
Overview
Tibet is one of the most actively deforming areas in the World, as 

demonstrated by its surface topography, faulting, and seismicity.  This 
deformation results in the development of finite strain within the Tibetan 
crust that produces seismic anisotropy.  We infer the distribution of seismic 
anisotropy within the Tibetan crust by using short- and the intermediate-
period surface waves and crustal reverberations of teleseismic body waves.
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Figure 9. Backazimuthal gathers of receiver functions (R - radial, T- 
transverse) computed for bins 10o wide with 50% overlap. Only 
backazimuthal range with high density of data is shown. Average 
receiver functions for data from the west are shown in Figure 11. 
Scale of T component boosted by 50%. Data is lowpass filtered at 
~0.4 Hz. Asterisks show directions where prominent phases on the 
T component suffer a change in polarity. Shaded bar denotes 
backazimuthal range of data used in constructing epicentral 
distance gathers shown in Figure 10.
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Figure 10. Epicentral distance gathers of receiver functions (R - radial, T- 
transverse) computed for bins 10o wide with 50% overlap. Data in 
backazimuthal range between 100o and 150o SE is used. Scale of T 
component boosted by 50%. Data is lowpass filtered at ~0.4 Hz. Green lines 
show times of prominent T-component phases that become earlier with an 
increase in epicentral distance. Note that same time windows on R 
components generally lack large arrivals. Magenta lines trace Ps phases from 
the crust-mantle transition (at ST40 and BUDO). Note that T component 
energy in this time frame is much smaller then that in the first 5 sec. At MAQI 
the crust-mantle transition phase is unclear.0 5 10
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Figure 11. Averaged 
receiver functions in 
s e l e c t e d  
b a c k a z i m u t h a l  
ranges illustrate 
evolut ion of 
prominent T 
component pulses 
over the broader 
range of directions.

Receiver function (RF) analysis
We isolate P-to-S converted waves at three Tibetan stations from earthquakes shown in Figure 8 with the multi-

taper RF estimator of Park and Levin (2000).  Resulting RF gathers are shown on Figures 9, 10, and 11. Large SH-
polarized phases within the first 4-5 seconds are likely candidates for interpretation in terms of anisotropy (e.g., 
Levin and Park, 1997). As shown in Figure 10, at all three sites delays of prominent transverse pulses relative to the 
parent P phase decrease with an increase in the epicentral distance. Such behavior diagnoses these pulses as 
upcoming body waves (as opposed to multiples from shallower interfaces).  As Figure 9 illustrates, all three sites 
show changes of pulse shape and polarity take place at about the same value of backazimuth of 90 ± 10o for all 
three stations. Relative amplitude of the SH arrivals are weaker at ST40 than at MAQI and, specially, at BUDO. 
This observation is consistent with the results obtained with surface waves indicating that Western Tibet is 
dominated by anisotropy with a near-vertical axis of symmetry.

Figure 1. Intermediate period Rayleigh-Love 
discrepancy in Tibet. (a) Map showing event-
station location. (b) Vertical-component 
(Rayleigh wave) seismogram bandpassed 
between 15 and 100 s. (c) Vertical-component  
frequency-time diagram. (d) Horizontal-
component (Love wave) seismogram 
bandpassed between 15 and 100 s. (e) 
Horizontal-component  frequency-time 
diagram. Black lines on (c) and (e) show the 
inferred group-velocity dispersion curves.
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Figure 2. (a) Approximately 3,000 regional surface-wave paths begin and end 
within the map shown. (b) More than 45,000 rays in total intersect this region. 
Path density (number of rays crossing each 2x2o cell) of the whole data set 
(regional + teleseismic paths) is shown here.
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Figure 3. (a) Difference between 30 s and 20 s Rayleigh-wave group-velocity maps. Negative 
difference corresponds to the reverse group-velocity dispersion. (b) The same as (a) but for 
the Love waves. The dispersion maps have been obtained from the data distribution shown in 
Figure 2 with the "diffraction surface-wave tomography" of Ritzwoller et al. (2002).

Figure 4. Results of the Monte-Carlo inversion of surface-wave dispersion curves (Shapiro and Ritzwoller, 
2002) at a point in Western Tibet (34N, 84E). (a)-(b) Inversion with the isotropic and monotonic 
parameterization of  crustal structure. (c)-(d) Inversion with the parameterization allowing radial anisotropy in 
the middle crust. (a) and (c) Observed (thick gray line) and predicted (thin black line) group-velocity dispersion 
curves. (b) and (d) Best-fit crustal models. Moho is shown with the dashed line.

Figure 5. Estimated strength of radial anisotropy in the middle crust, represented as the idealized travel time 
difference between SV and SH waves propagating vertically through the entire crust.

Surface-wave radial anisotropy
The difference in dispersion characteristics between Rayleigh and Love waves propagating across Tibet is illustrated in 

Figures 1-3 showing that Rayleigh waves propagating across Tibet are characterized by a strong reverse dispersion at periods 
between 15 and 35 s while the Love-wave dispersion is normal at those periods.

We construct surface-wave dispersion maps with the "diffraction tomography" of Ritzwoller et al. (2002) and invert them for 
the 3D seismic model of the crust and the uppermost mantle using the Monte-Carlo method of Shapiro et and Ritzwoller 
(2002).
Rayleigh and Love wave group velocity dispersion curves cannot be fit simultaneously with an isotropic crustal seismic model 

as illustrated in Figures 4. This intermediate-period Rayleigh-Love discrepancy can be resolved by introducing radial 
anisotropy into the crust. Acceptable fits are obtained with the parameterization allowing radial anisotropy in the middle 
crust (Table 1). The mid-crustal radial anisotropy maximized in the western part of the plateau as shown in Figure 5.

