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Intermediate-period Rayleigh and Love waves propagating across Tibet
require marked radial anisotropy within the mid-lower crust, consistent with
a thinning of it. The anisotropy is largest in the western part of the plateau
where the moment tensors of earthquakes indicate active crustal thinning. A
preferred orientation of mica crystals resulting from the crustal thinning can
account for the observed anisotropy. The observed mid-crustal anisotropy
requires a thinning of approximately 30%, much more than what is estimated
for the upper crust. This difference suggests that the mid-lower crust of
Tibet has thinned more than the upper crust, consistent with deformation
of a mechanically weak layer in the mid-lower Tibetan crust that flows as if
confined to a channel ( 1, 2, 3, 4).

Although most of the high terrain and the thick crust of the Tibetan plateau has
resulted from India’s penetration into Eurasia, east-west extension and crustal thinning
dominate the current active deformation in the highest parts of the plateau ( 5, 6, 7).
Two processes may have contributed to this change in deformation: a gain in potential
energy per unit area, due to removal of dense mantle material beneath the plateau
( 8) and a warming and weakening of middle and lower crust ( 1). These processes
are not independent, because conductive warming of Tibetan crust to make it weak
is slow, requiring tens of millions of years, unless some other process such as removal

of mantle material ( 9) or frictional heating ( 10) are involved. Details of the current



deformation at depth beneath Tibet are poorly known, however, and the assumtion
that the crust and the mantle beneath Tibet deform coherently as a thin viscous sheet
yields simple explanations of many aspects of Asian tectonics ( 11, 12, 13). This view
is supported both by fault plane solutions of intermediate depth earthquakes (>70 km)
from southern Tibet that show the similar east-west extension and normal faulting (
14, 15, 16) as the earthquakes in the upper crust and by the correlation between the
estimated strain within the crust and the observed shear wave splitting that is believed
to reflect the strain in the mantle ( 17, 18). At the same time, other evidence suggests
that the middle crust of Tibet, at least in some regions, is hot, if not partially molten,
and hence very weak ( 19, 20). Thus, crustal thinning might be dominated by, if not
confined to, a flow in the mid to lower crust ( 1, 2, 3, 4). As we discuss below, the
crustal thinning can manifest itself by preferential reorientation of mica crystals into the
horizontal plane, which will result in radial anisotropy with horizontally polarized shear
waves propagating faster than those vertically polarized.

Using Love and Rayleigh waves, which are horizontally and vertically polarized
respectively, we show such radial anisotropy within the middle and lower crust. Rayleigh
waves crossing Tibet are characterized by a strong inverse dispersion at periods between
20 and 40 s, whereas dispersion of Love waves at those periods remains near normal
(Fig. 1). A seismically isotropic crust cannot fit simultaneously the observed Rayleigh
and Love wave group-velocity dispersion curves (Figs. 2a-b). This intermediate-period
Rayleigh-Love discrepancy requires the presence of a strong radial anisotropy in the
middle Tibetan crust. To study the extent of this feature, we combined more than
45,000 crossing surface wave paths ( 21) (Fig. SM1) with published phase velocity
measurements ( 22, 23) to constrain the 3D shear velocity structure of the Tibetan
crust and uppermost mantle. Because long propagation paths do not allow tight lateral
resolution, we added more than 2,500 group-velocity dispersion measurements from
portable broadband seismic stations installed within and in vicinity of Tibet ( 24).

We follow a two-step inversion procedure. First, we use the surface-wave diffraction



tomography ( 25) to construct dispersion maps at various periods varying between
18-200 s and between 40-150 s for group and phase velocities, respectively. Then, we
use the Monte-Carlo method ( 26) to invert the regionalized dispersion curves for the
shear velocity structure of the crust and the uppermost mantle on a 1° x 1° grid across
the region of study. Results of the inversion show that the observed dispersion curves
require the presence of a strong radial anisotropy in the middle Tibetan crust (Figs.
2c-d, Table SM1). Previous surface-wave studies in Tibet ( 9, 27, 28, 29, 30, 31) have
not detected this crustal anisotropy either because they were based on too few data
or they used only Rayleigh waves. Analyses of teleseismic receiver functions ( 32, 33),
however, confirm the anisotropic character of the Tibetan crust.

