
Geophysical Journal International
Geophys. J. Int. (2017) 209, 466–491 doi: 10.1093/gji/ggx004
Advance Access publication 2017 January 11
GJI Seismology

Crustal anisotropy across eastern Tibet and surroundings modeled
as a depth-dependent tilted hexagonally symmetric medium

Jiayi Xie,1 Michael H. Ritzwoller,1 Weisen Shen1,∗ and Weitao Wang2
1Department of Physics, University of Colorado at Boulder, Boulder, CO 80309, USA. E-mail: jiayi.xie@colorado.edu
2Institute of Geophysics, Chinese Earthquake Administration, Beijing 100045, China

Accepted 2017 January 4. Received 2017 January 1; in original form 2016 June 8

SUMMARY
Two types of surface wave anisotropy are observed regularly by seismologists but are only
rarely interpreted jointly: apparent radial anisotropy, which is the difference in propagation
speed between horizontally and vertically polarized waves inferred from Love and Rayleigh
waves, and apparent azimuthal anisotropy, which is the directional dependence of surface
wave speeds (usually Rayleigh waves). We show that a new data set of Love and Rayleigh
wave isotropic phase speeds and Rayleigh wave azimuthal anisotropy observed within and
surrounding eastern Tibet can be explained simultaneously by modeling the crust as a depth-
dependent tilted hexagonally symmetric (THS) medium. We specify the THS medium with
depth-dependent hexagonally symmetric elastic tensors tilted and rotated through dip and
strike angles and estimate these quantities using a Bayesian Monte Carlo inversion to produce
a 3-D model of the crust and uppermost mantle on a 0.5◦ × 0.5◦ spatial grid. In the interior of
eastern Tibet and in the Yunnan-Guizhou plateau, we infer a steeply dipping THS upper crustal
medium overlying a shallowly dipping THSmedium in themiddle-to-lower crust. Such vertical
stratification of anisotropy may reflect a brittle to ductile transition in which shallow fractures
and faults control upper crustal anisotropy and the crystal-preferred orientation of anisotropic
(perhaps micaceous) minerals governs the anisotropy of the deeper crust. In contrast, near the
periphery of the Tibetan Plateau the anisotropic medium is steeply dipping throughout the
entire crust, which may be caused by the reorientation of the symmetry axes of deeper crustal
anisotropic minerals as crustal flows are rotated near the borders of Tibet.

Key words: Crustal imaging; Seismic anisotropy; Surface waves and free oscillations;
Crustal structure.

1 INTRODUCTION

The high Tibetan Plateau has resulted from the collision of India
with Eurasia over the past approximately 50 Myr (Le Fort 1975;
Molnar & Tapponnier 1975; Jolivet et al. 1990; Hinsbergen et al.
2012).How the plateau has deformed in response to the collision and
how it has deformed surrounding regions remains subject to debate,
and has inspired a wide range of tectonic models. Hypotheses have
included deformation via rigid blocks (e.g. Tapponnier et al. 2001),
the continuous deformation of the entire lithosphere (e.g. Molnar
& Tapponnier 1975; Houseman & England 1993) and flow in the
lower crust (e.g. Royden et al. 1997).

As suggested by heat flow measurements (Francheteau et al.
1984) and thermokinematic models (Bollinger et al. 2006), the
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thickened Tibetan crust is believed to be hot, which implies a sig-
nificant weakness of the middle and lower crust (Francheteau et al.
1984; Nelson et al. 1996; Clark & Royden 2000; Beaumont et al.
2001). In addition, earthquakes are mainly confined to the upper
crust of eastern Tibet where brittle deformation occurs (e.g. Chu
et al. 2009; Zhang et al. 2010; Sloan et al. 2011; Huang et al.
2010), seismic tomography has identified low-velocity zones in the
middle-to-lower crust (e.g. Yao et al. 2008; Yang et al. 2012; Xie et
al. 2013), and receiver function studies observe velocity contrasts
in the middle crust (e.g. Kind et al. 2002; Nábělek et al. 2009; Li
et al. 2011; Deng et al. 2015). Some researchers take these results
as evidence for a viscously deforming deeper crust (e.g. Clark &
Royden 2000; Beaumont et al. 2001; Shapiro et al. 2004), which
may imply a decoupling between the upper crust and the underly-
ing mantle. Partial melt in the middle crust may also be a common
feature of central Tibet (e.g. Hacker et al. 2014). On the other hand,
some authors argue that the Tibetan lithosphere is deforming as a
coherent unit (e.g. England & Molnar 1997), at least in southern
Tibet (Copley et al. 2011).
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Figure 1. Depiction of a tilted hexagonally symmetric medium (THS),
showing the foliation plane, the strike and dip angles and the symmetry
axis. The medium coordinates (x1, x2, x3) and the observing coordinates
(x̂1, x̂2, x̂3) are also shown.

In this paper, we investigate the state of the upper and middle-to-
lower crust of Tibet based on inferences about seismic anisotropy.
There have been a number of previous studies of crustal anisotropy
across Tibet based on surface waves from ambient noise or earth-
quake data. Radial anisotropy is the difference in propagation speed
between horizontally and vertically polarized waves, inferred from
Love andRayleighwaves, respectively. Crustal radial anisotropy has
been mapped across parts of Tibet by, for example, Shapiro et al.
(2004), Chen et al. (2009), Duret et al. (2010), Huang et al. (2010),
Guo et al. (2012), Xie et al. (2013), Agius & Lebedev (2014) and
Tan et al. (2015). Azimuthal anisotropy characterizes how prop-
agation speed varies with azimuth. The Rayleigh wave azimuthal
anisotropy of the crust also has been mapped by Su et al. (2008),
Yao et al. (2010) and Pandey et al. (2015).

The novelty of this study lies in its simultaneous interpretation
of observations of radial and azimuthal anisotropy from surface
waves by estimating the depth-dependent oriented elastic tensor
in the crust. Xie et al. (2015), influenced by much earlier stud-
ies of Montagner & Nataf (1986, 1988) and Montagner & Jobert
(1988), present a method to infer the oriented elastic tensor from
such observations by imposing the constraint that the elastic tensor
possesses hexagonal symmetry with an orientation (described by
dip and strike angles, Fig. 1) that is constant throughout the crust.
They conclude that only one dip angle (and strike angle) is needed
at each location across the relatively thin crust that composes the
western US. However, the Tibetan crust is much thicker and many
studies have observed significant vertical complications in crustal
structure, such as significant mid-crustal discontinuities (e.g. Kind
et al. 2002; Nábělek et al. 2009; Li et al. 2011; Deng et al. 2015)
and crustal low-velocity zones (e.g. Kind et al. 1996; Cotte et al.
1999; Rapine et al. 2003; Shapiro et al. 2004; Xu et al. 2007; Yao
et al. 2008; Caldwell et al. 2009; Guo et al. 2009; Li et al. 2009;
Acton et al. 2010; Jiang et al. 2011; Xie et al. 2013; Deng et al.
2015). Here, we consider the effects that such complications might
have on the inference of the oriented elastic tensor across eastern
Tibet and adjacent regions.

Estimates of the oriented elastic tensor may provide insight into
the geometry of foliation of material that composes the Tibetan
crust, which may provide new constraints on deformation. In par-

ticular, estimates of the elastic tensor for the crust of Tibet may
provide new information about the difference or similarity between
the Tibetan upper and middle-to-lower crust.

In discussing anisotropy, it is important to keep in mind two
different coordinate frames (Fig. 1): the frame in which the obser-
vations are made and the frame defined by the symmetry axis of
the medium. We define the elastic tensor in the coordinate frame
of the medium (x1, x2, x3) , in which the 3-axis aligns with the
symmetry axis and the coordinate pair (x1, x2 ) spans the foliation
plane. We refer to anisotropy defined in this frame as ‘inherent’.
In this frame, a hexagonally symmetric medium possesses no az-
imuthal anisotropy, where azimuth is defined in terms of rotation
about the symmetry axis. In contrast, the coordinate system of ob-
servation is represented by the three components of seismometers
at the Earth’s surface (x̂1, x̂2, x̂3) in which the 3-axis lies normal
to the Earth’s surface. In this frame, observations of anisotropy
depend on how the components of the elastic tensor, composed of
the inherent elastic moduli, are affected by the tilt of the medium
(or the rotation of the symmetry axis). We refer to measurements
of anisotropy and inferences drawn from them in the observational
frame as ‘apparent’. Most studies of anisotropy based on surface
waves have reportedmeasurements andmodels of particular aspects
of apparent anisotropy, such as radial and azimuthal anisotropy.
In particular, azimuthal anisotropy is a commonly observed
property.

The purpose of this paper is to address the following questions
with a focus on eastern Tibet and surrounding areas: (1) first, can
information about anisotropy contained in surface wave traveltimes
observed across Tibet be fit with the oriented elastic tensormodel, in
the same way as similar data were fit in the western US by Xie et al.
(2015)? (2) Second, is there a difference in anisotropy between the
upper crust and middle-to-lower crust across Tibet? Specifically,
is a single orientation for the elastic tensor at all depths in the
crust sufficient to fit the observations? (3) Finally, does the nature
and vertical distribution of anisotropy across Tibet differ from that
across surrounding regions?

In order to address these questions, we combine data from three
networks across parts of China and Tibet: the China Earthquake
Array (CEArray), the China Array deployed in and around Yun-
nan Province and the PASSCAL installations in Tibet (Fig. 2b).
Based on recordings from these stations, we obtain Rayleigh and
Love wave phase velocity measurements from ambient noise by
assimilating phase velocity measurements from previous studies
and also updating Love wave phase velocity maps by introducing
new observations. Rayleigh wave phase velocity maps for Tibet
were previously presented by Yang et al. (2012), Xie et al. (2013)
and later by Shen et al. (2016) who produced an isotropic and
azimuthally anisotropic data set of observed surface wave phase
speeds from ambient noise that covers most of China. These stud-
ies ultimately yield an integrated data set of Rayleigh wave phase
speed measurements and maps, which we incorporate here. The
new measurements we incorporate include both the isotropic and
azimuthally anisotropic components of Rayleigh wave phase speeds
(Fig. 3). Xie et al. (2013) present isotropic Love wave phase speed
maps for Tibet. Here, we add new measurements of Love wave
phase speeds based on ambient noise recorded at 438 China Array
stations in and around Yunnan Province, and produce updated Love
wave phase speed maps.

The remainder of this paper is separated into five principal sec-
tions. In Section 2, we briefly describe the data used in our in-
version, which is period-dependent surface wave phase speeds ex-
tracted from Rayleigh and Love wave tomography, including data
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Figure 2. (a) Reference map of the study region in which 3 km topography isolines are presented (black lines) along with the boundaries of major geological
units (red lines). Points A–D indicate sample locations referenced in Figs 5, 8–11, 17 and 21. (b) Locations of seismic stations used in this study: CEArray
stations (red triangles), China Array stations around Yunnan province (blue triangles) and PASSCAL stations (black triangle). The two profiles (A, B) are used
in Figs 14 and 19.

Figure 3. (a) and (b) Examples of the Love–Rayleigh phase speed difference (CLove − CRayleigh) across the study region at periods of 10 and 30 s. (c) and (d)
The observed Rayleigh wave 2 ψ (180◦ periodicity) azimuthal anisotropy maps at 10 and 30 s periods. The red bars identify Rayleigh wave fast orientations
with lengths proportional to the amplitude in percent (a2 in eq. 1).

sensitivity and uncertainties. In Section 3, we clarify the terminol-
ogy and concepts that underlie our work, particularly as related to
the notions of inherent and apparent anisotropy. In Section 4, we
describe the model parametrization and constraints applied in the

BayesianMonteCarlo inversion. In Section 5,we describe themodel
of the depth-dependent tilted elastic tensor in the crust that explains
this data set and present views with horizontal maps and vertical
profiles of the estimated dip and inherent strength of anisotropy
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and their uncertainties. In Section 6, we provide views of apparent
anisotropy to aid comparison with previous studies and discuss the
physical and geological significance of the results.