Table 1. Average RMS 
misfits to Rayleigh and 
Love wave group velocity 
dispersion across the 
Tibetan region; i.e., in a 
square (28N, 76E; 38N 
102E) obtained with five 
different parameterizations. 
Superscripts U, M, and L 
denote upper-crustal, mid-
crustal, and lower-crustal 
parameter, respectively.

Monotonic
constraint P-to-S ratio Parameters

Average
misfit (m/s)

Isotropic
monotonic

ββββU, ββββM, ββββL,
ααααU, ααααM, ααααL

ββββU, ββββM, ββββL,
ααααU, ααααM, ααααL

Anisotropic
upper crust

Yes for
isotropic Vs

ββββM, ββββL,
ββββsv

U , ββββsh
U

Anisotropic
middle crust

Yes for
isotropic Vs

ββββU, ββββL,
ββββsv

M, ββββsh
M

Anisotropic
lower crust

Yes for
isotropic Vs

Yes free

Isotropic No free

fixed

fixed

fixed
ββββU, ββββM,

ββββsv
L, ββββsh

L

66.05

62.55

57.25

32.78

52.83

Parameterization

Surface-wave azimuthal anisotropy
Azimuthal anisotropy is estimated with the method of Barmin et 

al. (2001) from the distribution of the data shown in Figure 2. 
Preliminary results shown in Figures 6 and 7 indicate that the 
strength of azimuthal anisotropy minimizes in Western Tibet and 
seems, therefore, to be anti-correlated with the strength of radial 
anisotropy. The fast axis directions rotate from north-south to 
east-west across Tibet as surface wave sensitivities move from the 
upper crust to the middle and lower crust. 70˚E 80˚E 90˚E 100˚E
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Figure 6. 2ψ component of azimuthal anisotropy estimated 
for 20 s Rayleigh-wave group velocities.
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Figure 7. 2ψ component of azimuthal anisotropy estimated 
for 50 s Rayleigh-wave group velocities.

Finite strain within the 
Tibetan crust

The interpretation of the observed 
anisotropy in the crust is more 
complicated than interpreting mantle 
anisotropy (mostly produced by olivine) 
because different physical mechanisms 
can relate crustal anisotropy to finite 
strain. Preferential orientation of faults 
may be the dominant mechanism in the 
upper crust, whereas in the mid-to-
lower crust anisotropy may result from 
preferred  mineralogical orientation. In 
particular, mica may play the most 
important role in mid-lower crustal 
anisotropy, with larger shear moduli 
parallel to the plane of oriented mica 
crystals than perpendicular to it (e.g., 
Weiss et al., 1999; Godfrey et al., 2000; 
N. Christensen, unpublished report).  
Strong radial anisotropy in the Tibetan 

crust may be caused by radial flow of 
the weak mid-lower crust in response to 
vertical gravitational flattening (Figure 
12a) that would result in preferential 
horizontal orientation of the mica 
crystals.  The mid-lower crustal 
azimuthal anisotropy in Northeastern 
Tibet can be related to large strike-slip 
faults oriented east-west. Another 
interpretation of this azimuthal 
anisotropy may be the preferential east-
west direction of crustal viscous flow 
(Figure 12b). The resulting east-west 
extension would be accommodated in 
the upper crust with north-south 
oriented cracks, which is consistent with 
the observed azimuthal anisotropy at 
short periods (Figure 6) and with CMT 
solutions of the Tibetan earthquakes 
(Figure 13).
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Figure 13. Double-couple components of the Harvard CMT solutions for the 
Tibetan region (1973-present).
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Figure 12. Models of the development of finite strain within the Tibetan crust. (a) Radial flow of the weak 
mid-lower crust in response to vertical gravitational flattening. (b) East-west crustal flow with vertical 
flattening and no substantial change in the north-south.
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Conclusions
Our results indicate that: (1) the Tibetan 

middle crust is characterized by strong radial 
anisotropy that maximizes in the western part 
of the plateau; (2) the strength of surface-wave 
azimuthal anisotropy appears to be anti-
correlated with that of the radial anisotropy; 
(3) surface-wave fast axis directions rotate 
from north-south to east-west across Tibet as 
surface wave sensitivities move from the upper 
to the middle and lower crust; (4) transverse-
component receiver functions show strong 
arrivals that can be explained by the existence 
of an anisotropic layer within the middle crust 
with an axis of symmetry oriented in the east-
west direction. This transverse component 
signal is stronger near the edges of the plateau 
than in its central part.
Overall, the western part of the plateau is 

dominated by seismic anisotropy with a nearly-
vertical slow axis of symmetry. Weaker 
azimuthal anisotropy is oriented north-south in 
the upper crust and  east-west in the mid-lower 
crust.  Those observations may be consistent 
with models  that postulate that deformation in 
the Tibetan plateau is produced by viscous flow 
of the weak mid-lower crustal material in 
response to pressure gradients resulting from a 
combination of two end-member forces: (1) 
convergence between the Indian and Asian 
plates resulting in horizontal flattening and 
east-west extension/extrusion of a weak crustal 
layer and (2) vertical gravitational flattening 
resulting in isotropic extension/extrusion.
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