The mid-crustal radial anisotropy stands out most clearly beneath the high plateau
between 80°E and 95°E (Fig. 2e). Because of limited vertical resolution of surface
waves, we can not determine the exact depth extent and magnitude of the radial
anisotropy but prefer to show its vertically averaged strength represented by the
corresponding travel time difference between SV and SH waves, if they propagated
vertically through the middle crust. Similarly, because of the limited horizontal
resolution of the tomogram, we ignore minor details of the distribution and concentrate
on robust features based on ensembles of acceptable structures, which we estimated
from the Monte-Carlo inversion ( 26). For each geographical location, in addition to
the best-fitting structure, we can determine the one with minimal amount of crustal
anisotropy (Fig. 2f). In some areas where the best-fitting structure indicates significant
anisotropy, the data can be also explained with nearly isotropic models. Only beneath
the high plateau, do the observed dispersion curves require strong anisotropy. Therefore,
we interpret the mid-crustal anisotropy only from this part of Tibet, and we estimate
the average tgy — tgy travel-time difference from this area to be 0.5 £ 0.18s.

It has been suggested that mica can play the most important role in the formation
of mid-lower crustal anisotropy ( 34, 35, 36), because of its strongly anisotropic

behavior; the shear moduli for shear waves polarized parallel to the plane of mica



crystals are larger than those for polarization perpendicular to them ( 37). Thus, a
near-horizontal orientation of mica crystals will produce the radial anisotropy. Two
different deformation mechanisms of the middle Tibetan crust could result in a preferred
horizontal orientation of mica. First, the strong shearing during the underthrusting
of the Indian crust beneath Tibet ( 39) might realign such crystals. Second, the mica
crystals can become oriented near-horizontally as a result of the currently occurring
crustal thinning. The observed lateral distribution of the radial crustal anisotropy can
help to discriminate between these mechanisms. If the thick Tibetan crust was created
by the large-scale underthrusting, and this underthrusting was responsible for the radial
anisotropy, we would expect the strong radial anisotropy to be observed over nearly the
whole plateau where the crust is thick. In the second case, however, if the anisotropy
resulted from the crustal thinning, it would be most pronounced where that thinning
occurs.

Slip on faults during earthquakes provides an image of current deformation within
Tibet (Fig. 3a). The relatively low strain rate in Tibet (~ 107%/year) ( 40) and the
short duration for which earthquakes can be studied prevent the observed seismicity
from providing more than an approximate representation of the crustal straining.
Therefore, we use a simple approach to deduce the current deformation regime and
exploit only the sign of one component of the moment tensor ( 41), M,,, which measures
the extent to which the slip during an earthquake contributes to the crustal thinning
or thickening. The distribution of M,, for earthquakes shallower than 40 km (Fig. 3b)
shows the crustal thinning in the same regions where we found the mid-crustal radial
anisotropy (Fig. 2f).

This correspondence suggests that the crustal thinning and the rotation of mica
crystals into a preferred horizontal alignment (Fig. 4a) makes the mid-lower crust
of Tibet anisotropic. To quantify the relation between the crustal thinning and the
resulting crustal anisotropy, we estimated the strength of the radial anisotropy in

deformed rock aggregates containing 30% of mica embedded into an isotropic matrix.



We considered the simplest case of radially symmetric flattening (Fig. 4b) when the
rotation of mica crystals results in an isotropic system with a vertical axis of symmetry,
i.e., in a radial anisotropy with Vsg > Vg,. We used laboratory measurements of elastic
constants of mica ( 37) and the Voigt-Reuss-Hill averaging scheme to estimate the
elastic tensor and the shear wave speeds of the deformed aggregate (Fig. 4c) ( 38). The
difference between SV and SH travel times depends on the thickness of the anisotropic
layer, which is constrained only approximately by the surface-wave inversion. Our
results indicate that the anisotropy is definitely required in the middle crust but we
cannot exclude the possibility if the anisotropic layer also extends to the lower crust. If
the anisotropic layer was limited to the middle crust, its thickness would be about 25-30
km but it might be as thick as 50 km, if the lower crust was also included. Depending
on the assumed thickness of the anisotropic layer, between 20% and 40% of vertical
flattening strain would be required to produce the observed radial anisotropy in a rock
containing 30% mica. This is larger than the amount of the crustal thinning estimated
for the Tibetan upper crust(~10%, obtained from an average strain rate of 10~% per
year acting for 10 million years). The difference may indicate that the Tibetan middle
crust is sufficiently weaker than the upper crust and upper mantle, so that thinning has
been concentrated in only part of the crust. This supports the idea that “channel flow”

occurs within the Tibetan mid-lower crust ( 1, 2, 3, 4).
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Figure 1. Discrepancy between dispersions of intermediate-period Rayleigh and Love
waves across 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) Transverse-component (Love wave) seismogram bandpassed
between 15 and 100 s. (e) Transverse-component frequency-time diagram. Black lines

on (c) and (e) show the inferred group-velocity dispersion curves.



