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Seismic anisotropy beneath Tibet: evidence for eastward
extrusion of the Tibetan lithosphere?
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Abstract

Strong seismic anisotropy beneath Tibet has recently been reported from the study of SKS shear wave splitting. The fast
split waves are generally polarized in an easterly direction, close to the present day direction ot motion of the Tibetan crust
relative to stable Eurasia, as deduced from Holocene slip rates on the major active tfaults in and around Tibet. This
correlation may be taken to suggest that the whole Tibetan lithosphere is being extruded in front of indenting India and that
the anisotropic layer is the deforming asthenosphere, that accommodates the motion of the Tibetan lithosphere relative to the
fixed mantle at depth. Uncertainties about this motion are at present too large to bring unambiguous support to that view.
Assuming that this view is correct however, a simple forward model is used to compute theoretical delay times as a function
of the thickness of the anisotropic layer. The observed delay times would require a 50-100 km thick anisotropic layer
beneath south-central Tibet and an over 200 km thick layer beneath north-central Tibet, where particularly hot asthenosphere
has been inferred. This study suggests that the asthenospheric anisotropy due to present absolute block motion might be
dominant under actively deforming continents.

Kevwords: Tibet: SKS-waves: time variations: lithosphere: Neotectonics

1. Introduction brittle crust, and may therefore help to unravel tec-
tonic processes at depth.

Recent measurements of SKS waves at several In continental areas, strong anisotropy is often

stations on the Tibetan plateau have revealed particu-
larly strong seismic anisotropy [1-3]. The reported
delay times of 1-2.5 s between split waves range
among the largest values ever observed [4-8]. Seis-
mic anisotropy is usually attributed to strain-induced
preferred orientation of minerals in the ductile part
of the lithosphere, or to crack distribution within the
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observed below cratonic shields, where it is gener-
ally interpreted as due to frozen fabrics related to
past tectonics [7.9]. The interpretation of these data
is often difficult because old tectonic events and
plate motions cannot be tightly constrained. By con-
trast, in areas of active tectonics, such as the Tibetan
Plateau, the correlation between tectonics and seis-
mic anisotropy could be tested in a more quantitative
way. McNamara et al. [1] pointed out the correspon-
dence between the fast polarization directions (FPD)
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and the roughly E-W trend of geological structures.
They concluded that there must be some correlation
between strains in the mantle and the extrusion
pattern, as expressed in the surface geology. More-
over, as noted by Him et al. [2] and Guilbert et al.
[3], FPD make a pattern similar to the velocity field
describing the present motion of Tibet with respect
to stable Eurasia (Fig. 1). It might suggest that, as
beneath oceans [10,11], the source of anisotropy
might be a decoupling layer accommodating the

displacement of the lithospheric blocks with respect
to the deep mantle.

Crustal anisotropy cannot produce delay times of
more than a few 1/10 of a second [12]. In fact,
Herquel et al. [13] have found a crustal anisotropy
beneath northern Tibet that is roughly parallel to
SKS anisotropy, but with delay times of about 0.2—
0.3 s at most. On the other hand, rocks of the deep
mantle (below the phase transition at 410 km) are
only weakly anisotropic [7,14,15]. The most proba-
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Fig. 1. Velocity field describing motions (red arrows) relative to Siberia, derived from Holocene slip-rates on major faults in central Asia
[28]. Mean direction of polarization of fast split waves are also reported from McNamara et al. [1] (thick blue bars), Hirn et al. [2] (pink
bars) and Guilbert et al. [3] (light blue bars). Length of each bar is proportionnal to the mean delay time between fast and slow split waves.
ITSZ = Indus-Tsangpo Suture Zone.
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ble source of anisotropy is, therefore, the upper
mantle, where it is thought to reflect the Lattice
Preferred Orientation (LPO) of olivine minerals (e.g.,
[16,17]). The LPO of olivine in deformed peridotite
results from ductile shear that forms foliation planes
close to the shear plane and stretching lineations
marking the shear direction. As a convention, let X
be the direction of the stretching lineation, Y the
direction normal to the lineation in the foliation
plane, and Z the direction normal to the foliation
plane. In peridotite the fastest S waves are propagat-
ing along Y and are polarized along X [14]. For S
waves propagating either along Z (normal to the
foliation), or along X (parallel to the lineation), the
birefringence is about half that observed for S waves
propagating along Y. The polarized, fast S waves lie
parallel to the lineation direction and in the foliation
plane. This scheme provides the basis for the inter-
pretation of seismic anisotropy in terms of upper
mantle deformation.

