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Intermediate-period Rayleigh and Love waves propagating across Tibet indicate
marked radial anisotropy within the middle-to-lower crust, consistent with a
thinning of the middle crust by about 30%. The anisotropy is largest in the western
part of the plateau, where moment tensors of earthquakes indicate active crustal
thinning. The preferred orientation of mica crystals resulting from the crustal
thinning can account for the observed anisotropy. The middle-to-lower crust of
Tibet appears to have thinned more than the upper crust, consistent with defor-
mation of a mechanically weak layer that flows as if confined to a channel.

Although most of the high terrain and the
thick crust of the Tibetan plateau has resulted
from India’s generally northward penetration
into Eurasia, east-west extension and crustal
thinning dominate the current active defor-
mation in the highest parts of the plateau
(1–3). Both of the principal processes that are
believed to cause this change in the style of
deformation involve crustal flow. The first is
that dense mantle material may have been
removed from beneath Tibet, causing its pla-
teau’s surface to rise and its entire lithosphere
to extend horizontally and to thin (4). The
second involves a warming and weakening of
the middle and lower crust (5), which favors
lateral crustal flow (6–8). These processes are
not necessarily independent, because the
weakening of the Tibetan crust by conductive
warming would require tens of millions of
years unless other processes such as the re-
moval of mantle material (9) or frictional
heating (10) were involved. Thus, the details
of the current deformation within the crust
and uppermost mantle beneath Tibet remain
poorly understood. There are, however, two
prominent hypotheses about the vertical dis-
tribution of crustal flow: First, both the crust
and the mantle lithosphere beneath Tibet de-
form essentially coherently as a thin viscous
sheet (11–13), and, second, crustal thinning is
dominated by flow in a channel within the
mid-to-lower crust (5–8).

The dispersion (or dependence of wave
speed on period) of Love and Rayleigh
waves, which are horizontally and vertically
polarized, respectively, requires radial anisot-
ropy within the middle and lower crust. On

individual seismic records (Fig. 1) and the
resulting dispersion maps (Fig. 2A), we ob-
served that the group speed of Rayleigh
waves crossing Tibet decreases between 10-s
and 35-s periods and then increases again at
longer periods, whereas the dispersion of
Love waves at these periods remains near
normal and increases approximately mono-
tonically with period. Simple models of iso-
tropic seismic wave speeds in the crust can-
not fit simultaneously the Rayleigh and Love
wave group-speed dispersion curves ob-
served across Tibet (Fig. 2, A and B). The
difference between the surface wave speeds
from the best-fitting isotropic model and the
observations (Fig. 2A) is much larger than
the data errors (14). The dispersion curves

require a radially anisotropic crust (transverse
isotropy with a vertical symmetry axis) with a
horizontally polarized shear wave (Sh) speed
(VSh

) greater than the shear wave speed for
a vertically polarized Sv wave (VSv

). (Radial
anisotropy should be contrasted with azi-
muthal anisotropy, in which the fast axis of
propagation lies in the horizontal plane and
wave speeds are azimuthally dependent.)
The radial anisotropy in the Tibetan crust is
reminiscent of similar anisotropy in the
mantle that manifests as a much longer
period Rayleigh-Love discrepancy (15 ) but
must have different causes, because the
mineralogy of the crust and mantle differ
from one another.

To study the spatial extent and strength of
the radial anisotropy in the Tibetan crust, we
combined surface wave dispersion measure-
ments from more than 45,000 crossing paths
(16) (fig. S1) with published phase speed
measurements (15, 17) to constrain the three-
dimensional (3D) distribution of shear wave
speeds in the Tibetan crust and uppermost
mantle. To improve lateral resolution, we
added more than 2500 group-speed disper-
sion measurements from portable broadband
seismic stations installed within and in the
vicinity of Tibet (18).

