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Abstract Azimuthal anisotropy retrieved from surface waves is important for constraining depth-
varying deformation patterns in the crust and upper mantle. We present a direct inversion technique for
the three-dimensional shear wave speed azimuthal anisotropy based on mixed-path surface wave traveltime
data. This new method includes two steps: (1) inversion for the 3-D isotropic Vsv model directly from
Rayleigh wave traveltimes and (2) joint inversion for both 3-D Vsv azimuthal anisotropy and additional 3-D
isotropic Vsv perturbation. The joint inversion can significantly mitigate the trade-off between strong
heterogeneity and anisotropy. With frequency-dependent ray tracing based on 2-D isotropic phase speed
maps, the new method takes into account the ray-bending effect on surface wave propagation. We apply the
new method to a regional array in Yunnan, southwestern China. Using Rayleigh wave phase velocity
dispersion data in the period band of 5-40 s extracted from ambient noise interferometry, we obtain a 3-D
model of shear wave speed and azimuthal anisotropy in the crust and uppermost mantle in Yunnan. This
model reveals that two midcrust low-velocity zones are possible weak channels, and the azimuthal
anisotropy at a depth of 5 to 30 km is mainly controlled by nearby strike-slip faults, some of which also
approximately coincide with the lateral boundaries of the crustal low-velocity zones. Approximately south of
26°N, the upper crustal azimuthal anisotropy from our model is significantly different from the upper
mantle anisotropy inferred by shear wave splitting, indicating different deformation styles between the crust
and upper mantle in southern Yunnan.

1. Introduction

Seismic anisotropy is recognized as being indicative of the shape-preferred orientation of cracks or layered
structures and the lattice-preferred orientation of mineral crystals under strain/stress (Crampin & Chastin,
2003; Savage, 1999). The seismic anisotropy retrieved from surface waves is a useful tool to investigate
deformation fabrics and the history of tectonic evolution in the crust and uppermost mantle globally or
regionally (Mainprice, 2007; Montagner, 1994; Savage, 1999; Yao et al., 2010). Surface waves have been
widely used to invert for the radial and azimuthal anisotropy of shear wave velocity structures
(e.g., Montagner & Tanimoto, 1991; Debayle et al., 2005; Marone & Romanowicz, 2007; Ekstrom, 2011;
Zhu & Tromp, 2013; Xie et al., 2015). Radial anisotropy, referring to the wave speed differences between
the vertical and lateral directions, is introduced to explain velocity discrepancies determined between
Rayleigh and Love waves. Azimuthal anisotropy is invoked to resolve the wave speed variations of the
Rayleigh waves propagating in different azimuthal directions. The development of ambient noise cross
correlation allows us to obtain dispersive surface waves in the relatively short and intermediate period
bands (e.g., Shapiro et al., 2004; Yao et al., 2006; Yang et al., 2007; Bense et al., 2007). Thus, the abundance
of dispersion curves is capable of producing high-resolution shear wave images with the radial and
azimuthal anisotropy in the crust and uppermost mantle over broad regions (e.g., Huang et al., 2010;
Lin et al., 2010; Moschetti et al., 2010; Xie et al., 2013, 2017; Yao et al., 2010). In this study, we will focus
on azimuthal anisotropy derived from surface waves.
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In general, depth-dependent shear wave speed (Vs) azimuthal anisotropy can be obtained by pointwise
inversion of the period-dependent Rayleigh wave dispersion data with azimuthal anisotropy. At first,
period-dependent 2-D phase velocity maps with azimuthal anisotropy can be constructed by the
tomographic inversion of mixed-path dispersion data (e.g., Barmin et al., 2001; Montagner, 1986; Yao
et al., 2010) or from Eikonal tomography for short-period Rayleigh waves (Lin et al., 2009) and
Helmholtz tomography (Lin & Ritzwoller, 2011) for long-period Rayleigh waves in regions with good
azimuthal raypath coverage. With the approximately linear relationship between the elastic tensor coef-
ficients and the effect of weak anisotropy on surface waves, Montagner and Nataf (1986) proposed a lin-
earized inversion method to invert phase velocities for shear wave speed with azimuthal and radial
anisotropy at depths. This method is widely applied to constrain azimuthal anisotropy in the upper
mantle regionally (e.g., Montagner & Jobert, 1988; Silveira & Stutzmann, 2002; Yao et al., 2010; Yao,
2015) and globally (e.g., Montagner & Tanimoto, 1991). Based on Montagner and Nataf (1986), Xie et
al. (2015, 2017) further inverted surface wave isotropic phase velocities and Rayleigh wave azimuthal
anisotropy for the oriented elastic tensor of a titled anisotropic medium, considering radial and azi-
muthal anisotropy simultaneously. Aside from using phase velocity measurements extracted from wave-
forms, azimuthal anisotropy can also be retrieved from a two-step waveform inversion, which first
inverts for 1-D path-averaged shear wave speed models from a nonlinear surface waveform inversion
(Nolet, 1990), then obtains the 3-D shear velocity structures with azimuthal anisotropy by tomographic
inversion (e.g., Debayle et al., 2005; Simons et al., 2002). Another way to obtain the depth-dependent
azimuthal anisotropy is to perform the waveform inversion directly. Marone and Romanowicz (2007)
developed a tomographic procedure to invert long-period surface waveforms for both the radial and azi-
muthal anisotropy, with shear wave splitting measurements as additional constraints. Using the spec-
tral-element and adjoint methods, Zhu and Tromp (2013) obtained a 3-D azimuthally anisotropic
model of Europe and the North Atlantic Ocean, which required a significant computational cost.