In the following, we first overview recent obser-
vations of seismic anisotropy beneath Tibet. We
describe current models of lithospheric deformation
of Asia and discuss their implications with respect to
seismic anisotropy. A model of rigid lithospheric
block tectonics is shown to be consistent with the
apparent correlation of FPD with direction of present
tectonic transport but uncertainties are still too large
to bring unambiguous support to that view. We
finally investigate the implications of such a model
by comparing observed delay times with theoretical
values derived from a simple forward calculation.

2. Seismic anisotropy beneath Tibet

2.1. Overview of recent observations

Three experiments have recently provided infor-
mation on seismic anisotropy beneath Tibet. McNa-
mara et al. [1] operated 11 broad-band stations for 1
year. They recorded numerous SKS with evidence
for shear wave splitting at 7 stations (Fig. 1). Hirn et
al. [2] and Guilbert et al. [3] used short-period sta-
tions in Nepal and Tibet (Fig. 1). Few SKS waves
were recorded during these experiments. Observa-
tions of shear wave splitting of S and ScS waves

were also described by Guilbert et al. [3). Given that
the data are few and that shear wave splitting is
known to be sensitive to incidence and back azimuth,
especially if several anisotropic layers are involved
[8], some variability in the observations was to be
expected. Where they overlap, the three experiments
yield FPD that differ at most by 20° and generally by
less than 10° (Figs. 1 and 3). Delay times are more
variable. For example, at BUDO, McNamara et al.
[1] obtained a delay time of 2.4 s while Guilbert et
al. [3] reported 1.1 s. Such a variability is in keeping
with the observation that independent determinations
at a given station can yield delay times varying
within a factor 2 [1]. Altogether, the three experi-
ments attest for particularly strong seismic anisotropy
with the following characteristics:

(1) From the Lesser Himalaya to the Indus—
Tsangpo Suture Zone (ITSZ) the anisotropy is weak.

(2) The anisotropy is stronger in central Tibet,
north of the ITSZ, with delay times of the order of 1
s and northeast-trending FPD.

(3) The anisotropy is strongest beneath North
Central Tibet, close to the Kunlun fault, with delay
times between 1 s and 2.5 s. The FPD rotates rapidly
in this area and tends to be parallel to the Kunlun
fault.

In the following we mostly refer to the results of
McNamara et al. [1], because their experiment pro-
vided numerous measurements with various back
azimuths, allowing for better constrained estimates
of average delay times and uncertainties. However,
we check azimuthal consistency with the more re-
cently published data of Hirn et al. [2] and Guilbert
et al. [3].

2.2. Seismic anisotropy and mantle deformation be-
neath Tibet

The indentation of India into Asia has induced
large scale strike-slip and thrust faulting, allowing
for both crustal thickening and lateral extrusion (e.g.,
[18,19]). Two competing views of lithospheric man-
tle deformation beneath Tibet are presently advo-
cated, and rely on different appreciation of the me-
chanical significance of the strike-slip faults in and
around Tibet. One view is that deformation tends to
localize along a few large shear zones (e.g., [20]),
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while the other assumes more homogeneously dis-
tributed strain in the strong upper mantle part of the
lithosphere (e.g., [21].

2.2.1. Homogeneous thickening of the lithosphere
England and Molnar [22] have argued that the
strike-slip faults are limited to the upper crust and
chiefly accommodate the vorticity of mantle defor-
mation at depth. The mantle would absorb the con-
vergence between India and Asia by homogeneous
thickening, so that a dominant lithospheric anisotropy
should be expected. Vertical foliation planes perpen-
dicular to the N20°E convergence between India and
Eurasia [23] should develop at the front of the inden-
tor. The observed FPD differ generally by more than
30-40° from the N110°E direction expected. In addi-
tion, such a model cannot explain why the anisotropy
might get stronger to the north, away from the
indentor. It has also been proposed that, in response
to homogeneous thickening of the cold, gravitation-

ally unstable, upper mantle, the lower part of the
lithosphere may have sunk into the deep mantle [24].
Had this process occurred beneath Tibet (e.g., [25]),
we would expect little correlation between crustal
deformation and seismic anisotropy [1]. The argu-
ments for discarding models of homogeneous defor-
mation of the lithosphere are weak, but since a more
quantitative assessment of the predictions of these
models regarding seismic anisotropy is not an easy
task, we only examine below to what extent the
observed anisotropy can be considered consistent
with a lithospheric blocks model.