2 DATA

2.1 Measurements

In this study, we combine new ambient noise-based Love wave
phase velocity measurements with previously observed Rayleigh
and Love wave phase speed measurements obtained from cross-
correlations of continuous ambient noise data. First, for Rayleigh
waves, we incorporate the subset of the maps of isotropic and az-
imuthally anisotropic phase velocities from Shen et al. (2016) that
covers our study area. Shen et al. (2016) produce isotropic Rayleigh
wave phase speedmaps (8–50 s period) using ray theoretic tomogra-
phy (Barmin et al. 2001), and simultaneously estimate maps of az-
imuthal anisotropy. Second, we also incorporate the isotropic Love
wave phase speed measurements obtained by Xie et al. (2013) using
ambient noise cross-correlations based on CEArray and PASSCAL
data. Finally, we introduce new Love wave phase speed measure-
ments obtained from cross-correlations of ambient noise recorded
at the 438 China Array stations centred on Yunnan Province. The
Love wave phase velocity measurements for each cross-correlation
station pair are measured using automated frequency–time analysis
(Levshin & Ritzwoller 2001; Bensen et al. 2007) as in the study of
Xie et al. (2013). We apply ray theoretic tomography (Barmin et
al. 2001) to generate azimuthally variable and isotropic Love wave
phase velocity maps from 8 to 40 s period.

In a weakly anisotropic medium, the azimuthal dependence of
phase velocity for a Rayleigh wave has the following form (Smith
& Dahlen 1973):

C(T, ψ) = C0(T )[1 + a2 cos(2(ψ − ϕFA)) + a4 cos(4(ψ − α))]

(1)

where T is period, ψ is the azimuth of propagation of the wave
measured clockwise from north, C0(T ) is the isotropic phase speed,
ϕFA is the 2ψ fast-axis orientation, α is an analogous angle for the
4ψ variation in phase velocity and a2 and a4 are the relative ampli-
tudes of the 2ψ and 4ψ anisotropy. Based on theoretical arguments
(Smith &Dahlen 1973; Montagner & Nataf 1986) and observations
(e.g. Lin & Ritzwoller 2011; Lin et al. 2011; Xie et al. 2015), the
2ψ term (180◦ periodicity) is understood to dominate the Rayleigh
wave azimuthal variation, so we will only present the 2ψ signal here
for Rayleigh waves. In contrast, Love wave azimuthal anisotropy is
dominated by the 4ψ term (90◦ periodicity), which means that
exceptionally good azimuthal coverage is required for Love wave
anisotropy to be measured reliably. Because the azimuthal coverage
is not ideal across much of Tibet and because Love wave observa-
tions are typically noisier than Rayleigh wave observations, we do
not use the azimuthal anisotropy observed for Love waves in the
inversion presented here.

We produce isotropic phase speed maps for Love waves (8–40 s
period) and Rayleigh waves (8–50 s period), and 2ψ azimuthal
anisotropy maps for Rayleigh waves (8–50 s period). Examples of
the difference between the isotropic parts of Love and Rayleigh
wave phase speeds are shown in Figs 3(a) and (b) at periods of
10 and 30 s. Love wave phase speeds are everywhere faster than
Rayleigh wave speeds in the period band of measurement, but the
difference between Love and Rayleigh wave speeds (referred to as
CLove −CRayleigh in Fig. 3) depends on period and location. Examples

of Rayleigh wave azimuthally anisotropic phase velocity maps are
presented in Figs 3(c) and (d) at 10 and 30 s period, where the length
of each bar is the amplitude of 2ψ anisotropy (a2 in eq. 1, in percent),
and the orientation of each bar is the fast-axis orientation (ϕFA in
eq. 1). The azimuthal anisotropy has large amplitudes within Tibet
and in the Yunnan-Guizhou plateau south of the Sichuan basin. At
short periods, fast-axis directions generally follow the orientations
of surface faults.

2.2 Data sensitivity

The differences between Love and Rayleigh wave phase speeds
shown in Figs 3(a) and (b) reflect the amplitude of the Rayleigh–
Love discrepancy in our observations and provide information about
the depth distribution of S-wave anisotropy. The Rayleigh–Love
discrepancy is a measure of the inability of a simply parametrized
isotropic model to fit Rayleigh and Love wave dispersion curves
simultaneously. The introduction of radial anisotropy, or the speed
difference between horizontally polarized (VSH) and vertically po-
larized (VSV) waves in a transversely isotropic (TI) medium (hexag-
onally symmetric medium with a vertical symmetry axis), is one
way to resolve the Rayleigh–Love discrepancy. In general, the phase
speed difference between Love and Rayleighwaves increases within
the eastern Tibetan Plateau up to about a period of 30 s, and de-
creases or remains nearly constantwith period outside of the Plateau.
Procedurally, we specify anisotropy with the elastic tensor and its
orientation, and use the notation VPV, VPH, VSH and VSV only when
speaking of a TI medium. In a medium with a tilted symmetry axis,
we will specify anisotropy exclusively in terms of the Love moduli
A, C, N, L and F.

Synthetic examples of the difference between Love and Rayleigh
wave phase speeds are shown in Figs 4(a) and (b). Four models
of the depth distribution of the difference between Vsh and Vsv in
a TI medium are shown in Fig. 4(a) and the resulting differences
between Love and Rayleigh wave phase speeds (CLove − CRayleigh)
are shown in Fig. 4(b), which depend strongly on the amplitude
and depth distribution of the difference VSH − VSV. For exam-
ple, comparing the two models in which one is isotropic (green
line, Fig. 4a) and the other has a depth constant radial anisotropy
(VSH − VSV = 5 per cent, black line, Fig. 4b) in the crust, there is a
difference inCLove −CRayleigh ofmore than 200m s−1, which is a very
large effect. The concentration of radial anisotropy in progressively
shallower and deeper depth ranges in the crust has a progressively
decreasing effect on the Love–Rayleigh phase speed difference. The
shapes of the curves in Fig. 4(b) depend on several factors. The pe-
riod of the peak difference between Love and Rayleigh wave phase
speeds depends largely on crustal thickness. The negative slope of
the curves at periods longer than the peak period occurs because
the Rayleigh wave becomes sensitive to the mantle at shorter peri-
ods than the Love wave. The upward curve at the longest periods
occurs because of increasing sensitivity of Love waves to mantle
anisotropy.

As discussed further in Section 3, a TI medium can be char-
acterized with five elastic moduli. Rayleigh and Love waves are
differentially sensitive to these five moduli, which can be repre-
sented with the Love parameters A, C, N, L and F or VSV, VSH,
VPV, VPH and η. As Figs 4(c) and (d) illustrate, Rayleigh waves are
predominantly sensitive to VSV and Love waves are almost entirely
sensitive to Vsh. Rayleigh waves also possess substantial sensitivity
to η and to both VPV and VPH, although the VPV and VPH sensitivi-
ties tend to cancel one another which results in a sensitivity to VPV
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Figure 4. (a) and (b) Simulations that illustrate the effect of changes in a hexagonally symmetric medium with a vertical symmetry axis (a TI or a VHS
medium) on the Love–Rayleigh phase speed difference. (a) Four types of structures with different amplitudes of radial anisotropy (VSH − VSV in per cent) in
the crust but with the same anisotropy in the mantle. (b) The Love–Rayleigh phase speed differences (CLove − CRayleigh) computed from the structures shown
in (a). (c) and (d) Example unnormalized sensitivity kernels for Rayleigh and Love wave phase velocities for a VHS medium: 50 s period for Rayleigh waves
with perturbations in VSV, VSH, VPV, VPH and η , as a function of depth, and 40 s period for Love waves with perturbations in VSH and VSV.

that is much weaker and more shallow than to VSV. Love waves
are sensitive to shallower structures than Rayleigh waves at a given
period, the effect of which is amplified in this study because our
Love wave measurements only extend up to 40 s period whereas the
Rayleigh waves extend to 50 s. The sensitivity kernels in Figs 4(c)
and (d) are at the longest periods of this study. Love wave phase
speed sensitivity at 40 s period extends only to about 50 km depth
(at 25 per cent of the maximum amplitude of the sensitivity curve),
whereas Rayleigh wave sensitivity at 50 s period extends to greater
than 100 km (based on the same relative amplitude criterion). This
difference in depth sensitivity of Love and Rayleigh waves has im-
plications for the reliability of estimates of anisotropy, as discussed
in Section 6.3.1.

In the inversion for the elastic tensor, the differential sensitivity of
Rayleigh and Love waves to the elastic moduli allows only some of
the moduli to be estimated well. This is complicated further by the
need to estimate the dip and rotation angles for the elastic tensor. An
important aspect of the Bayesian Monte Carlo inversion procedure

described later is to estimate the relative precision with which the
different moduli and rotation angles can be estimated.

2.3 Uncertainty estimates

Because eikonal tomography (Lin et al. 2009)models off great circle
propagation and provides an estimate of uncertainty, everything else
being equal we would prefer to use it rather than the traditional
ray theoretic tomography that we apply here (Barmin et al. 2001).
However, eikonal tomography does not performwell in the presence
of spatial gaps in the station coverage such as those found in eastern
Tibet. Such spatial gaps prevent us from constructing accurate phase
velocity maps and uncertainty estimates using eikonal tomography
across much of the study region. Thus, our uncertainty estimates
for the isotropic phase velocity maps (Love and Rayleigh waves)
and azimuthal anisotropy maps (Rayleigh wave) are based on the
spatially averaged 1σ uncertainty estimates obtained by applying
eikonal tomography where the method does work in the region of
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Figure 5. Surface wave measurements presented as 1σ error bars illustrating model fits at four locations: eastern Tibet (Point A), Qilian terrane (Point B),
Chuandian terrane (Point C) and Yunan-Guizhou plateau (Point D) identified in Fig. 2(a). (a), (d), (g) and (j) Love minus Rayleigh wave phase speed. (b), (e),
(h) and (k) Amplitude of Rayleigh wave azimuthal anisotropy (coefficient a2 in eq. 1). (c), (f), (i) and (l) Rayleigh wave fast-axis orientation. The solid lines are
curves computed from the best-fitting model at the location using three model parametrizations: isotropic model (green lines), tilted hexagonally symmetric
(THS) model with a constant dip angle in the crust (black lines) and THS model with two dip angles in the crust (red lines). Aspects of the THS models with
two crustal dip angles are shown in Fig. 11.

study. Where eikonal tomography does not work well we scale up
the spatially averaged uncertainty. To do this, we are motivated by
the procedure described at greater length by Shen et al. (2016). We
scale themeasurement uncertainties based on a combination of three
factors: resolution, ray-path azimuthal coverage and the amplitude
of azimuthal anisotropy. The uncertainties for Rayleigh and Love
wave isotropic phase speed maps are scaled using resolution alone
as a guide, as described by Shen et al. (2016). The uncertainty for
Rayleigh wave azimuthal anisotropy amplitude is scaled using both
resolution and azimuthal coverage. Uncertainty for the Rayleigh
wave azimuthal anisotropy fast axis is scaled using all three factors.
Examples of uncertainties in measured quantities are presented as
one standard deviation error bars in Fig. 5.