Fang et al. (2015) proposed a method that directly inverts all the path-dependent dispersion data for 3-D
isotropic shear wave speed structures. In continuation of this work, we expand the method to further invert
for azimuthal anisotropy in order to avoid the assumption of great-circle propagation commonly applied in
most surface wave tomography studies. This method employs a frequency-dependent ray tracing of the sur-
face waves using 2-D isotropic phase speed maps based on the fast marching method (Rawlinson &
Sambridge, 2004). In section 2, we discuss the details of the method, and then in section 3, we perform syn-
thetic tests to assess the reliability of this method. Finally, in sections 4 and 5, we apply this method to
Yunnan in southwest China and discuss its tectonic implications.

2. Methodology

In this section, we describe the mathematical expression of the forward and inverse problems. Subsequently,
we apply the proposed method to synthetic and real data to show the feasibility of direct inversion for azi-
muthal anisotropic structures.

2.1. The Forward Problem

As a consequence of structural heterogeneity, the raypath of Rayleigh waves may detour from the great-cir-
cle path between source and receiver. When we take the azimuthal anisotropy into account, the traveltime
between Source A and Station B based on the ray theory is given by

1
t =), ———=dl 1
AB(C‘)) leB C(l,CU7‘L/)) ) ( )
where c(l, w, 1) is the local phase velocity along the actual raypath lp, w is the angular frequency, and ¢ is
the azimuth of Rayleigh wave propagation (with respect to the north). Equation (1) can be discretized as
1
P

tan(@) = 2, WM )

where P means the number of path segments, p is the index of path segments, and c,(w, ¥) represents the
phase velocity for the path segment Al along AB. The Rayleigh wave phase velocity c,(w, 1) has the following
expression (Smith & Dahlen, 1973):
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¢p(@,9) = co(@,p) + a1 (@, p)cos2Y + az(w, p)sin2y + as(w, p)cosdy + aq(w, p)sindy, ®3)

where co(w) is the isotropic phase speed and a, » and a; 4 are the amplitudes of 21 (180° periodicity) and 41
(90° periodicity) terms, respectively. As stated in Montagner and Nataf (1986), the 43 terms in equation (3)
are negligible for Rayleigh waves.

We parameterize the study area for the forward problem on a 2-D spherical surface with a regular grid of K
points in total. The 1-D transversely isotropic layered model © at each grid point k is taken as a reference
with the isotropic phase speed given by ck. The 2-D phase velocity map at frequency w can be estimated
by C(@,9) (Ck(w,P) = cf(w) + af (w)cos2y + ab(w)sin2y, k = 1,2,...K). We use bilinear interpolation to
calculate the phase velocity along a path segment p:

: i ok @
ep(@,9) 2 ck(w) + ak(w)cos2y + ak(w)sin2y’

where v, is the bilinear interpolation coefficient, describing the weight of each grid point k for a specific
path segment p. The phase velocity at the kth grid point, ¢ (w, %), can be obtained from the 1-D transversely
isotropic layered model @:

/C\k(Cl),l,b) :g(®kawalp)a (5)

where g(0Oy, w, ) is a forward function that maps Oy to the frequency-dependent phase/group velocities,
which can be calculated by using the transfer matrix method for layered media with a half-space (Haskell,
1953; Herrmann, 2013; Thomson, 1950) or the normal-mode method for spherical media (e.g., Dahlen &
Tromp, 1998; Woodhouse, 1988; Yang et al., 2010).

The ith Rayleigh wave traveltime measurement at frequency w is given by

i
ti(w) = Y- LA Yo i o Al
P=1 e (w, ) P=1EHI=1 ok () + a¥(w)cos2tp + a(w)sin2i

oK Hik
= Zk:l Clé(w) + a}f(w)cosz¢ + a’zc(a))sinzw7 (6)

where u; = Zp 1 pkAl and vpk are the bilinear interpolation coefficients along the raypath for the ith tra-
veltime data point. Here we assume the azimuthally anisotropic phase velocity variations are typically sev-
eral percent in magnitude, which are much smaller than the isotropic phase velocity variations. Therefore,
the raypath at each frequency w is computed by the fast-marching method (Rawlinson & Sambridge,
2004) based only on the 2-D isotropic part phase velocities cf(w).

2.2. The Inverse Problem

We intend to recover a tomographic model that can be obtained by minimizing the traveltime difference
between the observed traveltimes (9 (w) and the model predictions for all frequencies w. If we take the per-
turbation of the traveltime ¢; in equation (6) and use the isotropic phase speed cg(cu) as a reference, the tra-
veltime difference between the measurement (9% (w) and the reference isotropic model prediction £/ (w) can
be approximated by

5[’,'(60) _ t?bS( ) ref( ) kg (C (w)) (SCk( )+ a’f(w)cosZzﬁ + a’;(w)sinZIP)

K @)
— 3 ——HE (5™ (@) + 8cA (@, B)).