2.2.2. Rigid lithospheric blocks

The major strike-slip faults in and around Tibet,
such as the Altyn Tagh, the Kunlun or the Karako-
rum faults, might be lithospheric shear zones allow-
ing for lateral extrusion of the Tibetan lithosphere
[20]. Such a view implies localized vertical shear
along the major fault zones and horizontal decou-
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Fig. 2. Lithospheric and asthenospheric deformation predicted by the lithospheric block model. Shear zones are indicated in medium gray to
dark gray shading. Deformation within lithosphere is assumed to be localized along major faults zones. Strike-slip faulting tends to produce
vertical foliation planes parallel to the fault strike, with horizontal stretching lineations. Shear below lithosphere would yield nearly
horizontal foliation planes. with stretching lineations parallel to direction of motion of the lithosphere relative to deep mantle.
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pling between the lithosphere and the deep mantle
(Fig. 2). Two sources of anisotropy should therefore
result. Lithospheric deformation within and near the
active fault zones should favour fault-parallel FPD.
Anisotropy due to shear at the base of the lithosphere
should tend polarize the fast SKS split waves along
the direction of tectonic transport with respect to the
mantle. Although nearly horizontal foliation in the
deforming asthenosphere is not the most favourable
case for splitting of nearly vertical incident S waves,
this configuration can lead to significant SKS shear
wave splitting [26]. At stations lying close to major
strike-slip faults, such as BUDO and TUNL on the
Kunlun fault, or USHU on the Xianshuihe fault, the
observed polarization directions tend to be parallel to
the strike of the faults, suggesting that such faults
reach deep into the crust and mantle, leading to a
dominant lithospheric anisotropy. On the other hand,
the apparent correlation of directions of tectonic
transport with FPD at the stations located away from
the major fault zones, such as SANG, AMDO,
WNDO, ERDO and MAQI, suggests a dominant
sublithospheric anisotropy.

Seismic anisotropy beneath Tibet seems therefore
more consistent with lithospheric block tectonics than
with homogeneous thickening. Hereafter we investi-
gate this possibility more quantitatively and try to
infer the thickness of the asthenospheric anisotropic
zone and the eventual contribution of the lithospheric
anisotropy from the observed delay times.

3. Comparison between fast S wave polarization
and present motion of the lithosphere

A quantitative assessment of the apparent correla-
tion shown in Fig. | requires determination of direc-
tions of tectonic transport with respect to the deep
mantle, computed at the location of the seismic
stations.

3.1. Kinematics of active deformation in central and
eastern Tibet

The kinematics of active crustal deformation in
central Asia have been derived from the estimates of
Holocene slip rates on some of the major faults of
Asia [20,27,28]. The available data appear to be

Table 1
Euler vectors describing crustal deformation in Central Asia in
terms of rigid lithospheric blocks (from [28])

Biock Latitude | Longitude | ® (°/Ma)
(°N) (°N)

Tibet 442 64.4 0.89

Bl 23.2 101.8 1.00

B2 24.3 100.5 1.37

B3 25.8 98.7 2.15

The Eurasian plate is considered as fixed and counter-clockwise
rotations are taken to be positive.

consistent with a lithospheric block model in which
the major fault zones are considered to be separate,
rigid, rotating blocks [28). This model considers four
rotating blocks (Siberia, Tarim, Tibet and India) on a
spherical earth. The Eulerian poles describing the
motion of these blocks (Table 1) have been obtained
from the inversion of the slip rates on the major
faults. The corresponding velocity field, with respect
to stable Eurasia, is shown in Fig. 1. The velocity
field has been extrapolated in eastern Tibet on the
basis of a simple geometrical model, in which rota-
tion of blocks B1, B2 and B3 (Fig. 1) transfers the
northeastward extrusion of central Tibet into an east-
ward extrusion of south China [28]. The Euler pole
of the Qaidam block, B1, was computed assuming
that this block rotates at about 1°/my, as suggested
from the gradient of crustal shortening along the Nan
Shan [29]. The other poles (Table 1) have been
deduced from fault geometries and assuming about 1
cm/yr of left-lateral slip on the Kunlun and Xian-
shuihe faults [30,31]. Before any quantitative com-
parison with seismic anisotropy, one must bear in
mind that the uncertainties on the azimuth of seismic
anisotropy are of the order of 10° (this value was
estimated from the distribution of independent mea-
surements at the same station [1]), and that the
uncertainties on the kinematic model are large as
well. First, the uncertainty about the motion of India
with respect to Eurasia has been ignored by Avouac
and Tapponnier [28]. Second, a small amount of
strain is probably taken up by minor faults not
considered in the model. Third, slip rates have been
estimated from the offsets of geomorphological
markers, which are generally not precisely dated.
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Altogether, at points on the central Tibetan block,
the uncertainties on the velocities are about 20-30%
in magnitude and 30° in azimuth (at the 1o confi-
dence level). The motion of the blocks in eastern
Tibet is less well constrained, so that uncertainties on
velocities are probably still larger. In southern Tibet
the oblique convergence between India and central
Tibet is partitioned between roughly pure thrust along
the Himalaya, right-lateral strike slip faulting along
KJFZ, and normal faulting on the north—south strik-
ing south Tibetan rifts [27]. The implications for
mantle deformation of such a complex tectonic set-
ting are not straightforward. This is why we do not
consider, in this paper, the seismic anisotropy ob-
served in southern Tibet (in particular, at stations
XIGA, LHSA and GANZ).