2.4 Dispersion curves

From the Love wave (8–40 s period) and Rayleigh wave (8–50 s
period) isotropic phase speed maps, the Rayleigh wave azimuthal
anisotropy maps and their uncertainties, we generate at all locations
on a 0.5◦ × 0.5◦ grid across the study region isotropic phase speed
curves for both Rayleigh and Love waves and period-dependent
curves of the amplitude and fast-axis orientation of Rayleigh wave
azimuthal anisotropy. These four local curves form the basis for the
3-D model inversion described later in the paper.

Fig. 5 presents examples of these local dispersion curves at the
four locations identified in Fig. 2(a) (A: eastern Tibet, B: Qilian ter-

rane, C: Chuandian terrane just off the Tibetan plateau, E: Yunnan-
Guizhou plateau). Instead of showing the Love and Rayleigh wave
isotropic phase speed curves separately, we present the difference
between them as in the simulation results presented in Fig. 4(b),
although in the inversion they are used as two independent observa-
tions. Phase speed differences are presented as error bars, defined
as the square root of the sum of the squares of the estimated un-
certainties of the Rayleigh and Love wave phase speeds at each
location. As shown in Fig. 5(a), within Tibet the difference between
Love and Rayleigh wave phase speeds increases rapidly to peak at
about 30 s period and decreases slowly at longer periods. Outside of
Tibet (Figs 5d, g and j), the difference increases at short periods less
rapidly than in Tibet, peaks at a shorter period, and then decreases
either quicker or remains flat with period. A comparison of the syn-
thetic curves in Fig. 4(b) with the observations in Figs 5(a), (d), (g)
and (j) provides hints to the depth distribution of radial anisotropy
in Tibet and regions surrounding it.

In addition, the middle and bottom rows of Fig. 5 show the
period-dependent curves for the amplitude and fast-axis orienta-
tion of Rayleigh wave 2ψ azimuthal anisotropy, respectively. The
features of these curves vary dramatically from place to place. For
example, at Point A (eastern Tibet), the amplitude of Rayleigh wave
azimuthal anisotropy decreases with period and the Rayleigh wave
fast azimuth does not change strongly with period. In contrast, at
Point B (Qilian terrane), the amplitude of Rayleigh wave azimuthal
anisotropy remains flat with period but the Rayleigh wave fast
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azimuth changes moderately with period. At Points C and D, az-
imuthal anisotropy changes in still different ways with period. At
Point C, the amplitude of anisotropy increases with period, and at
Point D, the fast-axis orientation differs appreciably between short
and long periods, which indicates a change in the orientation of
anisotropy with depth.

3 BACKGROUND: TERMINOLOGY
FOR A HEXAGONALLY SYMMETRIC
MEDIUM

The spatially dependent isotropic and azimuthally anisotropic phase
velocity measurements described above provide information about
the isotropic and anisotropic properties of the crust and uppermost
mantle. The properties of an elastic medium and seismic wave ve-
locities depend on the depth-dependent constitution and orientation
of the elastic tensor, which consists of 21 independent components
for a general anisotropic medium. Simplifications are needed in or-
der to constrain aspects of the elastic tensor. A useful starting point
is the assumption that the medium possesses hexagonal symme-
try, which at each depth is described by five unique elastic moduli
known as the Love moduli: A, C, N, L and F (Montagner & Nataf
1988; Xie et al. 2015). A andC are compressional moduli andN and
L are shear moduli. The Voigt simplification of the elastic tensor
is the 6 × 6 elastic modulus matrix, Cαβ , which for a hexagonally
symmetric medium with a vertical symmetry axis is given by:

VCαβ =

⎡
⎢⎢⎢⎢⎢⎢⎣

A A − 2N F 0 0 0
A − 2N A F 0 0 0

F F C 0 0 0
0 0 0 L 0 0
0 0 0 0 L 0
0 0 0 0 0 N

⎤
⎥⎥⎥⎥⎥⎥⎦

(2)

where the V superscript denotes ‘vertical’ for the orientation of
the symmetry axis. With a vertical symmetry axis, a hexagonally
symmetric medium will produce no azimuthal variation is surface
wave speeds. A hexagonally symmetric medium may possess either
a slow or fast symmetry axis; the slow symmetry case occurs when
C < A and L < N, which crustal rocks generally display and finely
layered media require (e.g. Brownlee et al. 2011; Erdman et al.
2013; Thomsen & Anderson 2015).

A hexagonally symmetric medium with a vertical symmetry axis
or TI medium is unique in that the 3-axis of the medium coordinates
(symmetry axis) coincides with the 3-axis of the observing coor-
dinates (vertical direction), as defined in Fig. 1. For a TI medium,
four of the five Love moduli are directly related to P- and S-wave
speeds for waves propagating vertically or horizontally in the Earth:
A = ρV2

PH, C = ρV2
PV, L = ρV2

SV, N = ρV2
SH. Here, ρ is density,

VPH and VPV are the speeds of P waves propagating horizontally
and vertically in the Earth, VSV is the speed of the S wave propagat-
ing horizontally and polarized vertically or propagating vertically
and polarized horizontally and VSH is the speed of the S wave that
is propagating in a horizontal direction and polarized horizontally.
The modulus F = η(A − 2L) affects the speed of waves propa-
gating oblique to the symmetry axis and controls the shape of the
shear wave phase speed surface (Okaya & Christensen 2002). For
an isotropic medium, A = C, L = N , F = A − 2L , η = 1 .

Hexagonally symmetric earth media may have a non-vertical,
tilted and rotated symmetry axis as illustrated in Fig. 1, where the
tilt is denoted by the dip angle θ and the rotation by the strike
angle φ. We use the notation VPH, VPV, VSV and VSH only when
discussing a medium with a vertical symmetry axis or an isotropic

medium. With a tilted symmetry axis, we will use the notation A,
C, N, L and F (or η = F/(A − 2L)) to represent the elements of the
elastic tensor. We also introduce the following terminology: VHS
for a hexagonally symmetric medium with a vertical symmetry
axis, HHS for a hexagonally symmetric medium with a horizontal
symmetry axis and THS for a hexagonally symmetric medium with
a tilted symmetry axis.

A rotation of the medium will rotate the elastic tensor in eq. (2)
to produce the modulus matrix Cαβ (θ, φ) . We refer to a general re-
orientation of the symmetry axis as a tilt, which is achieved by pre-
and post-multiplying the elastic modulus matrix by the appropri-
ate rotation matrix and its transpose, respectively (e.g. Auld 1973;
Carcione 2007), which act to rotate the fourth-order elasticity tensor
appropriately. The rotation can fill all components of the modulus
matrix but will preserve its symmetry:

Cαβ (θ, φ) =

⎡
⎢⎢⎢⎢⎢⎢⎣

C11 C12 C13 C14 C15 C16

C12 C22 C23 C24 C25 C26

C13 C23 C33 C34 C35 C36

C14 C24 C34 C44 C45 C46

C15 C25 C35 C45 C55 C56

C16 C26 C36 C46 C56 C66

⎤
⎥⎥⎥⎥⎥⎥⎦

(3)

Montagner & Nataf (1986) showed that this modulus matrix
may be decomposed into azimuthally independent and azimuthally
dependent parts as follows:

Cαβ (θ, φ) =

⎡
⎢⎢⎢⎢⎢⎢⎢⎣

Â Â − 2N̂ F̂ 0 0 0
Â − 2N̂ Â F̂ 0 0 0

F̂ F̂ Ĉ 0 0 0
0 0 0 L̂ 0 0
0 0 0 0 L̂ 0
0 0 0 0 0 N̂

⎤
⎥⎥⎥⎥⎥⎥⎥⎦

+

⎡
⎢⎢⎢⎢⎢⎢⎣

δC11 δC12 δC13 δC14 δC15 δC16

δC12 δC22 δC23 δC24 δC25 δC26

δC13 δC23 δC33 δC34 δC35 δC36

δC14 δC24 δC34 δC44 δC45 δC46

δC15 δC25 δC35 δC45 δC55 δC56

δC16 δC26 δC36 δC46 δC56 δC66

⎤
⎥⎥⎥⎥⎥⎥⎦

(4)

where Â = 2(C11 + C22)/8 + C12/4 + C66/2, Ĉ = C33, N̂ =
(C11 + C22)/8 − C12/4 + C66/2,L̂ = (C44 + C55)/2 and F̂ = (C13

+ C23)/2. The carat over the symbols indicates that the moduli
are azimuthal averages, and can be thought of as the apparent
radially anisotropic moduli that would be observed in the observing
coordinates. Apparent azimuthally averaged seismic velocities can
be defined similarly:

V̂ SH =
√
N̂

/
ρ,V̂ SV =

√
L̂
/

ρ, V̂ PH =
√
Â
/

ρ, V̂ PV =
√
Ĉ

/
ρ.

As discussed in the Introduction, it is important to distinguish
between the coordinates used to describe the medium’s properties
and the coordinates in which the observations are made. We define
anisotropy in the coordinate system of the medium in which the
3-axis is parallel to the medium’s symmetry axis and the 1- and
2-axes lie in the foliation plane as shown in Fig. 1. In these coordi-
nates, the five Love moduli completely describe the anisotropy, and
because the medium is hexagonally symmetric there is no (inher-
ent) azimuthal anisotropy. Following Xie et al. (2015), we refer to
anisotropy in the coordinate frame of the medium as ‘inherent’. To
describe the anisotropy fully, we include the medium’s orientation
by specifying the dip and strike angles.
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Thomsen (1986) defined useful summaries of inherent
anisotropy:

γ ≡ N − L

2L
ε ≡ A − C

2C
δ ≈ F + 2L − C

C
(5)

where, in particular, we refer to γ as ‘inherent S-wave anisotropy’. In
contrast, in the observing coordinates the description of anisotropy
is ‘apparent’. The azimuthally averaged elastic tensor, given by
the first matrix on the right-hand side of eq. (4), summarizes the
apparent radial anisotropy of the medium, which depends both on
the inherent moduli and the dip angle. As defined by Xie et al.
(2015), a useful description is the apparent S-wave radial anisotropy:

γ̂ ≡ N̂ − L̂

2L̂
(6)

where, as in eq. (4), the carat over a symbol indicates that the quantity
is apparent. Apparent S-wave radial anisotropy is what most studies
refer to simply as ‘radial anisotropy’ (e.g. Shapiro et al. 2004; Xie
et al. 2015). Although there is no inherent azimuthal anisotropy in
our model, apparent Rayleigh (or SV) wave azimuthal anisotropy
emerges in the observing frame by tilting the medium, which we
represent with dimensionless amplitude:

�̂ ≡ ((C55 − C44)
2 + (C45)

2)
1/2

2L̂
(7)

and direction ϕ̂FA = 1
2 tan

−1(C45/(C55 − C44)). �̂ is equivalent to
|G|/2L used in other studies (e.g. Yao et al. 2010; Lin et al. 2011;
Yuan et al. 2011; Xie et al. 2015).

Thus, the anisotropy of a THS medium can be described com-
pletely in terms of the inherent Love moduli and the dip angle.
Alternately, it can be described partially by the apparent radial
and azimuthal anisotropy, which depend on the inherent anisotropy
and tilt. In particular, for the same inherent elastic tensor, the na-
ture of the apparent anisotropy will depend on the orientation of
the medium. Fig. 6 demonstrates qualitatively how apparent
SV-wave (or Rayleigh wave) azimuthal anisotropy, �̂, and apparent
S-wave radial anisotropy, γ̂ , will vary as a function of the dip angle
of the symmetry axis. These curves are computed from a simple
elastic tensor with a slow vertical symmetry axis with inherent S-
wave anisotropy γ normalized to unity. For thismodel, the amplitude
of apparent azimuthal anisotropy �̂ increases monotonically with
increasing dip angle θ , and the apparent radial anisotropy γ̂ de-
creases with increasing dip. When the foliation plane is flat or
equivalently the symmetry axis is vertical (dip θ = 0◦), there is
strong positive apparent S-wave radial anisotropy but no azimuthal
anisotropy. As the dip angle increases, the apparent radial anisotropy
becomes negative and azimuthal anisotropy attains its maximum
value.