Note that the phase velocity perturbation is further decomposed into 5cf™ (w) = Sci(w) and ¢ (w, P) = ak
(w)cos2y + ak(w)sin2y (Montagner & Nataf, 1986) due to the variations in effective transversely isotropic
moduli (ETT) and azimuthally anisotropic moduli (AA) relative to the reference moduli, respectively.
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From Fang et al. (2015) and Yao (2015), the isotropic perturbation in Rayleigh wave phase velocity with
respect to the isotropic reference model can be expressed as

o - (S e+ om0+ S o)

where a, 3, and p are the compressional wave speed (Vpyy) of horizontally propagating P waves, shear wave
speed (Vsy) of vertically polarized S waves propagating horizontally, and mass density, respectively. By using
an empirical relationship (Brocher, 2005), we can relate compressional wave speed and density to shear
wave speed. Then da(z) = R(2)f(z) and 6p(z) = R,(2)5p(z), where R(z) and R(z) are corresponding empiri-
cal relationship functions (Fang et al., 2015). By discretizting the integral in equation (8) in terms of the
depth nodes z;, we can get

o) = 51 | (12 G ae)Rala) + (12" S ) + (12" 5 )Ry o) |obil). )

Here, J is the number of layers at depth and j is the index of the depth nodes.

In addition, according to Montagner and Nataf (1986), the effective transversely isotropic perturbation can
also be represented as

SeET (o) = [ (gg"k((‘g S (2) + gg‘k((”;; 5C(2) + ZZ ((‘2 SLi(2) + gjjk((cg 5F, (z)) i (10)

where the four parameters (A4, C, L, and F) in equation (10) together with another N, represent the transver-
sely isotropic medium with A = pV3,, C = pV3y,, L = pVi,,N = pV,, and F = n(A — 2L). Here, p is the
density, Vpy and Vpy are the velocities of horizontally and vertically propagating P waves, and Vgy and
Vsv are the velocities of horizontally and vertically polarized S waves propagating horizontally. Since we
do not include Love wave data and assume Vpy = Vpy,Vsg = Vv, 1) = 1, the difference between equations (8)
and (10) is very small in this case. So we use equations (8) and (9) to represent the isotropic phase velocity
perturbation for the later inversion scheme for isotropic shear velocities.

According to Montagner and Nataf (1986), the azimuthally anisotropic perturbation to the phase velocity of

Rayleigh waves can be written as

o 0 0 d
SciM (@, ) = jo {(B’Cc cal;iio) + G’Cc Z}EZ)) + H’C‘ ;klgiu))cosm,b (11)

dz,

dci (w) Oc(w) Ock(w)\ .
ke OCk k k
+ (BS A, + Gy 3Ly + Hj 3F, sin2y

where B, B, G, G, H., and H represent the 2 azimuthal variations of A, L, and F, respectively. Since the g—;
is much smaller than % (Montagner & Nataf, 1986; Xie et al., 2015), the effect of H, ; on the Rayleigh wave
phase velocities is neglected such that we can approximate the azimuthally anisotropic perturbation in the
Rayleigh wave phase velocities by

1 9k (@) . 9¢k () 1 9k () . 9¢k (@)

5t (w, )~ [y KBC a0, )colep—i—(Bs s O, )sinZzp}dz (12)

The Rayleigh wave phase velocity is mainly sensitive to L and the shallow crustal A (e.g., Xie et al., 2015),
which makes it challenging to retrieve exact values for G, and B, ; simultaneously. In view of studies of

mica-rich and amphibole-rich crustal rocks (Barruol & Kern, 1996) as well as olivine-dominated mantle

rocks (Montagner & Nataf, 1986), it is appropriate to assume Bes _ Ges (Lip et al., 2010; Yao, 2015). The sim-
g pprop

AT L
plification will lead to the identical direction of fast axes in Vpy and Vsy and influence the amplitude of the
absolute azimuthal anisotropy. By discretization of the integral in equation (12) in terms of the depth node z;

j )
and the assumption of %S = GTC,S for each depth interval [z, z;,;], we can obtain equation (13)
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. K(y k(.
RIS il [(ﬁjj‘((w; dz)Ak(z,»)+ (]Z’.”ac"(w) dz)Lk(z,)] <cos21/)G”(zj)+sin2¢f;(zf)), (13)

4 dLy(z) Lic(z)

Finally, after inserting equations (9) and (13) into equation (7), we obtain

%11 OCk (CL)) Zjt1 aCk(CU)
5t1 Zk 1( )) {”lk[(j‘zj aak(z) ) ( ) (ij aﬁk(z) dz) (14)

Z“l ack Zji1 ack(a)) .
+< Zj apk dZ)R 5Bk (zj) + Mk (j‘Zj aAk(Z) dZ)Ak (ZJ)
o ey (w k (z]) 41 00y (@) A
+( g 6Lk Z dZ) Lk e + gzk Lj aAk(Z) dz Ay (ZJ)

g (ZJ)
«(z)
where 7, = Zﬁzlv;kcosmp;Ali, and &, = Zgzlv;ksinmp;Ali. Here, i is the index of the Rayleigh wave travel-
time measurements, j is the index of depth nodes, k indicates the index of horizontal grid points, and v;k is the

bilinear interpolation coefficient for the ith traveltime data point. Equation (14) can be represented in the
form

C)

Zj+1 aCk( )
(5 dz)Lk@-)_

Z

=~

d = Gm, 15)

where d is the vector of the Rayleigh wave traveltime residuals for all frequencies and all paths, G is the data
sensitivity matrix, and the model parameter vector m is given by