We followed a two-step inversion proce-
dure. First, we used surface-wave diffraction
tomography (14) to construct dispersion
maps at periods ranging from 18 s to 200 s for
group speeds and from 40 s to 150 s for phase
speeds. This was followed by a Monte Carlo
method (19) to invert the regionalized disper-
sion curves for the shear wave speed of the
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Fig. 1. Dispersion of intermediate-period Rayleigh and Love waves for a path across Tibet. (A)
Vertical-component (Rayleigh wave) seismogram bandpassed between 15 and 100 s. (B) The
frequency-time diagram for the record in (A) showing the anomalous Rayleigh wave dispersion. (C)
Transverse-component (Love wave) seismogram bandpassed between 15 and 100 s. (D)
Transverse-component frequency-time diagram showing normal Love wave dispersion. Black lines
on (B) and (D) are the measured group-speed curves for this path (shown in Fig. 3) between an
earthquake on 28 March 1999 and a seismic receiver from the INDEPTH-3 experiment.
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crust and the uppermost mantle on a 1°-by-1°
grid. Results of the inversion show that the
observed dispersion curves require the pres-
ence of strong radial anisotropy in the middle
Tibetan crust (Fig. 2, C and D and table S1).
Previous surface-wave studies in Tibet (9,
20–23) have not detected this crustal anisot-
ropy because of either a shortage of data or
exclusive reliance on Rayleigh waves. Anal-
yses of teleseismic receiver functions (24,
25) also require an anisotropic crust.

The mid-crustal radial anisotropy stands
out most clearly beneath the high plateau
between 80°E and 95°E (Fig. 2E). Because of
the limited vertical resolution of surface
waves, we cannot constrain tightly the depth
extent or magnitude of the radial anisotropy,
and we prefer to represent its vertically aver-
aged strength by the idealized travel time
difference between Sv and Sh waves that are
imagined to propagate vertically through the
middle crust. Similarly, because of the limit-
ed horizontal resolution of the 3D model, we
do not interpret the details of the spatial
distribution but concentrate on robust fea-
tures of the ensemble of acceptable struc-
tures, which we estimated from the Monte
Carlo inversion (19). For each geographical

location, in addition to the best-fitting struc-
ture, we determine the structure with the min-
imal crustal anisotropy that fits the dispersion
curves within their uncertainties (Fig. 2F). In
some areas outside of the high plateau, al-
though the best-fitting structure contains no-
table anisotropy, the data can be explained
almost as well with a nearly isotropic crust.
Only beneath the high plateau do the observed
dispersion curves require strong crustal radial
anisotropy. Therefore, we interpret the mid-
crustal anisotropy only from this part of Tibet,
for which we estimate the average tSv

� tSh

travel time difference to be 0.5 � 0.18 s.
It has been suggested that, because of its

strongly anisotropic behavior, mica may play
the most important role in the formation of
mid-to-lower crustal anisotropy (26–28),
with the shear moduli polarized parallel to the
plane of mica crystals being larger than those
polarized perpendicular to the crystals (29).
Thus, a near-horizontal orientation of mica
crystals immersed in a matrix of isotropic
crystals can produce radial anisotropy. (This
distribution of mica crystals will not produce
azimuthal anisotropy.)

Two different deformation mechanisms of
the middle Tibetan crust could result in a

preferred horizontal orientation of mica.
First, strong shearing during the underthrust-
ing of the Indian crust beneath Tibet (30)
might realign these crystals. Second, the mica
crystals can become oriented near-horizontally
as a result of ongoing crustal thinning. (Hori-
zontal shortening of the Tibetan crust by pure
shear would result in a preferred vertical orien-
tation of mica crystals and anisotropy opposite
from what we observed.) The observed lateral
distribution of the radial crustal anisotropy can
help to discriminate between these mecha-
nisms. If the thick Tibetan crust were created by
large-scale underthrusting that caused radial an-
isotropy, we would expect strong radial anisot-
ropy to be observed over the whole plateau
wherever the crust is thick. In the second case,
however, if the anisotropy resulted from crustal
thinning, it would be most pronounced where
the thinning has occurred.