Observations of strong positive apparent radial anisotropy but low
amplitude apparent azimuthal anisotropy are consistent with a sub-
horizontal foliation plane and a slow nearly vertical symmetry axis
(i.e. aVHSmedium). In contrast, observations of a strongly negative
apparent radial anisotropy and strong azimuthal anisotropy are con-
sistent with a subhorizontal symmetry axis (i.e. an HHS medium).
Simultaneous observations of intermediate values of radial and az-
imuthal anisotropy are consistent with a tilted symmetry axis (i.e. a
THS medium). Therefore, technically, with surface wave observa-
tions, we can invert for a description of the THS medium. However,
because surface waves are strongly sensitive only to a subset of the
seven depth-depdendent variables that describe the THS medium,
a straightforward inversion is impractical with surface wave data
alone. Following Xie et al. (2015), we employ a Bayesian Monte

Figure 6. Variation of apparent S-wave radial anisotropy γ̂ (red curve) and
apparent SV-wave azimuthal anisotropy �̂ (blue curve) as a function of dip
angle θ . The inherent S-wave anisotropy γ is constant and normalized to
unity. This computation results from a simplified hexagonally symmetric
elastic tensor, details of these functions will depend on the form of the
elastic tensor.

Carlo inversion method to estimate distributions of THS param-
eters that agree with the data. Such posterior distributions reflect
both variances within and covariances between all model variables.
Here, we present models in terms of inherent anisotropy and the dip
and strike angles, but because most studies present apparent radial
anisotropy and apparent azimuthal anisotropy we also convert our
results into these quantities to aid comparison with other studies
(Section 6.1).

4 MODEL SPEC IF ICAT ION :
PARAMETRIZAT ION AND
CONSTRAINTS

Fig. 7 schematically represents the model parametrization, which is
similar in many respects to the parametrization applied by Xie et
al. (2015). Like Xie et al. (2015), we parametrize the crust in terms
of a depth-varying THS medium that is described by seven inherent
parameters (A, C, N, L, F, strike φ and dip θ ) (Fig. 1). The depth
dependences of the elastic moduli A, C, N, L and F are represented
by five B-splines in the crystalline crust from the base of the sedi-
ments to Moho. For Xie et al. (2015), at each location, the dip and
strike angles (tilt angles θ , φ) that define the orientation of the sym-
metry axis of anisotropy are constant through the crystalline crust.
Here, however, we introduce a discontinuity in the crust that allows
the dip angle to change gradually from values above and below a
mid-crustal dip boundary set at one-third of the crystalline crustal
thickness at each location. The strike angle, however, remains con-
stant throughout the crust. Like Xie et al. (2015), we assume the
sediments to be isotropic. We constrain crustal anisotropy to have a
slow symmetry axis consistent with studies of crustal petrology as
discussed in Section 6.2.2. In addition, we find that the introduction
of a fast symmetry axis tends to be incompatible with the frequency
dependence of our observations.
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Figure 7. Model parametrization. Sedimentary structure is isotropic with shear and compressional velocities increasing linearly with depth. The crystalline
crust is an anisotropic THS medium described by seven depth-dependent parameters at each depth: five inherent elastic moduli, dip angle and strike angle. The
elastic moduli change smoothly with depth and are represented with five B-splines. Strike is constant within the crystalline crust and dip is allowed to change
once within the crystalline crust at a depth of one-third of the crustal thickness. The uppermost mantle is modeled as a VHS anisotropic medium plus apparent
azimuthal anisotropy and is described by seven parameters: five apparent elastic moduli (V̂SV , V̂SH , V̂PV , V̂PH , η̂ ) and two parameters to represent apparent
azimuthal anisotropy (�̂, φ̂). Mantle apparent radial anisotropy γ̂ is constrained to be 4.5 per cent and the amplitude of mantle apparent azimuthal anisotropy
is constant with depth.

We introduce a sharp mid-crustal vertical gradient in dip angle,
referred to here for simplicity as a discontinuity, becausewe find that
we are unable to fit our observations over large areas, particularly in
Tibet, without it. Fig. 5 illustrates this point. The difference between
Love and Rayleigh wave phase speeds at Point A in Tibet (Fig. 5a)
cannot be fit with a model in which the dip angle is constant in the
crust (black line, 1-dip), but can be fit when we allow dip angle to
change once discontinuously in the crust (red line, 2-dip).We choose
the value of one-third of the crustal thickness as the location of the
discontinuity in accordance with the study of Deng et al. (2015),
who observed a discontinuity at about this depth in northern Tibet
based on joint inversion of surface wave dispersion and receiver
function data. In contrast, in some areas, the data can be fit by
the model with a constant crustal dip, such as Points B and C in
the Qilian and Chuandian terranes (Figs 5b and g). At Point D in the
Yunnan-Guizhou plateau (Fig. 5j), two crustal dip angles are needed
to fit the data but the misfit produced by the single dip model is not
as large as within Tibet.

We use the China reference model produced by Shen et al. (2016)
as the crustal reference around which perturbations are applied in
the inversion. This is an isotropic model based on Rayleigh wave
data, which most strongly constrain the elastic modulus L (related
to VSV in a TI medium). We use the model to define a reference
for the four elastic moduli and density: A0(r), C0(r), N0(r), L0(r)
and ρ0(r), where r is the radius within the Earth. Also, we use
it to define sedimentary structure (seismic velocities and density
increase linearly with depth and thickness), Moho depth and Q(r),
which we do not change in the inversion.

Based on data sensitivity (e.g. Figs 4c and d), we apply several
prior constraints to the seven depth-dependent parameters that de-
scribe the oriented elastic tensor.We applyweaker constraints on pa-
rameters to which data are highly sensitive, and stronger constraints
on parameters to which the data have little sensitivity. Therefore,
the shear moduli L and N are relatively weakly constrained, and are
perturbed within the range of L0(1 ± 0.3). In contrast, the com-
pressional moduli are strongly constrained, and we set C = (1.77)2

L ≈ 3.13 N where 1.77 is the Vp/Vs ratio, and similarly we set A
= (1.77)2 N. Thus, the inherent P-wave anisotropy ε = (A − C)/2C
equals inherent S-wave anisotropy γ = (N − L)/2 L. The modulus η

= F/(A − 2 L) is freely perturbed within the range [0.8,1.1]. This is
a narrower range for η than used by Xie et al. (2015) (in that work η

∈ [0.6,1.1]) in order to eliminate the strike angle ambiguity. Xie et
al. (2015) found that two groups of models with orthogonal strike
directions fit the data equally well, and these two groups of models
have similar inherent S-wave anisotropy and dip but different values
of η. Therefore, reducing the range of η eliminates this bifurcation
and simplifies the resulting models. We discuss the impact of this
constraint on the strike angle in Section 5.2. The dip angle θ and
strike angle φ range between 0◦ and 90◦.

Because Love wave sensitivity is shallower than Rayleigh wave
sensitivity (Figs 4c and d) at a given period, the amplitude of in-
herent S-wave anisotropy γ is poorly determined in the lowermost
crust of Tibet. This is illustrated in Fig. 8, which shows the re-
sults of three inversions of the same data in Tibet (Point A) but
with different constraints on γ : (a) γ ≥ 0 throughout the crust,
(b) γ ≥ 0 throughout the crust but γ = 0 at the base of the crust
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Figure 8. Mean (solid coloured lines) and standard deviation (grey corridors) of posterior distributions of inherent S-wave anisotropy (γ ) at Point A in Tibet
showing the vertical variation of this quantity with different constraints applied in the inversion: (a) γ ≥ 0 across the crust, (b) γ ≥ 0 across the crust but γ is
set to 0 at the base of the crust, similar to Xie et al. (2013) and (c) 0 ≤ γ ≤ 10 per cent across the entire crust as done in this paper. γ is not well constrained
by our observations below 50 km depth.

and (c) 0 ≤ γ ≤ 10 per cent throughout the crust. These constraints
produce very different estimates of γ below 50 km depth in the
crust. In particular, without a constraint beyond the positivity con-
straint (γ ≥ 0), the estimate of γ in the lowermost crust of Tibet is
unstable. For this reason, we seek a small amplitude model here and
apply the constraint that 0 ≤ γ ≤ 10 per cent throughout the crust
across the entire study region. The result of this constraint is that γ
will tend to be approximately constant with depth in the lowermost
crust of Tibet, as shown in Fig. 8(c).

We have modeled the sediments as isotropic even though Ti-
bet is surrounded by large basins where there is strong evidence
of anisotropy. However, because the model of Shen et al. (2016)
is based exclusively on Rayleigh wave data it does not provide a
particularly accurate reference for sedimentary structure, in partic-
ular sedimentary thickness. Thus, inferences we might draw here
about sedimentary anisotropy would be suspect. In order to con-
strain the structure of the sediments better, additional data such
as receiver functions or the H/V ratio, which are more sensitive
to the shallower depths, should be added. We discuss sedimentary
anisotropy in Section 6.2.3 where we provide evidence that the sed-
iments are strongly anisotropic, so much so that we are forced to
eliminate the amplitude constraint and allow γ in the sediments to be
>10 per cent. However, modeling them as isotropic does not affect
our primary conclusions, although it does mean that we are not able
to fit our data well within the basins.

In terms of themantle parametrization, the use of hexagonal sym-
metry with a slow symmetry axis is not common. This is because
mantle anisotropy produced by the lattice-preferred orientation
(LPO) of olivine is modeled either as hexagonally symmetric with
a fast symmetry axis or as orthorhombic, depending on whether the
two slower olivine crystal axes scatter randomly or not (Christensen
1984). However, if the mantle anisotropy is caused by partial melt,
thenmantle anisotropy could bemodeled either as hexagonally sym-
metric with a slow symmetry axis or orthorhombic, depending on
the shape of the melt pockets (e.g. Thomsen & Anderson 2015). In
any case, because our surface wave observations extend only up to
50 s period, they poorly constrain mantle anisotropy beneath Tibet.

Tests of several different mantle parametrizations and constraints
show, however, that changes in the parametrization only affect esti-
mated crustal structures within the estimated uncertainties.

For these reasons, we parametrize mantle anisotropy (Fig. 7) sim-
ply in terms of apparent quantities rather than inherent properties,
and beneath 200 km the model is set to be AK135 (Kennett et al.
1995), which is isotropic. In particular, we describe the mantle as a
VHS medium plus additional apparent azimuthal anisotropy. In this
case, mantle radial anisotropy decouples from azimuthal anisotropy
and both are apparent quantities. We estimate V̂SV as a free param-
eter in the uppermost mantle, represent it with five B-splines, and
allow it to vary within the range V̂SV 0 (1 ± 0.15), where the refer-
ence value V̂SV 0 is from Shen et al. (2016). We compute V̂SH from
V̂SV by assuming a constant value of γ̂ = 4.5 per cent, a value that
is consistent with the average of mantle apparent radial anisotropy
across the study region determined by Shapiro et al. (2004). This
is presented in Fig. 7 as V̂SH = f (V̂SV ) , which should be read ‘V̂SH
is a function of V̂SV ’. We also estimate the apparent amplitude of
azimuthal anisotropy �̂(eq. 7) and the local fast direction ϕ̂, both
of which are set to be constant with depth in the mantle. We fur-
ther set V̂PV = 1.77V̂SV and V̂PH = 1.77V̂SH , which sets apparent
P-wave anisotropy equal to apparent S-wave anisotropy. η̂ is freely
varying within the range [0.8,1.1]. Because we do not infer any
inherent properties of the mantle anisotropy we do not show mantle
anisotropy in plots of inherent anisotropy. However, plots of appar-
ent anisotropy do include mantle anisotropy. In any event, we will
focus our discussion on the crustal part of the model.