Gi(z1) Gilz) G¥(z) Gi(z) Gi(z) Gi(z)

m=|60,(z1)..-681(zr)-.-6Bx (z7) L) L) " Ie@) hiz) i) L&)

(16)

Equation (15) can be solved by the LSQR algorithm (Paige & Saunders, 1982) with the regularized inversion
system:

Giso GAA ) d
)tlLiso 0 |:m150:| =|0 s (17)
m
0 ALaal 0

where Gis, and myjg, correspond to the first part of equation (14) about the isotropic perturbation to Vsv
(i.e., 6Br(z)), Gaa and mu, correspond to the second part of equation (14) about the azimuthally ani-

k(.
sotropic perturbation (i.e., Ei’)) and S Ej)) ), Liso and La4 are the roughening matrices, and 4; and A, are
J k\%j

weighting parameters balancing data fitting and model regularization. Ljs, and L are usually repre-
sented by a finite-difference operator for Tikhonov regularization, which can be chosen as the first-
or second-order spatial derivative operator (Aster et al., 2013) or a Gaussian spatial smoothing operator
(Liu & Yao, 2016). In each iteration of inversion, since the isotropic Vsv model has been updated itera-
tively, new raypaths and new depth-dependent sensitivity kernel matrices (Gis, and Gan) for all isotro-
pic and anisotropic parameters are updated as well.

To give a better view of our method, we divide the whole workflow into three steps: (1) preparation of period-
dependent interstation Rayleigh wave phase velocity dispersion and traveltime data, which can be achieved
from either ambient noise cross-correlations or earthquake data; (2) inversion for an isotropic Vsv model
using a 3-D direct isotropic inversion method (DSurfTomo; Fang et al., 2015); and (3) taking the isotropic
Vsv model from step (2) as the 3-D isotropic reference model to perform the 3-D joint inversion iteratively
for both additional 3-D isotropic Vsv perturbation and azimuthal anisotropy. Although we include the iso-
tropic Vsv perturbation in the joint inversion in Step (3), Step (2) is still necessary since it can provide a more
reliable initial isotropic model, accelerating the convergence of the inversion. We refer to our whole two-step
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inversion workflow as direct inversion for 3-D azimuthally anisotropic shear velocities from surface
(Rayleigh) wave traveltimes (abbreviated as DAzimSurfTomo).

Finally, the azimuthally anisotropic velocity of the vertically polarized S waves propagating horizontally is
given by

= L + G.cos2 G,sin2
VS\/%\/ + G Ip +Os ¢ (18)
o
As G. and G; are usually much smaller than L, equation (18) can be approximated as
7 Gc Gs .
VevaVsy( 1+ icosZzp + ismzzp = Vsv[1 + Asvcos2(p—¢)], (19)

where Vgy is the isotropic part of vertically polarized S wave velocity and Agy and ¢ are the anisotropy ampli-
tude and the azimuth of fast polarization axis, respectively, which can be written as

2 2
Asy =3 (%) + (%) , (20)
b= %tan_1 (%) (21)

According to the error transfer formula (Yuan & Beghein, 2018), we can evaluate the robustness of the inver-
sion results by giving the uncertainties of the magnitude Agy and the azimuth of fast axis ¢, respectively, as

2 .2 2 2
2 7GSUGS+GCO'GC

o, =-——" C e 22
i =A@+ G e

, 1Giog +Gjog,
R T @9
(G +G2)
where the variances O'éc and aé( are the diagonals of the model covariance matrix Cov(m) for the least
squares solution; that is,

Cov(m) = (GLG,) ' GICov(d,)G.(GLG,) ", (24)

where W is a diagonal matrix of data weighting, G,, = WG, d,, = Wd, and Cov(d,,) is the weighted data cov-
ariance matrix.

In addition, we can also estimate the uncertainties by applying the Monte Carlo error propagation technique
(Aster et al., 2013; Fang et al., 2015), in which we simulate a collection of noisy data sets and then calculate
the standard deviation of the ensemble of obtained models.

3. Synthetic Tests and Methodology Evaluation

In this section, we show how to obtain shear wave speed azimuthal anisotropy from the Rayleigh wave
dispersion measurements through the proposed DAzimSurfTomo method above and evaluate the
robustness and reliability of inversion results through different synthetic tests. First, we apply direct
inversion of the Rayleigh wave dispersion data to generate 3-D isotropic Vsv structure (Fang et al.,
2015), and then we use this inversion result as the reference model to invert for the 3-D shear wave speed
azimuthal anisotropy.

3.1. Performance of the Proposed Method

To investigate the performance of our method, we carry out synthetic experiments with a 3-D anisotropic
model. Figure 1 shows the virtual station distribution used in the synthetic test as well as the density of
the raypath coverage. The average station spacing is about 30 km. The number of raypaths that connect
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A A A A A
24° A A A A A A A A A A A
A A A A A A A A A
A A A A A A A
102° 103° 104°
0 1000 2000

Intensity (path/grid)

Figure 1. The station configuration used in the synthetic tests. The station

locations are shown as black triangles. The blue dot indicates the location
of a grid point (102.25°, 24.5°) used in Figure 5. The background color

represents the density of the raypath coverage.