3.2. Rate and direction of tectonic transport at the
seismic stations

In order to assess the correspondence between the
azimuths of the velocity vectors, ¢,, and of FPD, ¢,
the velocities, v;, predicted by the kinematic model
of Avouac and Tapponnier [28] have been computed
at the locations of the stations of McNamara et al. [1]
(Table 2). Four seismic stations lie well within some
of the Tibetan blocks: TUNL lies on the Tsaidam
block (B1), BUDO and MAQI on the block between
Kunlun and Xianshuihe faults (B2), and USHU on
the block south of Xianshuihe fault (B3). The four
other stations, SANG, AMDO, ERDO and WNDO,
lie between central Tibet and the rotating blocks in

Table 2

Comparison between seismic anisotropy and present tectonic transport

eastern Tibet. For each of these 4 points, we aver-
aged the two vectors computed with the Euler poles
of central Tibet or of the adjacent block to the east.
The two vectors are generally close, since the dis-
placement field between central Tibet and eastern
Tibet is approximately continuous, as required by the
absence of large faults in this area.

The histogram of the difference of azimuths, A¢
= ¢ — ¢,, is relatively narrow, with a variance
o(A¢) = 10° (Fig. 3A). Compared to the plate ve-
locities computed relative to stable Eurasia, the FPD
lie systematically about A¢ = 29°E, on average to
the east (Fig. 3A). Given that uncertainties on az-
imuths ¢, and ¢, are of the order of 10° and 30°,
respectively, the small standard deviation o(A¢) =
10° implies that some correlation between the two
patterns exists. This correlation pattern is well cor-
roborated by the differences in azimuths derived
from the FPD observed by Himn et al. [2] and by
Guilbert et al. [3] (Fig. 3B and C, respectively),
which yield respectively A¢ =30°E and 28°E, on
average, and standard deviations o(A¢)=7.5° and
11.5°. The fairly large difference in azimuths (A¢ =
29°E, on average) may be taken to indicate some
systematic bias. This bias could be due to the fact
that the Eurasian plate should not be considered
fixed with respect to the deep mantle beneath Tibet.
Unfortunately, the absolute plate motion (APM) of
Eurasia with respect to the deep fixed mantle is
poorly constrained. NNR-Nuvel 1 [32] would imply
a motion, relative to deep mantle, of a point in
central Tibet attached to Eurasia at nearly 2.6 cm/yr

seismic station { lithospheric block seismic anisotropy (*) velocity / stable Eurasia (**)
s CE) 5t (s) 9t (°E) v (cm/yr)
AMDO Tibet - B3 75.0 0.88 41 3.9
BUDO B2 86.7 2.40 6l 34
ERDO Tibet - B2 73.4 1.49 44 3.7
SANG Tibet - B3 51.0 0.80 39 3.8
TUNL Bl 88.8 0.93 63 2.8
WNDO Tibet - B2 62.0 1.91 42 3.8
MAQI B2 1318 0.82 89 2.7
USHU B3 119.0 0.72 78 3.1