5 RESULTS

The Bayesian Monte Carlo inversion is based on the observed data
(described in Section 2), the forward computation algorithm (de-
scribed by Xie et al. 2015 in detail), the starting model, and prior
information consisting of constraints on the model. As discussed in
Section 4, the starting model comes from Shen et al. (2016), which
is an isotropic Vsv model derived exclusively from Rayleigh waves,
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Figure 9. Example comparison of prior and posterior marginal distributions from the Bayesian Monte Carlo inversion for five example model parameters at
10 km depth for Point A in Tibet (Fig. 2a):

√
L/ρ,

√
N/ρ, η, θ and φ. White histograms are the prior marginal distributions and red histograms are the posterior

marginal distributions. The average and standard deviation of the posterior distributions are presented on each plot.
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Figure 10. Similar to Fig. 9, but at 30 km depth, again for Point A in Tibet.

and the constraints guide the formation of the prior distribution at
each location.

The Bayesian Monte Carlo inversion method is similar to that
described in a series of recent papers by Shen et al. (2013a,b)
and elsewhere (e.g. Shapiro & Ritzwoller 2002; Zheng et al. 2011;
Yang et al. 2012; Zhou et al. 2012; Tian et al. 2013; Xie et al.
2013; Shen et al. 2013c, 2016; Deng et al. 2015; Kang et al. 2015;
Shen & Ritzwoller 2016). Here, we invert the data at every lo-
cation on a 0.5◦ × 0.5◦ grid and produce a set of models that
define the posterior distribution of models that fit the data accept-

ably. We summarize each posterior distribution by its mean, which
we refer to as the ‘mean model’, and standard deviation, which
together define the final model with an estimate of uncertainty at
each depth and for each model variable. We present the model here
in terms of the inherent elastic tensor and its orientation (dip and
strike). A discussion of the apparent anisotropy that results from this
representation occurs in Section 6.1. Examples of marginal poste-
rior distributions for selected model characteristics are presented in
Figs 9 and 10 for 10 and 30 km depth, respectively, and are discussed
further below.
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Figure 11. Posterior distributions of inherent anisotropic variables at Points A–D (Fig. 2a) showing (a), (c), (e) and (g) the vertical variation of the dip angle θ

and (b), (d), (f) and (h) the inherent S-wave anisotropy γ . The one-standard deviation extent of the posterior distribution is shown at each depth with the grey
corridor and the average is plotted with bold black solid lines. Only the crystalline crustal part of the model is shown because sediments are isotropic and the
mantle is parametrized in terms of apparent moduli, so no inherent property is inferred.

5.1 Example results at four locations

We first present the results of the inversion of the data presented in
Fig. 5 at the four locations identified in Fig. 2(a): Point A in eastern
Tibet, Point B in the Qilian terrane north of Tibet, Point C in the
central Chuandian terrane just off southeastern edge of the Tibetan
plateau and Point D in the Yunnan-Guizhou plateau.

5.1.1 Example result at Point A

At Point A, the Love–Rayleigh phase velocity difference increases
with period, while the amplitude of Rayleigh wave azimuthal
anisotropy decreases with period (Figs 5a–c). Figs 5(a)–(c) show
that the data are fit well (red lines) by the mean model with the
parametrization that allows two different dip angles in the crust.
The fit delivered by the mean models produced from inversions
with two other parametrizations are also shown in Figs 5(a)–(c): an
isotropic model (green lines) and a model with a constant dip angle
throughout the crust (black lines, 1-dip). Neither of these models
can fit the Love wave and Rayleigh wave phase speeds simultane-
ously across most of Tibet. This provides the primary justification
for the introduction of the discontinuity in dip angle in the middle
crust in our parametrization.

Aspects of the posterior distributions at Point A are pre-
sented in Figs 9 and 10, which display marginal distributions for
inherent

√
L/ρ,

√
N/ρ, η, dip angle θ and strike angle φ at depths

of 10 and 30 km. These are five of the seven parameters that de-
scribe the elastic tensor and its orientation at each depth. The other
two (compressional moduli A and C) are scaled from the shear
moduli L and N and are, therefore, not shown. At both depths L
and N are well constrained; the standard deviations of the posterior
distributions are less than about 1 per cent at both 10 and 30 km
depth. The strike angle is constant in the crust and is also well con-
strained, with a standard deviation of about 3◦. In contrast, η is not
well constrained at either depth, which tends to be true across the
study region. The most notable difference between the two depths
is the very different dip angle at 10 km (71◦ ± 9◦) compared with
30 km (8◦ ± 5◦). The foliation plane dips steeply in the upper
crust and is subhorizontal in the lower crust at this location in east-
ern Tibet, and across most of Tibet, as we will show. In the lower
crust here, the foliation plane is observationally indistinguishable
from horizontal (i.e. the symmetry axis is indistinguishable from
vertical).

This information can be viewed in a different way in Fig. 11
in which one standard deviation bounds around the mean of the
posterior distribution are presented as a function of depth for the
dip angle and inherent S-wave anisotropy, γ (eq. 5). The change
in the dip angle with crustal depth is shown for Point A in Tibet
in Fig. 11(a) and γ is seen in Fig. 11(b) to range from 3 to 5 per
cent in the uppermost crust (depth <10 km), to about 7 per cent at
40 km depth, and then decrease with depth to ∼4–5 per cent in the
lowermost crust.
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5.1.2 Example result at Point B

At Point B, which is located in the Qilian terrane just north of Tibet,
the isotropic model also does not fit the data (Figs 5d–f), thus crustal
anisotropy is also required outside of Tibet. However, the data can
be fit either with a model in which we allow the dip angle to change
in the middle crust or a model where we constrain the dip angle
to be constant throughout the crust. The reason for this is seen in
Fig. 11(c), which shows that the dip angle is essentially indistin-
guishable between the upper and lower crust at this location (∼40◦).
Fig. 11(d) shows that γ is approximately constant with depth, aver-
aging about 4 per cent across the crust at this location.

5.1.3 Example result at Point C

At Point C, the data differ from those at both Points A and B in that
the Love–Rayleigh phase speed difference can nearly be fit with
an isotropic model (Fig. 5g; indicating near-zero apparent radial
anisotropy). However, the high amplitude of azimuthal anisotropy
guarantees the existence of crustal anisotropy. Similar to Point B,
the dip angle (∼60◦) at Point C does not change strongly with depth
across the crust (Fig. 11e), but the dip angle is steeper than at Point
B. The amplitude of inherent S-wave anisotropy γ averages between
2 and 3 per cent across most of the crust (Fig. 11f), which is weaker
than at Points A and B.

5.1.4 Example result at Point D

Crustal anisotropy at Point D is more similar to Tibet in that two dip
angles are needed to fit the data shown in Figs 5(j)–(l). Although
the dip angle (Fig. 11g) in the upper crust is similar to that in Tibet
(>70◦), the dip angle in the lower crust is larger (∼20◦) and is
distinguishable from zero. Thus, the lower crustal foliation plane in
the Yunnan-Guizhou plateau is not as horizontal as beneath Tibet,
but is shallowly dipping. Also, the vertical distribution of inherent
S-wave anisotropy at Point D (Fig. 11h) differs from Tibet. The
anisotropy in Tibet is strong throughout the crust, whereas beneath
the Yunnan-Guizhou plateau it is concentrated in the uppermost
(∼4 per cent) and lowermost crust (∼5 per cent) with a minimum
at a depth of about 15 km (∼1.5 per cent).

In Section 6.1, we discuss the apparent crustal anisotropy com-
puted from the inherent anisotropy and dip angle discussed here, as
well as apparent mantle anisotropy.

5.2 Results across the entire region: mean of
the posterior distribution

Aspects of the resulting model (dip angle θ , inherent S wave
anisotropy γ ), defined as the mean of the posterior distribution
at each depth, are shown in Fig. 12 at depths of 10 and 30 km in
the crust. These depths bracket the discontinuity in dip angle across
the entire study region. The estimated strike of anisotropy, which
is constant with depth within the crust, is shown in Fig. 13(a) in
which the orientation of the bars indicates the strike orientation
(φ). As described in Section 4, we have deliberately narrowed the
allowed range of η considered; thus our resulting models approxi-
mately possess so-called elliptical anisotropy (e.g. Thomsen 1986;
Xie et al. 2015). As a consequence, the crustal strike orientation
generally follows the Rayleigh wave fast-axis orientation at short
periods (Fig. 3c). However, as discussed by Xie et al. (2015), if η is
allowed to vary broadly enough there will be two subsets of models

in the posterior distribution with orthogonal strike angles. We cir-
cumvented this bimodality by constraining η to be relatively large.
Nevertheless, at each location, there is another strike orientation
that is consistent with our data, which we also show in Fig. 13(b).
We note that if the dip angle is small so that the foliation plane is
nearly horizontal, the strike angle loses its significance.

At 10 km depth (Figs 12a and b), the foliation plane in the
upper crust is steeply dipping across most of the study region,
including the Tibetan plateau and its surroundings. In contrast, the
Qaidam basin, Ordos block, southern Tibet and the Sichuan basin
are characterized by shallow dip angles in the shallow crust. The
inherent S-wave anisotropy (Fig. 12b) ranges from ∼2 to ∼6 per
cent across most of the study region. Inherent S-wave anisotropy in
the shallow crust is not notably stronger in Tibet than in surrounding
areas. Because the sediments in the model are isotropic, anisotropy
in the sediments may bias γ to larger values at 10 km depth beneath
the deep sediments of the Sichuan and Qaidam basins.

At 30 km depth (Figs 12c and d), the interior of eastern Tibet
has a subhorizontal foliation plane that is largely indistinguishable
from a VHS medium. Near the boundaries of the Tibetan plateau,
particularly between Tibet and the western Yangtze craton (includ-
ing the Sichuan Basin) and in the Qilian terrane north of Tibet, the
anisotropy attributes of the medium are moderately to steeply dip-
ping in the middle-to-lower crust (Fig. 12c). The inherent S-wave
anisotropy (Fig. 12d) is relatively large across the entire region
of study with amplitudes ranging from about 3–6 per cent. The
strongest inherent S-wave radial anisotropy is observed in the inte-
rior of eastern Tibet and in the Yunnan-Guizhou plateau south of
the Sichuan basin. Weaker inherent S-wave anisotropy is observed
near the eastern boundary of the Tibetan plateau and in the Sichuan
basin and Ordos block. At most places, γ grows with depth from
10 to 30 km in the crust but not beneath the major basins.

For a more complete view of crustal anisotropy, two vertical
profiles of crustal inherent S-wave anisotropy and dip angle are
presented in Fig. 14. The locations of the two profiles are shown in
Fig. 2(b). Profile A starts just north of the Kunlun fault east of the
Qaidam basin, runs through the Songpan-Ganzi terrane of eastern
Tibet and the Chuandian terrane, off the southeastern margin of
Tibet, and into the Yunnan-Guizhou plateau. Profile B runs from the
boundary between the Lhasa and Qiantang terranes in eastern Tibet,
through the Qiangtang and Songpan-Ganzi terranes, and northeast
off the Tibetan plateau to terminate just within the Ordos block.
Figs 14(a) and (b) present the dip angles along these profiles in two
ways: colour-coded and also with orientation bars that lie along the
foliation plane at 50 km lateral intervals. The vertical bifurcation
of the dip angle between the steeply dipping upper and shallowly
dipping lower crust is the most striking feature of both profiles. The
principal exception occurs near the southeastern border of Tibet
where steeply dipping anisotropy appears throughout the entire crust
(Fig. 14a). Figs 14(c) and (d) present inherent S-wave anisotropy
(γ ) and illustrate that along these profiles γ tends to grow with
depth in the crust. In general, γ is more homogeneous laterally
than vertically, although it is smaller beneath the Ordos block than
elsewhere along these profiles. As discussed earlier, γ is poorly
estimated below 50 km depth.