every two stations is 4,950 for every period. The period band of the syn-
thetic Rayleigh wave dispersion measurements is set to range from 5 to
40 s, similar to the period range of the real ambient noise data we used
in Yunnan, southwest China. Figure 2 shows an example of the depth sen-
sitivity kernels for Rayleigh wave phase velocity with respect to perturba-
tions in L and A at periods of 10 and 30 s. It is obvious that Rayleigh waves
are sensitive to the deeper structure of L than of A for the same period and
the longer period waves have a more pronounced sensitivity to the deeper
structure. The isotropic Vsv model is composed of checkerboard-like velo-
city anomalies decaying laterally in the form of Gaussian functions for the
seven layers (0-5, 5-10, 10-16, 16-24, 24-32, 32-42, and 42-54 km). The
peak perturbations of the high- and low-velocity anomalies are +10%,
respectively. The relative magnitudes of the azimuthal anisotropy are set
to be 2%, 4%, and 6% for the top two, the intermediate two, and the bottom
three layers, respectively. Their corresponding fast polarization directions
are shown in Figure 3, where the fast directions in different blocks at the
same depth are perpendicular to each other. The study region is parame-
terized with 16 by 16 grid points with a grid interval of 0.25° in both lati-
tude and longitude.

The synthetic interstation Rayleigh wave traveltimes are divided into two
parts: the traveltime caused by the isotropic model (computed by the fast-
marching method) and the traveltime produced by the azimuthally aniso-
tropic model (using the same raypaths as those in the isotropic model).

This means that we ignore the effect of the weak azimuthal anisotropy on the raypaths. To test the feasibility
of our approach, we first consider synthetic traveltime data without noise and invert the data using the pro-
cess described above. The influence of noise level will be discussed later in this section. In the first step, we
use a uniform isotropic Vsv model as an initial model to perform the first step of direct inversion for the 3-D
isotropic shear wave speed structure. Since we do not invert for radial anisotropy, we assume Vg = Vgy and

()

Depth (km)

(b)

0 0 ==
-7
—Vp A 7/
— s )
i1
20t 201/
I
40} s 407
<
=
)
60r a 601
SOr 80
. 10s
== A 10s
] 30s
A 30s
: 100+ - - y i
100 6 8 10 0 02 04 06 08
Velocity (km/s) Sensitivity

Figure 2. The 1-D velocity model (a) and its corresponding depth sensitivity kernels (b) for Rayleigh wave phase speeds at
10 and 30 s with respect to perturbations in L and A as a function of depth.
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(a) Depth 0-5 km (b) Depth 5-10 km (c) Depth 10-16 km

et/ L 26 7

/ ﬁ 25°1 & /é
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&
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102° 103° : 102° 103° 104° 102° 103" 104°

(d) Depth 1624 km  (e) Depth 24-32km  (f) Depth 32-42km  (g) Depth 42-54 km
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2.8 32 3.6 40 44

Figure 3. (a-g) Lateral slices of the input model in seven layers. Vs is color coded from blue (fast) to red (slow). The black
bars show the magnitude (in percent) and the fast polarization direction of the azimuthal anisotropy

Vpu = Vpy. Based on the isotropic Vsv result together with empirical relationships between the compres-
sional wave speed, density, and shear wave speed (Brocher, 2005), we construct an initial isotropic model
and calculate the corresponding sensitivity kernels of 3—2 and g—f‘. Finally, we minimize the traveltime residuals
between the measurements and predictions to invert for the 3-D isotropic Vsv perturbation and azimuthally
anisotropic structure (see equations (14) and (17)).

The resulting images (Figure 4) suggest that the isotropic Vsv structure can be resolved very well in whole
regions, and the azimuthally anisotropic pattern can be well retrieved to some extent in areas with good ray-
path coverage. The angle differences between the inversion results and the input are listed in Table S1 in the
supporting information, indicating that the average angle difference is approximately 5.4°. The angle differ-
ence of the first layer is the largest, which can be attributed to the fact that the shortest period data used in
the synthetic test (5 s) cannot provide sufficient constraints on the shallowest structure. We also calculate
azimuthally anisotropic phase velocity maps at different periods (10, 20, and 30 s; Figures S1a-S1f) from
the 3-D azimuthally anisotropic shear velocity model and pick up one grid point (102.25°, 24.5°) to compare
the predicted dispersion data with the input (Figure 5a). The comparison shows the fitting of the isotropic
phase speed dispersion and the corresponding azimuthal anisotropy is excellent. After 3-D joint inversion,
the standard deviation of the traveltime residuals is reduced from 172 ms (for 3-D isotropic starting model)
to 102 ms (Figure 6a).

3.2. The Effect of Noise Level of the Synthetic Data

The noise level of the synthetic data will affect the recovery of the isotropic speed model in the first step, the
isotropic inversion, and therefore influence the next step, joint inversion, as well as traveltime data fitting.
We add 1% random Gaussian noise, which is the general uncertainty level of Rayleigh wave phase velocity
measurements, to the synthetic traveltime data and then invert for the 3-D azimuthal anisotropy following
our two-step 3-D anisotropic inversion method. The results (Figure S2 and Table S1) suggest that with the
noise level rising from 0% to 1%, the average angle deviation of the fast axes increases from 5.4° to 7.4°, espe-
cially for the first layer where the data constraint is relatively poor. Other than the fast axes, the recovery in
the magnitudes of the phase velocity azimuthal anisotropy (Figure 5) gets worse when the data noise level
increases. In addition, the discrepancies in the isotropic phase speed fitting are significant at shorter periods
(5-10 s). The reason is that with the increase of the noise level in the traveltime data, the uncertainty of the
isotropic inversion results will increase, such that the noise level of the computed traveltimes used in the
subsequent joint inversion will be enlarged. A series of synthetic tests show that when the noise level
increases, the azimuthal anisotropy pattern can still be retrieved although with increasing angle
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Figure 4. (a-g) The recovery of the input model in Figure 3 using synthetic data without noise.

deviations and reduced strength of anisotropy in the anisotropic model (Figures 5, S1, and S2 and Table S1)
and increasing standard deviation of traveltime residuals (Figures 6a and 6b).

