspar
from the source magma occurred synchro-
nously with D1: emplacement of the Malashan
granite magma occurred during D1. Micro-
structures of staurolite (Fig. 4B) in pelitic

schist affected by contact metamorphism of
the Malashan granite give further constraints
on the timing of emplacement with respect to
deformation. These grains commonly include
a straight D1 foliation (S1) at a high angle to
the external D2 foliation (S2), which indicates
that S1 was statically overgrown by staurolite
after cessation of D1. In addition, S1 included
in staurolite rims locally shows continuous
curvature into parallelism with the external S2
(Fig. 4C), indicating growth of these rims dur-
ing D2. All these observations suggest that the
transition from D1 to D2 occurred during em-
placement of the Malashan granite and its as-
sociated metamorphism (Fig. 4D). The exten-
sional deformation D2 increases in strength
toward the granite cores, and our data show
that D2 in the Malashan area is complete with-
in a few million years during granite emplace-
ment. The spatial and temporal associations
suggest that intrusion and D2 deformation are
related. In addition, the change from thrust-
related top-to-the-south D1 deformation to
extension-related top-to-the-north D2 defor-
mation takes place during the intrusion of the
granitic magma. This implies that the intru-
sion triggered the onset of extensional defor-
mation. D2 began only after the granitic mag-
ma was intruded. Extensional deformation in
this area was not, therefore, the initial cause
of melting.

IMPLICATIONS FOR STRENGTH OF
TIBETAN UPPER CRUST

Gravitational forces in thick and relatively
hot convergent orogens may be sufficient to
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drive large-scale horizontal flow of weak, par-
tially molten middle to deep crust (Royden et
al., 1997; Clark and Royden, 2000). The
southward extrusion of the Greater Himalaya
(Burchfiel et al., 1992; Hodges et al., 1992)
associated with extensional tectonics along the
South Tibetan detachment has been proposed
as an example of such channel flow (Beau-
mont et al., 2001). The earlier part of the ther-
mal evolution of the Tibetan crust incorporat-
ed in recent channel flow models (Beaumont
et al., 2004) predicts that radioactive self heat-
ing of thickened crust is sufficient to cause
partial melting and formation of granitic mag-
ma in the lower crustal levels. We suggest that
upward migration of such granitic magmas
caused weakening of the upper crustal levels
of southern Tibet, and that this is the trigger
for the onset of north-south ductile extensional
flow. Once the extensional tectonics initiates
it can lead to decompression melting and in-
troduction of further granitic magmas into the
upper crustal levels (e.g., Brown and Dall-
meyer, 1996) and enhancement of the exten-
sional tectonics. Syn-D2 emplacement of the
Paiku and Cuobu granites (Fig. 1B) can be
regarded as representing such extension-
driven intrusion. Because of these positive
feedback relationships (e.g., Brown and Solar,
1998), our proposed intrusion-driven exten-
sion may initiate extension on a large scale,
and therefore should be further examined in
evaluating channel flow models, which are
strongly dependent on the strength of the up-
per crust.

In conclusion, the granitic core of the north-
ern Himalayan Malashan metamorphic dome
is not Indian basement, as generally thought,
but young granite intruded and deformed dur-
ing the Himalayan orogeny. The onset of ex-
tensional top-to-the-north deformation coin-
cides with the intrusion of the granite and
increases in strength toward the contact, sug-
gesting that intrusion-related thermal weak-
ening of the crust triggered extension.
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