" Anisotropy parameters from McNamara et al. [1].
* " Present velocities relative to Eurasia derived from [28).
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towards the east-southeast (Fig. 4). A model derived
from 7 Pacific hot spots, HS-Nuvel 1 [33] implies 1
cm/yr to the west-northwest. Another solution, de-
rived from the trend of 14 hot spot chains, HST-Nuvel
1 [34], implies 1 ecm/yr to the southeast. Given the
great differences between the 3 APM determinations,
we have explored the space of all possible motions
of less than 3 cm /yr (Fig. 4). At all the stations the
same velocity correction was applied, an assumption
that requires the Eurasian APM Euler pole to lie far
from Tibet. For each value, A¢ and o(A¢) were
computed (Fig. 4). For NNR-Nuvel 1 and HST-Nuvel
1 the systematic bias on A¢ are 8°E and 15°E,
respectively, while the standard deviations, o (A¢),
are 15° and 11°, respectively (Fig. 3). These two
APM would, therefore, imply a slightly better fit
between ¢, and ¢,, than that obtained by assuming
no motion of the Eurasian plate with respect to the
deep mantle below Tibet. HS-Nuvel 1 yields a larger
misfit, A¢ =45°E, with a slightly better standard
deviation o(A¢) < 10°. The best correlation be-
tween ¢, and ¢, would be obtained with 2 cm /yr
of northward motion of the mantle beneath Tibet
with respect to the Eurasian plate. Given the large
uncertainties on crustal tectonics and on fast S wave
polarization azimuths, it appears that whatever south
to eastward APM solution is considered, the az-
imuths of the FPD and the directions of tectonic
transport can be considered to correlate, but this
correlation cannot be considered as a strong positive
test.

4. Discussion of delay times: a simple forward
model

In this section we assume that the dominant
anisotropic layer, away from the major faults zones,
is the sheared asthenosphere accommodating the rel-
ative motion between the extruded lithosphere of
Tibet and a fixed mantle at depth. The delay time,
6, resulting from an anisotropic layer with thickness
H is:
dt=ks*H/Vs with ks=AVs/Vs (1)

where Vs is the mean shear wave velocity, and AVs
is the difference in shear wave velocity for waves
polarized along the fast and slow directions, respec-

tively. Delay times thus depend on the thickness of
the anisotropic layer, H, and on the birefringence,
ks. These quantities are not independent, since strain,
hence seismic anisotropy, in the decoupling layer
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Fig. 3. Histogram of azimuth differences, A¢ = ¢, — ¢,, pre-
dicted by the kinematic model of Avouac and Tapponnier [28]
computed at the locations of the stations of McNamara et al.
[1]s — ¢t, between the Fast Polarization Direction (FPD) of SKS
split waves, o&,. and the direction of motion of the lithosphere
relative to stable Eurasia, ¢,. (A) FPD reported by McNamara et
al. [1}: (B) FPD of Hirn et al. [2]; (C) FPD of Guilbert et al. [3].



90 J. Lavé et al. / Earth and Planetary Science Letters 140 (1996) 83-96

depends on its thickness. A forward computation of
delay times therefore requires laws to convert the
displacement of the lithosphere with respect to the
deep mantle into finite shear strain, then into olivine
crystal LPO and, finally, into seismic anisotropy.

4.1. Strain in the asthenosphere

If the observed anisotropy results from the pene-
trative fabric of deformed rocks, it should be inter-
preted in terms of finite strain rather than in terms of
instantaneous strain rate. Assuming that any initial
LPO in the upper mantle is rapidly annealed,
anisotropy in the decoupling layer at base of the
lithosphere depends essentially on the finite displace-
ment of the lithosphere with respect to the deep
mantle. Assuming a constant low viscosity in this
layer, the shear strain, vy, would be directly propor-
tional to the total relative displacement between the
lithosphere and the asthenosphere, L:

y=L/H (2)
Geological evidence suggests that the present tec-

tonic regime began 15-17 my ago (e.g., [35,36)).
Assuming that the velocity field has been stationary

since that time, the finite displacement between the
lithosphere and the deep mantle at a point moving at
velocity, ¢, is simply:

L=v-T (3)

with 7= 15 my, being the time elapsed.

In fact, all laws can be expressed as a function of
the finite displacements, L, and any different hypoth-
esis on T can be accounted for by simply correcting
L in proportion to the change in T.