3.3. The Influence of the Assumption of Great-Circle-Path Propagation

Our method considers the frequency-dependent ray-bending effect with the fast-marching method
(Rawlinson & Sambridge, 2004) in calculation of frequency-dependent traveltimes of Rayleigh waves in
the first step of isotropic inversion (e.g., Fang et al., 2015; Li et al., 2016) and the second step of joint inver-
sion, where we ignore the effect of the weak azimuthal anisotropy on the raypaths. Superior to the linearized
ray theory that assumes the great-circle trajectory as in a homogeneous background medium, the general-
ized ray theory, which accounts for the ray-bending effect, is valid for strongly heterogeneous media (e.g.,
Yang & Hung, 2005). However, most studies of ambient noise surface wave tomography are based on line-
arized ray theory. To evaluate the importance of ray bending in tomography, we conduct a synthetic experi-
ment under the great-circle-path assumption for comparison. The results from the great-circle-path
propagation show large deviations in the anisotropic fast axes (Table S1 and Figure S3) and, accordingly,
relatively bad fitting in the phase velocity azimuthal anisotropy (Figures 5 and S1). In addition, ignoring
the ray-bending effect may increase the standard deviation of the traveltime residuals from 0.1 to 0.3 s.

3.4. Effects of the Trade-Off Between Heterogeneity and Anisotropy

To test the effects of the trade-off between heterogeneity and azimuthal anisotropy on our method with a
dramatic change of isotropic and anisotropic patterns, we perform another synthetic test with a three-layer
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Figure 5. The comparison between the predicted (in red) and the input (in black) isotropic phase speed (circle) and its azimuthal anisotropy (bar) using data with-
out noise (a), data with 1% Gaussian random noise (b), and noise-free data but under the assumption of great-circle-path propagation (c). Bars in the vertical
direction indicate the N-S fast polarization axis, and the horizontal direction for the E-W fast axis.
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Figure 6. Distributions of Rayleigh wave traveltime residuals before (red) and after inversion (light blue) for three different cases: (a) input data without noise, (b)
input data with 1% Gaussian random noise, and (c) input data without noise under the assumption of great-circle-path propagation.

model containing interdistributing high- and low-velocity bands with fast axes parallel or orthogonal to the
bands, respectively. The peak perturbations of the high- and low-velocity anomalies are +9% for each layer,
respectively (Figures S4a—S4c). We use the same period range as the first synthetic test but add 20 more vir-
tual stations to increase azimuthal coverage. Following the workflow of our two-step 3-D anisotropic inver-
sion, the recovery of isotropic velocity is excellent (Figures S4d-S4f). The input amplitude of anisotropy is
1.5%, 2.5%, and 3% for the three layers, respectively. The recovery of the amplitude of azimuthal anisotropy
in Layer 1 is worse than that of the other two layers due to the limitation of periods (5-40 s). The amplitude
in the third layer is a bit overestimated. The joint inversion can retrieve about 73% of the amplitude of the
input azimuthal anisotropy for the top two layers. The general pattern of azimuthal anisotropy, both in
amplitudes and fast directions, can be retrieved properly, except for the transitional area (Figures S4d-
S4f). The trade-off between the strong heterogeneity and anisotropy in this area tends to cause the fast direc-
tion to deviate from the input and result in reduced strength of azimuthal anisotropy. We have also tested the
inversion of azimuthal anisotropy alone in the second step inversion, which gives a generally similar pattern
to the joint inversion, but our joint inversion strategy can improve the recovery, especially in areas with a
strong trade-off between heterogeneity and anisotropy. The joint inversion approach also appears to be more
resistant to the data noise level.

4. Application to Yunnan, Southwest China

We applied our direct inversion method to Yunnan, southwest China, which is at the southeastern margin of
the Tibetan Plateau. The collision between the Indian and Eurasian plates has caused the evolution of
Tibetan Plateau over the past approximately 50 Myr (Molnar & Tapponnier, 1975; Royden et al., 2008), leav-
ing a series of problems under debate, among which the key question is how the plateau and surrounding
regions have deformed in response to the plate convergence. Serval models have been proposed to answer
this question, including the rigid block extrusion model (Tapponnier et al., 1982, 2001), the continuous
deformation model (Houseman & England, 1993; Molnar & Tapponnier, 1975), and the crustal channel flow
model (Royden, 1997; Royden et al., 2008). Another controversy includes the mechanical coupling or decou-
pling between the crust and upper mantle, which is also related to the mechanism of plateau deformation.
Some studies argue the crust and upper mantle are decoupled based on the viscous deformation of middle
and/or lower crust (e.g., Clark & Royden, 2000; Shapiro et al., 2004), while some others argue for vertically
coherent deformation of the Tibetan lithosphere (e.g., England & Molnar, 1997; Wang et al., 2008). Our
study region, Yunnan, southwest China, is between the eastern Himalaya syntaxis and the mechanically
strong Sichuan basin (Figure 7a), which is an ideal place to investigate the mechanisms for eastward expan-
sion and southeastward extrusion of Tibetan Plateau material.