Because the lower crustal dip angle is small throughout most
of the study region, the strike angle for the lower crust has little
significance. This may be one of the reasons why a single strike
angle at each location across the crust suffices to fit the data in
Tibet. As discussed in Section 6.1, this is related to the fact that
there is very low amplitude apparent azimuthal anisotropy in the
lower crust of Tibet.

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/209/1/466/2893455 by guest on 05 July 2021



Crustal anisotropy across eastern Tibet 479

Figure 12. Map views of the dip angle θ and inherent S-wave anisotropy γ , respectively, at depths of: (a) and (b) 10 km and (c) and (d) 30 km.
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Figure 13. (a) The orientation of the local crustal strike angle φ determined here, which is constant vertically throughout the crust, is shown with blue bars.
(b) Crustal strike orientation perpendicular to the results shown in (a), acknowledging the ambiguity in the estimate of the crustal strike angle.

Discussion of the interpretation of these results is delayed un-
til Section 6.2. Comparison with apparent radial and azimuthal
anisotropy, which are the more commonly estimated quantities in
surface wave studies, is found in Section 6.1. We also show γ at
5 km above Moho in Section 6.3.1 while discussing the vertical
distribution of the amplitude of inherent anisotropy.

5.3 Data misfit

The misfit to the data (Rayleigh wave phase speeds, Love wave
phase speeds, amplitude and fast-axis directions of Rayleigh wave
azimuthal anisotropy) is presented as the square root of the reduced

chi-squared misfit in Fig. 15. Specifically, misfit is defined as fol-
lows. For model m, let S(m) be the reduced chi-square:

S(m) = 1

N

N∑
i=1

(D(m)i − Di )
2

σ 2
i

(8)

whereDi is the observation of datum i,D(m)i is that datum predicted
from model m, σ i is the standard deviation of datum i and N is the
total number of observations. The error bars in Fig. 5 illustrate the
nature and number of the observations and their standard deviations.
The misfit presented in Fig. 15 is the square root of S(m) across the
study region. A value of unity would indicate that the data are fit on
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Figure 14. Vertical transects of inherent S-wave anisotropy γ and dip angle θ along profiles A and B identified in Fig. 2(b). In (a) and (b) dip angle is colour
-coded and the orientation of the foliation plane of anisotropy is presented with short blue bars. Horizontally, centres of the blue bars are 50 km away from
each other, and vertically the spacing is 10 km. The dip angle is what geologists refer to as ‘true’ rather than the ‘apparent’ dip projected along the profile. In
(c) and (d), γ is colour-coded in percent. Only the crustal part of the model is presented because the mantle is parametrized in terms of apparent moduli.
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Figure 15. Geographic variation in data misfit produced by the best-fitting
model at each location. Misfit is defined as the square root of the reduced
chi-squared value at each location (eq. 8).

average at the level of one standard deviation. The data across most
of the region are fit at a level better than 1.5 standard deviations, with
the exception of the large sedimentary basins (Sichuan, Qaidam).
To fit the data in the basins we would need to introduce anisotropy to
the sediments, which would complicate the inversion and is beyond
the scope of this paper.

5.4 Results across the entire region: standard deviation
of the posterior distribution

As discussed by Shen&Ritzwoller (2016), it is not entirely straight-
forward to use the posterior distribution to quantify model uncer-

tainty. They argue that the standard deviation of the posterior dis-
tribution does not provide an estimate of the effect of systematic
errors and provides an overestimate of the effect of non-systematic
errors. They go on to quantify non-systematic errors in several dif-
ferent ways and argue that the standard deviation of the posterior
distribution overestimates the effect of non-systematic errors by
about a factor of 4. Here, we present the standard deviation of the
posterior distribution to guide the use of the model and refer to it as
model uncertainty, but it should be understood that this uncertainty
does not include potential systematic contributions and is a very
conservative estimate of non-systematic error.

The standard deviation of the posterior distribution (uncertainty)
is shown in Fig. 16 at depths of 10 and 30 km for dip angle and
inherent S-wave anisotropy γ . The uncertainty for dip lies between
5◦ and 15◦ at both 10 and 30 km depths in most regions other than
the Sichuan and Qaidam basins (Figs 16a and b). (The uncertainty
beneath the basins is magnified because the data cannot be fit as
well there due to the fact that we have not included anisotropy in
the sediments.) In contrast, as shown in Fig. 16(e), the standard
deviation of the posterior distribution for the strike angle is smaller,
averaging about 7◦ outside the basins, but is larger near the periph-
ery of our study region where the fast-axis directions of Rayleigh
waves are less well constrained. One reason the strike uncertainty
is smaller than the dip uncertainty is because the strike angle is
constrained to be constant within the crust, whereas the dip angle
is allowed to change within the crust. A second reason is that strike
is constrained in a direct way by observations of the Rayleigh wave
fast azimuth, whereas the dip angle trades off with the inherent
elastic moduli and together they are less directly constrained by our
observations. The average value of 7◦ is close to the uncertainty
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Figure 16. Map views of the standard deviation of the posterior distribution for (a) and (b) dip angle θ and (c) and (d) inherent S-wave anisotropy γ at depths
of 10 and 30 km, respectively. (e) Standard deviation of the posterior distribution for strike angle, which is constant in the crust.

for Rayleigh wave fast azimuth at short periods (e.g. Figs 5c, f, i
and l).

The average uncertainty for inherent S-wave anisotropy (γ ) is
about 1.2 per cent at 10 km depth and slightly larger at 30 km depth
(Figs 16c and d). At both depths, the uncertainty is larger outside
of Tibet. At 30 km depth, the uncertainty is extremely large in the
southeastern part of the study region. This is because uncertainty
grows near to the Moho due to trade-offs across the interface. The
Moho lies between 35 and 40 km where large uncertainties exist in
γ . The estimated uncertainty in γ at 5 km above Moho is shown
and discussed in Section 6.3.1. Formally, it is larger at this depth
than shallower in the crust but the result we show later actually
underestimates uncertainty below 50 km depth because it reflects

the weak anisotropy constraint (γ ≤ 10 per cent), which stabilizes
the inversion below a depth of 50 km and reduces the uncertainty
estimate.

6 D ISCUSS ION

6.1 Model presented in terms of apparent anisotropy

In Section 5, we present the estimated THS model in terms of the
mean of the posterior distribution of the inherent elastic moduli
and orientation at each depth. Particular emphasis is placed on the
inherent S-wave anisotropy γ (eq. 5) and the dip and strike angles
(θ , φ) that describe the orientation of the medium’s anisotropy
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Figure 17. Posterior distributions of apparent radial (γ̂ ) and apparent azimuthal (�̂) anisotropy defined similarly to Fig. 11 for comparison.

attributes because these are the variables that are best constrained
by surface wave data. The inherent representation of anisotropy
presents the elastic tensor in the coordinate frame of the medium
as shown in Fig. 1. In the medium frame, the 3-axis of the coordi-
nate system aligns with the symmetry axis of the medium and there
is no azimuthal anisotropy. However, in the coordinate system of
observation the 3-axis lies normal to the Earth’s surface and ob-
servations of anisotropy depend on how components of the elastic
tensor are affected by the tilt of the medium. When a hexagonally
symmetric medium is tilted, both apparent S-wave radial anisotropy
(γ̂ , eq. 6) and apparent SV-wave azimuthal anisotropy (�̂, eq. 7)
may be observed. Indeed, most studies of anisotropy using surface
waves have described anisotropy in terms of γ̂ (e.g. Shapiro et al.
2004; Panning & Romanowicz 2006; Marone et al. 2007; Nettles &
Dziewoński 2008; Duret et al. 2010; Huang et al. 2010; Moschetti
et al. 2010; Yuan et al. 2011; Xie et al. 2013; French&Romanowicz
2014) or �̂ (e.g. Simons et al. 2002; Marone & Romanowicz 2007;
Yao et al. 2010; Lin et al. 2011; Yuan et al. 2011; Pandey et al.
2015). As discussed by Xie et al. (2015), the apparent values can
be computed from the inherent values. In order to aid comparison
with other studies, we summarize here the apparent S-wave radial
anisotropy and apparent azimuthal anisotropy computed from the
estimated inherent elastic tensor and its orientation.

Fig. 17 presents results for crustal apparent radial anisotropy γ̂

and apparent azimuthal �̂ anisotropy at the same locations shown
for inherent S-wave anisotropy γ and dip angle θ in Fig. 11.
Fig. 17 also presents results for γ̂ and �̂ in the mantle because
we parametrize the mantle in terms of apparent quantities. Mantle

apparent radial anisotropy γ̂ is set to 4.5 per cent at all loca-
tions, although V̂ SV and apparent azimuthal anisotropy �̂ change
spatially.

Apparent radial anisotropy is qualitatively similar in the crust
at Points A and D (Figs 17a and g), being weakly negative in the
upper crust and more strongly positive in the lower crust. γ̂ attains
a maximum value of about 7 per cent at about 45 km depth at Point
A and is negative (−1.5 per cent) in the upper crust. Because the
foliation plane of the lower crust is subhorizontal across most of
Tibet, inherent S-wave anisotropy γ and apparent radial anisotropy
γ̂ in the lower crust are very similar at Point A (Figs 11b and 17a).
Also at Points A and D, apparent azimuthal anisotropy �̂ domi-
nantly arises from the upper crust. Apparent azimuthal anisotropy
is indistinguishable from zero in the Tibetan lower crust (Fig. 17b),
thus the lower crustal strike angle has little significance.

At Points B and C, γ̂ is approximately constant in the crust. At
Point C, it is indistinguishable from zero even although the inherent
anisotropy γ averages about 3 per cent. This is caused by a dip
angle of about 60◦ across the entire crust, a value that lies near the
zero-crossing of anisotropy shown in Fig. 6. �̂ also is approximately
constant with depth in the crust at Points B and C.

Mantle apparent radial anisotropy (4.5 per cent) tends to be
stronger than crustal radial anisotropy except at Point A in Tibet
where lower crustal γ̂ reaches 7 per cent. At Point A in Tibet, upper
crustal apparent azimuthal anisotropy (2−3 per cent) is stronger
than mantle apparent azimuthal anisotropy (∼1.2 per cent).

Horizontal slices at depths of 10 and 30 km are presented for
the apparent quantities γ̂ and �̂ in Fig. 18, to contrast with the
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Figure 18. Map views of apparent radial (γ̂ ) and apparent azimuthal (�̂) anisotropy defined similarly to Fig. 12 for comparison.

Figure 19. Vertical transects of apparent radial (γ̂ ) and apparent azimuthal (�̂) anisotropy defined similarly to Fig. 14 for comparison.

inherent quantities γ and θ found in Fig. 12. Negative γ̂ commonly
coincides with large �̂ in the shallow crust, again due to large dip
angle and is explained by Fig. 6. Similarly, in the deep crust large γ̂

coincides with small �̂ due to a shallow dip angle. Finally, vertical

transects of the apparent quantities γ̂ and �̂ are presented in Fig. 19
for comparison with the inherent quantities plotted in Fig. 14.