4.2. Numerical and experimental data on LPO and
anisotropy

Experimental data on LPOs in olivine aggregates,
as well as textural analysis of naturally deformed
peridotites, indicate that the crystallographic axes of
olivine minerals are strongly reoriented during defor-
mation [17,37-39]. The [100] axes tend to cluster
tightly around the stretching lineation (X), and the
[010] axes tend to become perpendicular to the folia-
tion plane. The [001] axes are more loosely grouped
around the Y direction. At small strains (y < 1.5),
the distribution of crystallographic axes is generally
observed to tighten as deformation increases, leading

8

-« g NNR - Nuvel 1

——» HST - Nuvel 1
> HS - Nuvel 1
O(AQ)<15° and Ag<20°
m O(Ap)<10° and Ag<i0®

Fig. 4. Mean value, A¢, and standard deviation, o(A¢). of the difference in the azimuth between SKS fast polarizations reported by
McNamara et al. [1] and the direction of block motion relative to deep mantle. A wide range of possible motions for Eurasia, with respect to
deep Tibetan mantle, is explored, between O and 3 cm /yr in rate, and 0° and 360°E in azimuth. White circle at origin corresponds to Eurasia
fixed with respect to deep Tibetan mantle. As also shown in Fig. 3A, this solution yields lithosphere /deep mantle motion differing from
SKS fast polarization azimuth by 29°, with 10° standard deviation. Three other solutions from different APM models are also indicated: the
no net rotation model of Argus and Gordon [32]; HS-Nuvel 1 from Gripp and Gordon [33]; and HST-Nuvel 1 from Ricard et al. [34]. Th
domain in which fast polarization directions and APM motion can be conmsidered in good agreement is defined by A¢ <20° and
o (Ad) < 15° The best solution would require 2 cm/yr of southward motion of Eurasia with respect to deep mantle beneath Tibet.
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Fig. 5. Birefringence as function of shear strain according to
experimental data [37] and deduced from numerical simulations
[41]. Experimental data from dunites deformed in axial compres-
sion are plotted in equivalent shear strain. + = olivine agregate
anisotropy; O = neoblast anisotropy after dynamic recrystallisa-
tion. Triangles and squares have been computed from the Fisher
distributions given in Table 3. They correspond to the splitting of
a shear waves propagating respectively in the Y and Z directions.
The solid and dashed curves correspond to Eqs. (5 NO TRANS-
LATION 4), respectively.

to a gradual increase in seismic anisotropy. Labora-
tory experiments [37,40] and numerical simulations
[39.41,42] have attempted to quantify this evolution.
Experimental measurements compare well with the
numerical simulations of Ribe and Yu [41] (Fig. 5).
Such distributions can be approximately matched
assuming a Fisher distribution of olivine minerals
axes (Table 3). In order to obtain some estimate of
the seismic anisotropy corresponding to these distri-

Table 3

Z

scale in %

Fig. 6. Shear wave birefringence (ks = AVs/ Vs (%)) for a de-
formed olivine agregate in simple shear (y = 1.5). Olivine miner-
als are assumed to be distributed according to Fisher distribution,
yielding concentration factors of crystallographic axes equivalent
to those of Ribe and Yu [41] (Table 3). Dark line indicates the
foliation plane (XY). Arrows indicate sense of shear. Equal area
diagram.

butions, we have followed the procedure proposed
by Mainprice and Silver [14]. We considered Fisher
distributions of single olivine crystal tensors [43],
and computed the Voigt average tensor. The birefrin-
gence, ks = AVs / Vs, for any direction of propaga-
tion of a S wave, is then computed from the elastic
wave equation (Christoffel equation) corresponding
to this elasticity tensor. Fig. 6 shows how birefrin-
gence varies as a function of shear wave propagation
direction for a simple shear with y=1.5. Such a
pattern compares well with experimental data (see,

Simulated LPO as a function of shear strain, y, {from [41]) compared with LPO obtained assuming a Fisher distribution of olivine mineral

tensors

Strain | Ribe and Yu's simulation [41] Fisher's distribution of Euler | Estimated concentration factor
angles (°)

Y x L100] | x (010} | x[001] o(0) a(p) o(y) | x {100} | x (0107 | x [001]
0.00 1.00 1.00 1.00 + o + oo +® 1.00 1.00 1.00
0.41 1.38 1.24 1.01 50 55 50 1.37 1.24 0.96
0.71 1.71 1.41 1.06 38 46 42 1.71 1.39 1.01
0.95 1.97 1.53 1.12 37 41 35 1.99 1.54 1.08
1.16 2.16 1.62 1.16 32 39 37 2.14 1.63 1.12
1.34 2.31 1.71 1.20 31 37 35 232 1.73 1.18
1.50 2.48 1.78 1.24 30 37 33 2.54 1.74 1.21
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e.g., [14]). The maximum birefringence, about 8.7%,
is found for a propagation along Y. The birefrin-
gence in the Z direction is about half that maximum
value. Values of the birefringence in the Z and Y
directions calculated with this procedure are plotted
in Fig. 5 as a function of shear strain. Given that
foliation planes tend to become horizontal during
horizontal shear and that birefringence varies
smoothly around the Z direction, we neglect the dip
of the foliation planes and consider that birefrin-
gence in the Z direction is representative of SKS
shear wave splitting.