In this study, we used interstation Rayleigh wave phase velocity dispersion data in the period band 5-40 s
extracted from vertical-component ambient noise cross-correlation functions (Qiao et al., 2018), which were
computed from continuous seismic waveforms in 2008 recorded by 49 permanent stations with about 70-km
average station spacing in Yunnan and Guangxi provinces from the China National Seismic Network (Data
Management Centre of China National Seismic Network, 2007; Zheng et al., 2010). Figure 7b shows the sta-
tion distribution and the major geological features in this region.
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Figure 7. (a) The geological setting of Yunnan, southwest China. (b) Seismic stations and major faults in Yunnan. EHS,
eastern Himalayan syntaxis; SCB, Sichuan Basin; CDB, Chuandian Block; CXB, Cuxiong Basin; SMB, Simao Block.
Main active faults: ANHF, Anninghe Fault; ZMH, Zhemuhe Fault; CHF, Chenghai Fault; MLF, Muli Fault; LLF, Longling
Fault; NTHF, Nantinghe Fault. All of the faults mentioned above are strike-slip faults, except the Lancangjiang Fault.
The blue triangles are the seismic stations used in this study. The red dot represents the location of the Tengchong volcano.
The red lines are boundaries of the Sichuan Basin, Cuxiong Basin, and Simao Block. (c) The distribution of local
earthquakes, with different colors representing different event depths.

The 3-D model of the study region is meshed with a grid spacing of 0.25° x 0.25° horizontally and an interval
of 5 km in depth. We choose the isotropic Vsv model of Shen et al. (2016) as the initial shear wave speed
model. Following the workflow of our two-step 3-D joint inversion mentioned in the previous section, the
final 3-D isotropic Vsv and azimuthal anisotropy models are illustrated in Figure 8. The predicted phase
velocities and azimuthal anisotropy of the Rayleigh waves are shown in Figure 9. The amplitude of the
azimuthal anisotropy is small compared to a previous study by Yao et al. (2010). On the one hand, the
amplitude of the results is affected by the regularization parameter A. In the first-order Tikhonov
regularization used in the inversion, the magnitude of azimuthal anisotropy decreases with an increase in
A. On the other hand, the trade-off between anisotropy and heterogeneity still affects the amplitude and
the noise in the anisotropic traveltime is also amplified when the recovered isotropic model strongly deviates
from the true situation, as we discussed in sections 3.2 and 3.4. We calculate the distribution of the traveltime
residuals for the initial model and the results after the first-step isotropic and second-step joint inversion,
respectively (Figure 10). It shows an apparent improvement after the two-step inversion, with the standard
deviation decreasing from 2.18 to 1.6 s.
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Figure 8. (a-f) Three-dimensional shear wave speed model and corresponding azimuthal anisotropy in the crust and uppermost mantle beneath Yunnan, south-
west China. The white dashed lines in (b) and (c) are the approximate boundaries of two channels of low-velocity zones inferred from our model. The background
color shows the value of shear wave speed. The short black bars represent the amplitude and fast polarization direction of azimuthal anisotropy. The green lines
indicate the local faults mentioned in the main text. Azimuthal anisotropy in eastern Yunnan is not plotted for lack of data coverage.

To check the performance of the inversion results obtained by our algorithm, we conduct conventional
checkerboard resolution tests, even though this kind of tests has some drawbacks (Lévéque et al., 1993;
Rawlinson & Spakman, 2016). We perform 3-D isotropic (Figure S5) and anisotropic (Figure S6) checker-
board tests with 1° X 1° anomalies, respectively. We generate interstation Rayleigh wave traveltimes with
the same source-receiver distribution as in the real case and add 0.5-s Gaussian random noise to the
synthetic traveltime data. The results (Figures S7 and S8) suggest that both the isotropic and anisotropic
patterns can be retrieved well in most of the regions with proper data constraints. Moreover, another
recovery test is conducted to inspect how errors in the isotropic model propagate to the azimuthal aniso-
tropy. We use the isotropic output model of the first-step direct inversion as the “true” model to generate
the synthetic data with 0.5-s Gaussian random noise added and then perform inversion following the pro-
cedure we mentioned above. As shown in Figure S9, the results can recover the isotropic speed pattern,
but the magnitudes of the azimuthal anisotropy are very small, which demonstrates the robustness of the
inversion strategy. To assess the uncertainties in the resulting model caused by the noise in the real data,
we repeat the inversion strategy using the real data with 0.5-s Gaussian random noise added as estimated
from Bensen et al. (2008). The inversion shows similar results in both isotropic and anisotropic velocity
structures (Figure S10). The average difference in isotropic Vs is smaller than 1%, and the average angular
deviation of fast axes is less than 6°, which demonstrates the robustness of the inversion strategy and
results. In addition, as the isotropic Vsv reference model of Shen et al. (2016) was developed using
Rayleigh wave phase velocities from anisotropic tomography with a denser station array and larger data
coverage, the bias from anisotropy was already decoupled. To testify that our model does not depend on
the Shen's initial model, we reconduct the two-step 3-D inversion based on a simple Vsv model
(Figure S11) including the influence of Moho depths (He et al., 2014). The obtained result (Figure S12)
shows a similar isotropic and anisotropic pattern in most of the inversion region, which also confirms
the robustness of our inversion results.
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Figure 9. Rayleigh wave phase speed and azimuthal anisotropy (short black bars) maps at T=10 and 20 s (a and c) in
Yunnan, southwest China; (b and d) results from ray-based tomography (Shen et al., 2016). The background color
represents the phase speed perturbation in percent with respect to the average speed at the corresponding period. The
green lines indicate local faults mentioned in the main text at the corresponding period.