Slips on faults during earthquakes provide
information about current deformation within
Tibet. The relatively low strain rate in Tibet
(�10�8 per year) (31) and the short duration
for which earthquakes can be studied prevent
the observed seismicity from providing more
than an approximate representation of crustal
strain. Therefore, we use a simple approach

Fig. 2. Radial anisotropy in the Tibetan crust. [(A) to (D)] Surface-wave
dispersion inversion for a point in western Tibet (34°N, 84°N). (A) Fit to
the observed dispersion curves with the monotonically increasing, iso-
tropic parameterization of the shear wave speeds in the crust seen in (B).
(C) Fit with radial anisotropy in the middle crust seen in (D). In (A) and
(C), the predicted (thin black line) group speed dispersion curves corre-
spond to the best-fitting crustal structures in (B) and (D), respectively. (E)

Strength of radial anisotropy in the middle crust from the best-fitting
radially anisotropic model, represented as the idealized travel time
difference between Sv and Sh waves propagating vertically through the
middle crust. (F) The minimum strength of radial anisotropy required to
explain the surface-wave dispersion data, presented as in (E). Solid lines
in (E) and (F) show selected major active faults, and dashed lines are
approximate locations of sutures.
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to deduce the current deformation regime and
exploit only the sign of one component of the
moment tensor (32), Mrr, which measures the
extent to which the slip during an earthquake
contributes to crustal thinning or thickening.
The distribution of Mrr for earthquakes shal-
lower than 40 km (Fig. 3) shows that the crust
is actively thinning in the same regions where
we found the mid-crustal radial anisotropy
(Fig. 2, E and F). This correspondence sug-
gests that it is crustal thinning and the result-
ing rotation of mica crystals into a preferred
horizontal alignment that makes the mid-to-
lower crust of Tibet anisotropic.

To quantify the relation between crustal
thinning and the resulting crustal anisotropy,
we estimated the strength of the radial anisot-

ropy in deformed rock aggregates containing
30% mica (15% biotite and 15% muscovite)
embedded in an isotropic matrix (33). We
considered the simplest case of radially sym-
metric flattening (Fig. 4A), for which the
rotation of mica crystals results in a trans-
versely isotropic system with a vertical axis
of symmetry, i.e., radial anisotropy with
VSh

� VSv
as observed in Tibet. We used

laboratory measurements of elastic constants
of mica (29) and the Voigt-Reuss-Hill aver-
aging scheme to estimate the elastic tensor
and the shear wave speeds of the deformed
aggregate as a function of the vertical thin-
ning of the crust (Fig. 4B) (33). The differ-
ence between Sv and Sh vertical travel times
(Fig. 4C) depends not only on the strength of

anisotropy but also on the thickness of the
anisotropic layer, which is constrained only
somewhat by the surface-wave inversion.
Our results indicate that radial anisotropy is
required in the middle crust, but we cannot
exclude the possibility that the anisotropic
layer extends into the lower crust. If the
anisotropic layer were limited to the middle
crust, its thickness would be about 25 to 30
km, but it might be as thick as 50 km if the
lower crust were also included. From surface
observations and the assumption of an aver-
age thinning strain rate of 10�8 per year
acting for 10 million years, the Tibetan crust
would have thinned, i.e., vertically flattened,
by about 10% of its thickness. Depending on
the assumed thickness of the anisotropic lay-
er, however, we find that a vertical flattening
strain of between 20% and 40% would be
required to produce the observed radial an-
isotropy in a rock containing 30% mica.

The flattening needed to explain the radial
anisotropy of the mid-to-lower crust (20% to
40%) is, therefore, two to four times larger
than the flattening manifest at the surface,
implying that at least half of the thinning of
the Tibetan crust has occurred in the mid-to-
lower crust. Other evidence suggests that the
middle crust of Tibet, at least in some re-
gions, is hot, if not partially molten, and
hence very weak (34, 35). The observed ra-
dial anisotropy, therefore, supports the idea
that much of the thinning of the crust that has
followed the collision between India and Eur-
asia has been produced by channel flow with-
in the mid-to-lower crust of Tibet (5–8).
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InSAR Observations of Low Slip
Rates on the Major Faults of

Western Tibet
Tim J. Wright,1* Barry Parsons,1 Philip C. England,1

Eric J. Fielding2

Two contrasting views of the active deformation of Asia dominate the debate
about how continents deform: (i) The deformation is primarily localized on
major faults separating crustal blocks or (ii) deformation is distributed through-
out the continental lithosphere. In the first model, western Tibet is being
extruded eastward between the major faults bounding the region. Surface
displacement measurements across the western Tibetan plateau using satellite
radar interferometry (InSAR) indicate that slip rates on the Karakoram and Altyn
Tagh faults are lower than would be expected for the extrusion model and
suggest a significant amount of internal deformation in Tibet.