Numerical simulations indicate that, at strains
larger than about y= 1.5, intracrystalline slip tends
to disorganize the LPO [42,44]. This geometric hard-
ening effect might lead to a decrease in the
anisotropy. This process, however, is probably com-
pensated by dynamic recrystallisation, which leads to
the growth of grains or newly formed grains (neob-
lasts) with structures favourably oriented in the strain
field [37,40]. Although neoblasts within host grains
do not enhance the total LPO, the dynamic recrys-
tallisation probably prevents hardening and keeps the
LPO near steady state during uniform simple shear,
leading to asymptotic behaviour. Diffusion processes
might play a similar role when conditions are such
that dislocation creep is still dominant [45,46].

We searched for a simple analytical law that
would account both for the experimental data and
numerical simulations at strains smaller than 1.5, and
for the asymptotic behaviour at larger strain. Given
that ophiolitic peridotites that have experienced very
large strain are observed to yield S wave seismic
anisotropy as large as 13% [14], we set the asymp-
totic value to 14%. The following equation provides
a reasonable fit to the maximum birefringence (Fig.
5):

ks(Y)=AVs/Vs=0.14(y/(y+ 0.88)) (4)

with the anisotropy in the Z direction being approxi-
mately half the maximum birefringence:

ks(Z) = AVs/Vs =0.07(y/(y + 0.88)) (5

This latter equation implies an upper asymptotic
limit of 7%. For comparison, 5.3% anisotropy in the
Z direction has been measured on asthenospheric
sample by Mainprice et al. [26]. Egs. (4 NO
TRANSLATION 5) would apply to a pure olivine
aggregate, however. Since upper mantle rocks are
generally considered to contain 30-40% of other
minerals, which tend to develop smaller LPO during
strain, a degrading factor should be introduced in
these equations in order to apply them to real as-
thenospheric rocks. On the other hand, numerical
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Fig. 7. Relationship between block displacements, L, and delay time, &¢. Solid lines represent predicted delay times, according to Egq. (6),
for thicknesses of the anisotropic layer varying between 50 and 250 km. Boxes indicate 1o confidence intervals on 8¢ and block
displacements. Uncertainties on block displacements only include uncertainties on Eulerian poles and velocities of Table 1. The present-day
kinematics are assumed for the last 15 my. If differential motion of the Eurasian plate with respect to fixed mantle below Tibet were
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simulations by Wenk et al. [42] have shown that
olivine grains in a mixed aggregate with 70%
olivine-30% enstatite may develop a stronger LPO
than pure olivine aggregates. Similarly, Mainprice
and Silver [14] have found that S wave anisotropy is
weakly affected by the presence of orthopyroxene in
kimberlitic peridotites and that the maximum
anisotropy of a 70% olivine—30% orthopyroxene
aggregate is only degraded by a factor of 0.8-0.9.
We chose to apply a degrading factor of 0.85, which
predicts an asymptotic upper limit of 6% in the Z
direction, still in agreement with experimental data.

Using Eq. (2) we can derive a simple expression
for the predicted delay times due to asthenospheric
anisotropy. Eq. (1) can then be expressed as a func-
tion of the thickness of the layer, H, and of the
amount of finite displacement of the overlying litho-
sphere relative to the deep mantle, L:

St=ks"H/Vs=[006"H L]/[Vs(L+0.88" H)]
(6)

As we assumed horizontal foliation planes, this
equation might yield slightly overestimated delay
times at small strains. In addition, a variable viscos-
ity with depth would lead to heterogeneous strain
distribution with systematically smaller cumulative
anisotropy than in the hypothesis of a constant vis-
cosity. Our assumptions thus probably provide an
upper bound of the delay time that can be expected
for a given thickness of the anisotropic layer.