Compared with inherent S-wave anisotropy γ , the apparent radial
anisotropy γ̂ (Figs 18a and c; and 19a and b) displays much stronger
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Figure 20. Regionalization of anisotropy in the final 3-D model. The dashed line indicates the study region. The blue shaded regions are characterized by
moderately to steeply dipping foliations throughout the entire crust. The red shaded regions have foliations dipping steeply in the upper crust overlying a
subhorizontally foliated middle-to-lower crust.

lateral variations because it reflects variations in dip angle in
addition to inherent anisotropy. The steep dip angle in the upper
crust (Fig. 12a) produces negative apparent radial anisotropy (ap-
parent VSH < apparent VSV) across much of the study region (e.g.
Fig. 18a), with the principal exceptions occurring beneath large sed-
imentary basins. Fig. 19 shows that the negative apparent anisotropy
in the upper crust extends beneath much of both vertical profiles.
Such negative γ̂ values were observed across parts of Tibet by Xie
et al. (2013), who interpreted them as evidence for steeply dipping
fractures or faults in the shallow Tibetan crust. Due to the shallow
lower crustal dip angles across much of the study region, γ and
γ̂ are similar in the lower crust. Thus across much of the region,
Fig. 12(d) is similar to Fig. 18(c), with the notable exceptions being
in regions with steep lower crustal dip angles such as the regions
flanking Tibet. Profile A in Fig. 19(a) illustrates one of these ex-
ceptions (longitudes between 101.3◦ and 102.5◦) and shows that
negative apparent radial anisotropy extends throughout the crust
in the central-to-southern part of the Chuandian terrane near the
southeast border of Tibet.

Azimuthal anisotropy is not an inherent property of a hexagonally
symmetric elastic tensor, but reflects the directional dependence of
Rayleigh wave speeds that results from the amplitude of inherent
anisotropy and the tilting of the medium. When the dip angle is
small, as it is across much of the lower crust of Tibet (Fig. 12c),
the apparent azimuthal anisotropy is minimal (Fig. 18d). In contrast,
lower crustal apparent azimuthal anisotropy (Fig. 18a) is particularly
strong near the periphery ofTibetwhere the lower crustal dip angle is
steep. Unlike the lower crust, the anisotropic properties of the upper
crust are steeply dipping across much of the study region, so upper
crustal apparent azimuthal anisotropy is also strong across most of
the region (Fig. 18b). Apparent azimuthal anisotropy, being strong
in the upper crust and weak in the lower crust at most locations, is
seen clearly in the two vertical profiles in Figs 19(c) and (d).

In summary, there is a vertical dichotomy between crustal ap-
parent azimuthal �̂ and radial γ̂ anisotropy in most of the study

region. Apparent azimuthal anisotropy is strong principally in the
upper crust whereas apparent radial anisotropy is strong mostly in
the lower crust. The principal exception to this dichotomy lies pre-
dominantly near the periphery of Tibet, where the dip angle is nearly
constant throughout the crust.

6.2 Geological and physical significance

6.2.1 Regionalization

The results presented here illustrate that the inferred crustal
anisotropy is of two principal types that segregate into the two
regions depicted in Fig. 20: Region 1 (red colour, Tibet and the
Yunnan-Guizhou plateau region) and Region 2 (blue colour, re-
gions near the periphery of Tibet). The sedimentary basins define a
third region that we do not discuss here.

Region 1: In the interior of eastern Tibet, the anisotropy of the
upper crust has a steeply dipping foliation plane, which generates
negative apparent radial anisotropy, and the middle-to-lower crust
has a subhorizontal foliation in which the dip angle θ is often in-
distinguishable from zero. This results in a large positive apparent
Vs radial anisotropy in the lower crust. Tibet itself has high seis-
micity with earthquakes occurring to a depth of about 15−20 km
within Tibet (Chu et al. 2009; Zhang et al. 2010; Sloan et al. 2011).
Therefore, the upper crust to this depth probably undergoes brittle
deformation. Steeply dipping foliation could result from fractures
or faults that are subvertical or steeply dipping. In contrast, the
nearly horizontal foliation plane of the middle-to-lower crust may
result from the deeper crust undergoing predominantly horizontal
ductile deformation in which melt-rich layers or planar mica sheets
form in response to the deformation. Interestingly, this pattern of
anisotropy is not unique to Tibet, but is also observed south of the
Sichuan basin in the Yunnan-Guizhou Plateau.
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Figure 21. (a) and (b) Posterior distributions of estimated dip angle θ and inherent S-wave anisotropy γ for a point in the Sichuan basin (105◦ and 31◦)
presented as in Fig. 11 with no anisotropy in the sediments. (c) and (d) Posterior distributions at the same location where anisotropy and an independent dip
angle is allowed in the sediments.

Region 2: Near the boundary of eastern Tibet and regions north
of Tibet, such as the Qilian terrane, anisotropy has a depth constant
moderate dip angle through the entire crust that results in nega-
tive to slightly positive apparent radial anisotropy throughout the
crust. From Region 1 to Region 2, the orientation of the middle-to-
lower crustal foliation plane rotates fromhorizontal tomoderately or
steeply dipping. This lateral change of orientation may result from
resistance forces applied by the rigid and relatively undeformed
Sichuan basin, Yangtze craton and Ordos block.

6.2.2 Physical significance

Our principal results are represented with a pair of variables at each
location and depth from which we can compute apparent radial and
azimuthal anisotropy: inherent S-wave anisotropy γ and dip angle
θ . These variables allow us to predict the primary aspects of our
observations. However, there are many constraints and assumptions
underlying these results. Perhapsmost significant among these is the
assumption that the elastic tensor at all depths in the crust possesses
hexagonal symmetry with a slow symmetry axis.

There are reasons to believe that hexagonal symmetry is a rea-
sonable assumption for the crust. The cause of crustal anisotropy
is related to shape-preferred orientation (SPO) and LPO or crystal-
preferred orientation (CPO) of Earth’s materials. In the crust, SPO
can be caused by fluid-filled cracks and layering of materials with
different compositions (e.g. Crampin 1984), and both situations
can be approximated with a hexagonally symmetric medium with
a slow symmetry axis. Other than SPO, another possible cause of
seismic anisotropy is CPO of the crystallographic axes of elastically
anisotropic minerals. Mica and amphibole are primary candidates
for crustal anisotropy (Mainprice & Nicolas 1989). With increasing
mica content, a deformed rock becomes anisotropic and tends to be
approximately hexagonally symmetric with a slow symmetry axis
(Weiss et al. 1999; Shao et al. 2016). Weiss et al. (1999) argue
that most deep crustal rocks are quasi-hexagonal, although some
studies (e.g. Tatham et al. 2008) conclude that the deep continental
crust contains little mica, and amphibole is a more plausible ex-
planation for deep crustal anisotropy. The presence of amphibole
would reduce a rock’s overall symmetry from hexagonal to a lower

symmetry such as orthorhombic (Shao et al. 2016). Therefore, in
many cases, a hexagonally symmetric medium with a slow symme-
try axis is a reasonable approximation for crustal material, and in
this circumstance, the inferred dip and strike angles probably repre-
sent the orientation of the foliated anisotropic materials in the crust.
But in the presence of abundant amphiboles, orthorhombic rather
than hexagonal symmetry may be more appropriate. In this case,
for example, it would not be clear how to interpret the estimated
dip angle, which could be understood as a proxy for deviation from
hexagonal symmetry.

Even when hexagonal symmetry is an appropriate assumption
for the anisotropy of crustal rocks, the dip and strikes angles shown
in Figs 12 and 14 represent only one of several possible orienta-
tions that are consistent with surface wave data. Xie et al. (2015)
point out that there are two principal ambiguities in orientation that
arise using surface wave data alone to estimate a depth-dependent
THS model. First, there is the dip ambiguity that results from a
symmetry or a pure geometrical trade-off. Surface waves are not
capable of distinguishing between structures with dip angle θ and
angle 180◦ − θ (i.e. left and right dippings). As a result, surface
waves cannot distinguish between a structure that dips only toward
one-side from a fold that is composed of a combination of left-
and right-dipping foliations. Secondly, there is the strike ambigu-
ity. Surface waves do not distinguish between anisotropic structures
that differ in strike angle by 90◦. This is not a geometrical symme-
try but emerges because of covariances between the elastic moduli,
and is related to the so-called ellipticity of the elastic tensor, as
discussed in Xie et al. (2015). We have eliminated this ambigu-
ity by narrowing the range of η considered but show both strike
angles in Fig. 13. The limitation we imposed on the allowed η

values does not affect our principal conclusions. However, it will
be important in the future to attempt to distinguish between the
two strike angles by invoking other data (e.g. receiver function
observations).

6.2.3 Sedimentary basins

As discussed in Section 4, we parametrized sedimentary basins as
isotropic even though our data present evidence that the sediments
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Figure 22. Aspects of inherent and apparent anisotropy estimated at a depth 5 km above the Moho: (a) inherent S-wave anisotropy γ , (b) standard deviation
of the posterior distribution for γ , (c) apparent radial anisotropy γ̂ and (d) apparent azimuthal anisotropy �̂.

are anisotropic, as seen clearly by significant data misfit for the
Sichuan and Qaidam basins in Fig. 15.

Fig. 21 presents a comparison of the results of inversion of our
data at a point in the Sichuan basin (105◦, 31◦) with (Figs 21c
and d) and without (Figs 21a and b) anisotropy in the sediments.
Misfit (S1/2, eq. 8) reduces from 3.44 to 1.40 with the introduction
of anisotropy in the sediments at this point. The inherent S-wave
anisotropy in the sediments is exceptionally strong (∼13 per cent)
and the dip angle is shallow. Thus, the sediments dominantly pro-
duce apparent radial anisotropy with little associated apparent az-
imuthal anisotropy. Including anisotropy in the sediments does not
strongly change inherent S-wave anisotropy in the crystalline crust
(Figs 21a and c) It does, however, reduce the lower crustal dip an-
gle by about 10◦. However, these changes are within the estimated
uncertainties. These results are similar to what we find at other lo-
cations within the Sichuan and Qaidam basins where surface wave
observations are reliable and the sediments are thicker than 2 km in
the reference model.

We conclude, therefore, that the specification of isotropic sed-
iments changes our estimates of inherent S-wave anisotropy and
dip angle in the crystalline crust within stated uncertainties, and
does not modify the primary conclusions of the study. In the future,
parametrizing the sediments to include anisotropy is recommended,
but in doing so it is also advisable to include other constraints on
sedimentary structure such as receiver functions or Rayleigh wave
H/V to improve the estimate of sedimentary thickness. Uncertainties
in the thickness of sediments directly affect estimates of the inher-
ent anisotropy of the sediments. For example, at the point shown in
Fig. 21, our reference model (Shen et al. 2016) indicates a sed-
imentary thickness of about 4 km. If the sediments were actually
thicker, then the estimate of the inherent S-wave anisotropywould be

smaller. Uncertainty in sedimentary thickness is one of the reasons
we do not highlight structure in the basins in this paper.

6.3 Comparison with other studies

6.3.1 Vertical distribution of anisotropy in the crust

Figs 14(c) and (d) show that the strength of inherent S-wave
anisotropy is stronger in the middle-to-lower crust than in the
upper crust across most of the study region. A comparison of
Figs 12(b) and (d) similarly shows this trend. To illustrate this trend,
Fig. 22(a) presents inherent S-wave anisotropy 5 km above Moho.
Inherent S-wave anisotropy in the deep crust is similar to the middle
crust, but stronger than the shallow crust. Figs 18(a), (c), 19(a), (b)
and 22(c) illustrate that the same trend holds for apparent radial
anisotropy.