a) — : b)o c) : d)o
o observed & | = observed
‘€ ,| — predicted €, — i
§4, predi - 20 §/47 predicted 20,
> IS > IS
£ < = < 1V \Y
~ Love = Y sh
% Love £ 40 3 < 401
> T | I T |
2, ° | 2, ® I
o7 i [ 60+ ro27] i r 60+
5 Rayleigh | 4 5 Rayleigh ]
20 200 ‘ ‘ (

00 200 35 40
S-wave velocity (km/s)

50 1
period (s)

50 100
period (s)

- - f)

‘ ‘
0.00 0.25 0.50 0.75 1.00
travel time difference (s)

Figure 2. Constraints on seismic wave speeds in the Tibetan crust. (a)-(d) Surface-wave
dispersion inversion in a knot of 1° x 1° grid located at 34N, 84E in the western Tibet. (a)
Fit of dispersion curves with the isotropic and monotonic parameterization of the crustal
structure in (b). (c¢) Fit with a structure, in (d), that includes radial anisotropy in the
middle crust. In (a) and (c), observed (thick gray line) and predicted (thin black line)
group velocity dispersion curves correspond to best-fitting crustal structures in (b) and
(d). The Moho is shown with the dashed line. (e) Strength of radial anisotropy in the
middle crust estimated from the best-fitting structure, represented as the idealized travel
time difference between SV and SH propagating vertically through the middle crust. (f)

Minimum strength of radial anisotropy required to explain the surface-wave dispersion

data.
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Figure 3. Seismicity of the Tibetan region. (a) Double-couple components of Harvard
CMT solutions for the Tibetan region (1973-present). (b) Distribution of the normalized
M,, component of the moment tensors (]\;[M = M,,/max(M,,, My, M,,)). Earthquakes
contributing to crustal thinning (M,, < —0.15) are shown with red circles. Those corre-
sponding to the crustal thickening (M,, > 0.15) are shown with the blue circles. White
circles denote earthquakes small magnitudes of M,,. Light red shading shows areas where
earthquakes with ]\;[M < —0.15 are detected within a 200 km radius and no earthquakes
with M,, > 0.15 are detected in the same area. Light blue shading shows the same for

]\;[M > 0.15 and no events with ]\;[M < —0.15.
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Figure 4. Proposed relationship between the observed mid-crustal radial anisotropy and
the ongoing deformation of the Tibetan crust. (a) Thinning of the middle crust causes
mica crystals to rotate into horizontal orientations, which results in an anisotropic system
with hexagonal symmetry about a vertical axis (b) and different speeds of Vgy and Vgy.
(c¢) Vsy and Vs computed for an aggregate containing 15% biotite, 15% muscovite,
and 70% isotropic matrix as function of the flattening strain. (d) Travel time difference
between SV and SH propagating through deformed layers with thicknesses of 30 (solid
line) and 50 km (dashed line). Horizontal line and shaded area indicate the average travel
time difference and its standard deviation estimated for the western Tibet from surface

dispersion
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Data coverage and resolution

Surface-wave coverage for the Tibetan region (Fig. SM1) is denser at intermediate periods (~40
sec) than at longer periods. Intermediate periods are most sensitive to the Tibetan middle crustal
structure. The average lateral resolution of the group velocity tomographic maps across the Ti-

betan region at those periods is about 200 km for both Rayleigh and Love waves.

Finding an optimal parameterization of the Tibetan crustal structure

When inverting the surface-wave dispersion maps for the 3D shear velocity model we tested five
different parameterizations of the Tibetan crustal structure: two isotropic and three radially
anisotropic. During those tests, we set the mantle structure to that obtained from a global in-
version (1). Results of those five inversions (Table SM1) show that the parameterization with a
radially anisotropic middle crust yields a root-mean-square misfit that is nearly half that of the
other parameterizations. Therefore, even if we cannot eliminate a small amount anisotropy in either
the upper or the lower crust, we conclude that a strong mid-crustal radial anisotropy is required to
explain the observed surface-wave dispersion. During the final inversion, we selected the parame-

terization with a radially anisotropic middle crust allowed the mantle structure to vary.