4.3. Discussion

Fig. 7 shows observed delay times at the stations
of McNamara et al. [1] as a function of cumulative
displacements of the lithosphere, assuming that the
kinematics of tectonic deformation has not changed
over the last 15 my. The curves indicate predicted
delay times according to Eq. (6) for different thick-
nesses of the anisotropic layer. The observed delay
times at the 5 stations located within south central
Tibet (AMDO and SANG) and in eastern Tibet
(MAQI, USHU and TUNL) would be consistent with
a 50-100 km thick, low viscosity layer. Such a
thickness compares well with the > 90 km thick
Low Velocity Zone evidenced from multiple ScS
reverberations along Tibetan paths [47]. As already

pointed out by McNamara et al. [1], the larger delay
times at the three remaining stations, WNDO, ERDO
and BUDO, would imply a much thicker anisotropic
layer. If the delay times are interpreted as coming
from a single, horizontally sheared layer, a thickness
of about 200 km beneath WNDO and ERDO and in
excess of 250 km beneath BUDO would be required.
The particularly large delay time at BUDO, together
with the fault-parallel direction of polarization, may
actually be taken to indicate a lithospheric contribu-
tion to the total anisotropy, consistent with its loca-
tion close to the left-lateral Kunlun fault [3]. The
crustal anisotropy parallel to the fault strike is further
evidence for a lithospheric scale anisotropic layer
along the Kunlun fault [13]. Although the Tibetan
lithosphere is generally considered to be thin, the
lithospheric contribution could be significant because
the LPO is favourably oriented to produce maximum
birefringence for SKS waves (propagation in the Y
direction). The total lithospheric contribution could
be larger than 1 s, including a 0.2-0.3 s crustal
contribution [13]. Given that the azimuth of the
Kunlun fault is close to the direction of tectonic
transport, lithospheric and asthenospheric anisotropy
might interfere constructively. A particularly thick
anisotropic layer in the asthenosphere would never-
theless be required in north-central Tibet, since little
contribution from lithospheric anisotropy is expected
beneath WNDO and ERDO. This is actually the area
where a hot upper mantle has been inferred from
various seismological evidence [48-50]. Although
we neglected that effect in our modelling, the devel-
opment of anisotropy depends on the geotherm.
Higher temperatures can induce enhanced anisotropy,
due to the activation of glide systems such as
(010)[100] and (001)[100] [51,52]. This is valid for
temperatures between 800°C and 1200°C, so that
asthenospheric anisotropy is probably not very sensi-
tive to that effect. Another effect is that the thickness
of the anisotropic layer might vary as a function of
the geotherm. First, with higher temperatures, the top
of the low viscosity zone should tend to reach shal-
lower depths. At the same time, the bottom of the
anisotropic layer should get deeper. In fact, the
bottom of the anisotropic layer is either the bottom
of sublithospheric decoupling layer (which has been
our assumption up to now), or the transition depth
from predominantly dislocation to diffusion deforma-
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tion processes. Diffusion processes are thought to
inhibit the development of a strong anisotropy and
the transition depth tends to get deeper with higher
temperatures [46]. In both hypotheses, a hot upper
mantle might, therefore, induce some thickening of
the anisotropic layer.

Finally, given the rapid increase in anisotropy at
small strains and the asymptotic behaviour at large
strain, estimations of the thickness of the astheno-
spheric anisotropic layer are not too sensitive to the
uncertainties on the displacement of the lithospheric
blocks with respect to the deep mantle. The observed
delay times beneath north-central Tibet can be ac-
counted for with a 200 km thick anisotropic layer,
assuming that the kinematics proposed by Avouac
and Tapponnier [27] have been proceeding for 10 my
or more (corresponds to L > 400 km in Fig. 7).

5. Conclusion

The recent measurements of shear waves splitting
beneath Tibet offer an exceptional opportunity to
investigate the relationship between seismic
anisotropy and active tectonic processes in a conti-
nental area. Close to the major strike-slip fault zones
the anisotropy implies that such faults probably ex-
tend into the lithospheric mantle. Although uncer-
tainties are large, the overall pattern of seismic
anisotropy away from those faults is consistent with
horizontal shear in an asthenospheric layer beneath
the extruded Tibetan lithosphere. Seismic anisotropy
correlates with regional tectonics if the deep mantle
beneath Tibet is assumed to move northward at
about 2 cm/yr relative to stable Eurasia. The ob-
served delay times would require that layer to be
about 50-100 km thick beneath central Tibet and
about 200 km beneath north-central Tibet. The ob-
served anisotropy might have developed over the last
10 my, assuming stationary kinematics of active
deformation during that period. The observed
anisotropy beneath Tibet therefore seems consistent
with rigid blocks that have been undergoing extru-
sion since the Middle Miocene. In contrast, no infor-
mation about earlier tectonics is provided. More
generally, since the Lattice Preferred Orientation of
olivine minerals in the upper mantle evolves rapidly
at low strain values and reaches asymptotic be-

haviour at high strain values, it is probably appropri-
ate, in areas of active continental deformation, to
compare seismic anisotropy with the present tecton-
ics.
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