Western Tibet lies between the Indian plate
and the Tarim Basin (Fig. 1), an undeforming
block whose motion relative to Eurasia is
mainly taken up by deformation in the Tien
Shan range to the north (1). The two major
strike-slip faults of the region are the Kara-
koram Fault, running NW-SE in the southern
part of the plateau; and the western end of the
Altyn Tagh Fault system, which runs approx-
imately E-W at the northern end of the re-
gion. Models that regard India’s motion rel-
ative to Tarim as being taken up principally
by eastward extrusion on these strike-slip
faults postulate about 30 mm/year of dextral
(right-lateral) slip on the Karakoram Fault,
and 20 mm/year of sinistral (left-lateral) slip
on the western Altyn Tagh (2–5). In contrast,
models that consider the continental litho-
sphere to resemble continuous media, with
faults representing the near-surface localiza-
tion of distributed deformation at depth (6–

8), predict eastward extrusion of Tibet at no
more than about 10 mm/year (8–10)

Previous measures of the rate of slip on
these major fault systems have come from the
offsets of geologic features, divided by the
estimated ages of those features, and from
geodetic measurements of recent (less than
10 years) ground displacement on lines cross-
ing the faults. Offsets of up to �1000 km
have been reported for geologic markers
along the Karakoram Fault (3); division of
such offsets by the presumed 30-million-year
age of the motion yields a rate of �30 mm/
year, consistent with the rate of 32 � 8
mm/year calculated by dividing the observed

offsets of glacial moraine deposits by a pre-
sumed age of �10,000 years (11). However,
lower rates of 4 to 8 mm/year, based on
geologic observations, have also been pro-
posed for the Karakoram Fault (12, 13).
These lower rates agree with geodetic mea-
surements made over the past 10 years, which
suggest rates of 3 � 5 mm/year (14) and
11 � 4 mm/year (15).

On the Altyn Tagh Fault system, geologic
estimates of slip rates are generally about 30
mm/year along the main portion of the Altyn
Tagh Fault, with a somewhat lower rate (�20
mm/year) at the western end (16). In contrast,
geodetic measurements yield estimates of the
rate of slip on the Altyn Tagh Fault system of
�10 mm/year in its main portion (1, 17, 18)
and 7 � 3 mm/year in its western portion (1).

Attempts to explain the discrepancies be-
tween different studies include the suggestions
that the ages assumed for offset glacial features
may be underestimated by a factor of 3 or more
(12, 19) and that field-based measurements,
whether geologic or geodetic, may underesti-
mate the total displacement across strike-slip
zones. Satellite radar interferometry (In-
SAR) can circumvent these difficulties by
producing maps of crustal deformation,
with a spatial resolution of a few tens of
meters and a precision of a few millimeters,
that cover regions hundreds of kilometers
in extent. Although measuring interseismic
deformation is difficult using InSAR because
of the small deformation signal, a few studies
have shown that it is possible, provided that
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Table 1. Interferograms (ifm’s) used in this study.

Image 1* Image 2
Time

interval
B� (m)†

�
(mm/year)‡

ifm1 13 November 1992 (ERS-1) 24 June 1996 (ERS-2) 3.6 years –30 to 26 1.7
ifm2 11 June 1993 (ERS-1) 7 October 1996 (ERS-2) 3.3 years –17 to –90 1.2
ifm3 3 December 1993 (ERS-1) 22 October 1995 (ERS-1) 1.9 years –31 to 77 1.8
ifm4 15 April 1996 (ERS-1) 4 April 1999 (ERS-1) 3.0 years 24 to 10 1.4
ifm5 19 May 1996 (ERS-1) 5 April 1999 (ERS-2) 2.9 years 68 to 91 2.0

*SAR data (from the European Space Agency) are from standard descending track 291, frames 2871 to 2943. Individual
interferograms are shown in fig. S1. †B� is the perpendicular baseline separation of the satellite orbits at the scene
center and varies along the track between the values shown. ‡Standard deviation of the interferogram noise on
the plateau.

R E P O R T S

9 JULY 2004 VOL 305 SCIENCE www.sciencemag.org236