Relation between the crustal thinning and the radial anisotropy
We consider a horizontally isotropic crust flattened in its vertical dimension using the strain tensor

given by:



where € is the amount of the crustal thinning. We consider a rock composed of mica crystals
embedded into an isotropic matrix. In response to the vertical flattening, the mica crystals rotate
and become oriented more horizontally. Rotation of an individual mica crystal relative to the
vertical axis can be considered as a two-dimensional problem where the crystal is represented by a

linear element 7 and its deformation can be written as:

I+5 0
P = 2 7 (2)
0 1—e€

where 7 and 7' are its initial and final orientations, respectively. They can be written as:

ry = |F|cost r, = |F|sind rl. = |7'|cost’ rl, = |F|sint’ (3)

where 6 and 0’ are initial and final angles between the crystal plane and the horizontal. Combining

(2) and (3) we obtain:

1—
0" = arctan <T0.656tan6‘> (4)

Those equations govern the rotations of mica crystals in response to vertical flattening.
Mica-group minerals are monoclinic (Table SM2), but their symmetry system can be treated as
approximately hexagonal (2,3). For crystals with arbitrary orientations, the elastic tensor c¢(6, ¢)

can be computed by applying simple transformations of the fourth-order tensors:

Crmop = BniBmij Bol BpkCijik (5)

where [ is a rotation matrix.
We consider an initial system with an isotropic orientation of mica crystals and apply transfor-

mation (4) to it. Resulting Voigt and Reuss averages of the elastic tensor become:

Lo tan (= tand indod 6
Cooigt (€) = %/0 /0 c (arc an <m an > ,(]5) sin ) (6)

-1 ()_i/%/w/2 1< t <it 9) qb) infdfde (7)
Creuss (€) = 5 _ A c arctan T 05e anf |, ¢ | sin

We solved equations (6) and (7) numerically for biotite and muscovite and, then, estimated Voigt
and Reuss averages in a deformed aggregate composed of biotite and muscovite embedded into an
isotropic matrix:

Cuoign(€) = A7l (€) 4+ ™ U (E) + a0 )



Crenss(€) = a"[c]6h5s ()] 71+ a™ (S ()] + a0 (9)

musc 150

where %, , and a"*° are volumetric fractions for biotite, muscovite and the isotropic matrix,

respectively. Finally, we formed the Voigt-Russ-Hill average:

c(e) = %(Cvoigt(e) + Creuss(e)) (10)

and used it to compute two shear wave velocities:

Vsv(€) = 6232;’(6) (11)
Vem(e) = 0121;(6) (12)

where p is density. We use p = 2850 kg/m? and p**° = 42 GPa.
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Name Monotonic  P-to-S  Parameters Average
constraint  ratio misfit (m/s)
: U M ,L
Isotropic Yes free vy, vy, vo, 66.05
monotonic va , UI])V[ , vﬁ
: U , M ,L
Isotropic No free vy, vy, vy, 62.55
U M L
Uy s Uy Uy
Anisotropic Yes for fixed oM ok, 57.25
upper crust isotropic v, oY, v;]h
Anisotropic Yes for fixed oY, ol 32.78
. . . M M
middle crust isotropic vs Vgys Ush
Anisotropic Yes for fixed oY, oM, 52.83
. . L L
lower crust  isotropic v, Vses Vsl

Table SM1. Parameterizations of the Tibetan crust tested in this paper. Last column shows the
average group velocity misfit at periods below 50 s computed across the Tibetan region (in a
square [28N, 76E; 38N, 102E]). Superscripts Y, ¥, and ¥ denote upper-crustal, mid-crustal, and

lower-crustal values, respectively.

Mineral  cr111 €3333  €2323  Ci212  C1133
biotite 186.0 54.0 5.8 76.8 11.6
muscovite 178.0 54.9 12.2 67.8 14.5

Table SM2. Elastic constants for minerals of the mica group (units are GPa).
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Figure SM1. Surface wave coverage. (a) Regional paths: approximately 3,000 regional
surface-wave paths for which we measured dispersion curves for periods sim40 s begin and end
within the map shown. ( b) Total path density (regional 4 teleseismic paths): more than 45,000
surface wave rays traverse parts of this region. Path density (number of rays crossing each 2° x 2°
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