The nearly constant apparent radial anisotropy from middle-to-
lower crust is different from the study of Xie et al. (2013), which
concluded that apparent radial anisotropy is strongest in the mid-
dle crust. The difference between these two studies is due to two
factors. (1) Love wave observations at periods below 40 s are only
weakly sensitive to shear wave speeds in the lower crust of Tibet.
As a consequence, inherent S-wave anisotropy γ is poorly deter-
mined in the lowermost crust (Fig. 8a). (2) The study of Xie et
al. (2013) and this paper have different parametrizations and place
different constraints on anisotropy in the crust. Xie et al. (2013)
use the azimuthally invariant parts of Rayleigh and Love waves to
invert for the apparent radial anisotropy γ̂ without inferring the
inherent properties, and γ̂ is constrained to be 0 at the Moho. In
contrast, this study infers the inherent properties (e.g. γ , θ , φ) from
which apparent radial anisotropy γ̂ is then derived. Here, we require
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0≤ γ ≤ 10 per cent and the discontinuity in θ determines the result-
ing γ̂ . The result is that Xie et al. (2013) attempt to find a model that
fits their data while minimizing lower crustal anisotropy whereas
this study applies the weak anisotropy constraint across the entire
crust. The differences between the results of these two studies il-
lustrate that the strength of anisotropy below about 50 km depth
cannot be determined by the data alone, but is shaped largely by
constraints imposed in the inversion. Better determination of the
amplitude of inherent S-wave anisotropy in the Tibetan lower crust
will require Love wave observations at periods longer than 40 s.
Such measurements will probably derive from earthquake-based
observations rather than ambient noise.

6.3.2 Other aspects of the model

Many studies of Tibet might meaningfully be compared with the
results we present here. We briefly discuss comparisons with three
general types of studies: (1) studies that have identified differences
between northern and southernTibet, (2) studies that attempt to draw
conclusions about the vertical distribution of strain near the south-
east border of Tibet in the Chuandian terrane or Yunnan-Guizhou
plateau and (3) receiver function studies that attempt to produce
information about crustal anisotropy.

(1) Differences between northern and southern Tibet have been
widely observed in other studies. Shear wave splitting studies (e.g.
McNamara et al. 1994; Hirn et al. 1995; Huang et al. 2000)
find a systematic rotation of the fast azimuth from southern to
northern Tibet. Compared with southern Tibet, slower shear wave
speeds (e.g. Yang et al. 2012) and slower Pn velocities (e.g.
McNamara et al. 1997) are observed in northern Tibet. Some stud-
ies (e.g. Huang et al. 2000; Nábělek et al. 2009) suggest that 32◦N
marks the northern end of the subducted Indian plate. Although
our study region only covers the eastern part of Tibet, we also
observe differences between northern and southern Tibet on the
western side of our study region. For example, compared with the
southern part of our study region (Qiangtang terrane), the north-
ern part (Songpan-Ganzi) has a steeper upper crustal dip angle
(Figs 12a and 14b) and stronger middle crustal inherent anisotropy
(Figs 12d and 14d).

(2) In southeastern Tibet (near the Chuandian terrane and the
Yunnan-Guizhou plateau), the deformation mechanism remains un-
der debate. Shear wave splitting studies observe a sharp transition in
mantle anisotropy across about 25◦N latitude. North of this bound-
ary the fast polarization orientation is mostly north–south, which is
consistent with surface strain, while in the south the fast polarization
orientation changes suddenly to east–west, which deviates from the
surface strain (Lev et al. 2006; Sol et al. 2007). Such deviation was
used as evidence for the decoupling between the crust and mantle
near the southeastern edge of Tibet because shear wave splitting is
mainly caused by mantle anisotropy.

We find a similar pattern of spatial variation in Rayleigh wave
fast-axis orientations in this region. For the northern part of south-
eastern Tibet, Rayleigh wave fast axes are nearly constant with
period lying within about 20◦ of north–south (e.g. Fig. 5i, Point C),
while south of 25◦N latitude the fast azimuth is more complicated. It
remains oriented north–south at short periods but changes to more
nearly east–west at longer periods (e.g. Fig. 5l, Point D; Figs 3c and
d). In our model, the crustal strike typically follows the Rayleigh
wave fast azimuth at short periods (Figs 3c and 13a), and the mantle
fast azimuth follows the Rayleigh wave fast azimuth at long periods.

We tend not to attribute the different fast-axis orientations be-
tween the crust and upper mantle to decoupling between crustal and
mantle strains for several reasons. First, as pointed out by Wang
et al. (2008) and Fouch & Rondenay (2006), anisotropy may mani-
fest in the crust and mantle in very different ways for the same stress
geometry. For example, crustal open cracks might align orthogonal
to the direction of maximum extension, while in the mantle the
fast direction of relatively dry olivine might align parallel to the
maximum extension direction. Secondly, the possible existence of
water or melt could make the interpretation more complicated (e.g.
Holtzman et al. 2003; Kawakatsu et al. 2009). Moreover, as dis-
cussed in Section 6.2.2 and by Xie et al. (2015), the Rayleigh wave
fast azimuth and strike orientations of anisotropy are ambiguously
related to one another if non-ellipticity of anisotropy is allowed.
Therefore, it is hazardous to draw conclusions on the coupling or
decoupling of the crust and mantle deformation based on seismic
anisotropy observations alone. However, Shen et al. (2005) argue
that southeastern Tibet has a weak lower crust underlying a stronger,
highly fragmented upper crust by analysing GPS data. This could
provide a possible mechanism to decouple the upper crust from the
upper mantle.

(3) The tilted hexagonally symmetric (THS) model that we pro-
duce is qualitatively similar to that inferred by some receiver func-
tion studies. For example, in central Tibet, Ozacar & Zandt (2004)
used receiver functions to study the tilt of crustal anisotropy, and
found that near-surface anisotropy has a steeply dipping fabric
(∼60◦–80◦), while mid-crustal anisotropy has a shallowly dipping
fabric (∼18◦). This result qualitatively agrees with our findings
across most of eastern Tibet. In addition, the strike angles of our
THS model (and the fast directions of the short-period Rayleigh
waves) are parallel to the fast-axis orientations revealed by the
Moho Ps splitting near the eastern edge of the high plateau (e.g.
Sun et al. 2015b; Kong et al. 2016). Sun et al. (2015b) further sug-
gested that lower crustal flow may extrude upward into the upper
crust along the steeply dipping strike faults under the Longmenshan
area at the edge of the Sichuan Basin (fig. 9 in their paper), result-
ing in the surface uplift of the Longmenshan. Our observation of a
rapid change of dip angle of the THS system from subhorizontal to
subvertical beneath the same area (Fig. 12c) is consistent with this
suggestion.

7 SUMMARY AND CONCLUS IONS

With ambient noise data recorded at CEArray, China Array and
PASSCAL stations that are located across eastern Tibet and adja-
cent areas, we measure Love and Rayleigh wave isotropic phase
speeds and Rayleigh wave azimuthal anisotropy. In order to explain
these observations jointly, we apply a method that inverts for the
properties of an anisotropic crust represented by depth-dependent
THS elastic tensors. We perform the inversion with a Bayesian
Monte Carlo method that produces depth-dependent marginal pos-
terior distributions for the five inherent elastic moduli (A, C, N, L
and F or η) as well as dip and strike angles on a 0.5◦ × 0.5◦ spatial
grid. The final 3-D model is composed of the mean and standard
deviation of each of these model variables.

The paper is motivated by the three questions listed in the In-
troduction, which are answered here. (1) Observations of appar-
ent radial and apparent azimuthal anisotropy from surface waves
can, indeed, be fit well with the oriented hexagonally symmetric
elastic tensor model, analogous to the fit of similar data across
the western US (Xie et al. 2015). The principal exception to this
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finding is that to fit the data well within the Sichuan and Qaidam
basins, we would have needed to introduce very strong anisotropy
in the sediments (Fig. 21), which was beyond the scope of this
paper. (2) In contrast to results in the western US, we find that
the data across much of the study region could not be fit with a
single orientation for the elastic tensor at all depths in the crust.
Specifically, we find that two dip angles (one in the upper crust
and the other in the middle-to-lower crust) are needed in Tibet and
the Yunnan-Guizhou plateau. However, a single strike angle in the
crust does suffice to allow the data to be fit across the study region.
(3) The vertical distribution of anisotropy within Tibet is similar
to that beneath the Yunnan-Guizhou plateau, but both regions dif-
fer from the periphery of Tibet where only a single dip angle is
needed.

Our results, therefore, segregate the area of study into two regions
based on crustal anisotropy, as shown in Fig. 20. Region 1 includes
the interior of eastern Tibet and the Yunnan-Guizhou plateau. In this
region, steeply dipping upper crustal fabric overlies shallowly dip-
ping middle-to-lower crustal fabric and inherent S-wave anisotropy
γ (eq. 5) is strong throughout the crust with larger amplitudes in
the middle-to-lower crust. As a result, there is a vertical dichotomoy
between apparent radial anisotropy γ̂ (eq. 6) and apparent azimuthal
anisotropy �̂ (eq. 7). γ̂ tends to be weak and negative in the upper
crust and is strong and positive in the middle-to-lower crust, while
�̂ is strong mostly in the upper crust. The steep dip to the symmetry
axis in the upper crust may result from fractures or faults that are
subvertical or steeply dipping. In contrast, the subhorizontal or shal-
low dipping symmetry axes in the middle-to-lower crust may result
from ductile deformation that aligns the orientation of anisotropic
minerals such as mica. Region 2 covers the edge of eastern Tibet
and regions north of Tibet where the foliation across entire crust
has a moderate to steep dip angle and inherent S-wave anisotropy
γ does not change strongly with depth. As a result, apparent radial
anisotropy γ̂ is negative to slightly positive through the entire crust,
and apparent azimuthal anisotropy �̂ is strong throughout the crust.
The more steeply dipping foliation planes of anisotropy may be
caused by the reorientation of anisotropic minerals as crustal flows
rotate and shear near the border of Tibet, which may result from re-
sistance forces imposed by themore rigid and relatively undeformed
surroundings to Tibet.

In the future, the introduction of other data sets may improve the
current model, which is based exclusively on surface waves from
ambient noise. Such information may provide new insights into
crustal and mantle deformation and the generation of more realis-
tic petrologic models that agree with the elastic tensors inferred.
(1) Azimuthal variations in receiver functions (e.g. Levin & Park
1997, 1998; Ozacar & Zandt 2004, 2009; Schulte-Pelkum & Ma-
han 2014a,b) as well as the splitting of the P-to-S converted phase
(e.g. Rümpker et al. 2014; Sun et al. 2015a) can provide important
point constraints on crustal anisotropy and could also help to iden-
tify depths at which crustal anisotropy changes dip angle. In some
areas receiver function waveforms observe clear azimuthal varia-
tions, and these waveforms could be inverted simultaneously for the
layered THS system (e.g. Ozacar & Zandt 2004; Schulte-Pelkum
& Mahan 2014b) together with surface wave data. (2) Rayleigh
wave H/V ratio provides sensitivity to the velocity structure at shal-
low depths (upper ∼5 km), and would help to resolve anisotropy
in the sedimentary basins. (3) Shear wave splitting, both SKS and
the splitting of Moho converted P-to-S phases, could be combined
with surface wave data to provide additional constraints on the
depth-integrated amplitude of apparent azimuthal anisotropy (e.g.
Montagner et al. 2000; Lin et al. 2011). (4) In addition, longer pe-

riod surface wave measurements are needed to improve estimates
of mantle anisotropy, including the type of anisotropy (e.g. hexag-
onal symmetry with a fast or slow symmetry axis, orthorhombic
symmetry) and the orientation of the anisotropic media.
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