We perform a forward calculation of the phase velocities and azimuthal anisotropy for each grid point at dif-
ferent periods (Figures 9a and 9c) based on our inversion results. Compared with the Rayleigh wave phase
velocity and azimuthal anisotropy from the linearized ray-based tomography at 10 and 20 s (Figures 9b and
9d; Shen et al., 2016), we find very similar isotropic and anisotropic patterns in the study region, which also
supports our model. At a period of 10 s, low phase velocities appear near fault zones, such as the Lijiang
Fault, Chenghai Fault, Lancangjiang Fault, Liizhijiang Fault, Xiaojiang Fault, and Red River Fault. At 20 s,
the phase speed pattern changes, with a nearly continuous and prominent low phase speed zone in the
Chuandian Block. The fast axes at these periods are almost N-S oriented throughout the Chuandian
Block, approximately along the strike directions of nearby faults, such as the Xiaojiang Fault and
Liizhijiang Fault.

The lateral variations in the shear wave speed and the corresponding azimuthal anisotropy at depths of 5-10,
15-20, 25-30, 35-40, 45-50, and 55-60 km are depicted in Figure 8. In general, the isotropic shear wave
speeds display complex distributions of low-velocity zones (LVZs) and a coincidence between the boundaries
of the LVZs and nearby strike-slip faults. The most active fault in the study region is the left-lateral strike-slip
Aninghe-Zemuhe-Xiaojiang fault system, accommodating ~7 mm/year of left slip (Shen et al., 2005).
Regional deformation is also notable near the boundary of Songpan-Ganze Fold Belt and southern
Chuandian Block by left slip along the Lijiang Fault, and the boundary of SiMao Block by right slip along
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Figure 10. The distribution of Rayleigh wave traveltime residuals for the
reference model (red bars) and the results after isotropic inversion (blue
bars) and after joint inversion (light blue patches).

and depths (Bao et al., 2015; Chen et al., 2016; Fu et al., 2017; Li et al.,
2016; Qiao et al., 2018). In the 45- to 50-km depth range, only one promi-
nent LVZ appears around the Lijiang Fault, in contrast with the surround-
ing relatively high velocity area, which is mainly controlled by a sharp
contrast of Moho depths.

The 3-D direct inversion also reveals substantial variations in the azimuthal anisotropy (Figure 8). In the 5-
to 10-km depth range, a striking rotational pattern of fast axes appears around the eastern Himalayan syn-
taxis, consistent with GPS observations in this region (Zhang et al., 2004). The fast polarization axes at a
depth of 5 to 30 km are subparallel to the strike of nearby strike-slip fault systems, that is, NNE-SSW near
the Xiaojing Fault, nearly N-S along the Liizhijiang Fault, and NW-SE near the Red River Fault, which is
roughly in accordance with previous azimuthal anisotropy models (Chen et al., 2016; Yao et al., 2010).
The patterns of the azimuthal anisotropy from the middle/lower crust to the uppermost mantle change dra-
matically in the Chuandian Block and Simao Block. In the Simao Block, the fast polarization axes change
from the strike of the strike-slip fault in the crust (viz., NNE-SSW near the Lancangjiang Fault and NNW-
SSE near the Red River Fault) to a roughly E-W orientation at a depth range of 35-60 km. The fast axes in
the northern Chuandian Block remain nearly N-S oriented at deeper depths than the midcrust, while in
the southern Chuandian Block the fast axes gradually change to roughly NNW-SSE orientations at a depth
range of 55-60 km.

5. Discussion
5.1. The Pros and Cons of the Method

For the traditional two-step anisotropic inversion (e.g., Montagner & Nataf, 1986; Montagner & Tanimoto,
1991; Yao et al., 2010), the isotropic and azimuthally anisotropic phase velocity variations are obtained in
the first step of phase velocity tomography using mixed-path dispersion data. Alternatively, the azimuthal
anisotropic phase velocity maps can be obtained by eikonal tomography (Lin et al., 2009) or Helmholtz
tomography (Lin & Ritzwoller, 2011). In the second step, the pointwise dispersion curve with azimuthal
anisotropy can be then inverted for the depth-dependent shear wave speed and its azimuthal anisotropy.
In the first step, the inversion of isotropic and azimuthally anisotropic phase velocity parameters may have
some trade-off, which is generally weak. In our two-step direct 3-D anisotropic inversion method, we do not
need to perform phase velocity tomography but directly take into account the trade-off between the 3-D
heterogeneity and anisotropy of shear wave velocities in the second step of joint inversion. If we only invert
for the anisotropic parameters in equation (17) while ignoring the isotropic parameters, this trade-off may
influence the recovery of azimuthal anisotropy, especially for its amplitude, due to the inaccuracy of the
3-D isotropic model from the first step of the inversion. However, joint inversion for both isotropic shear
wave speed perturbation and azimuthal anisotropy (equation (17)) can help to significantly mitigate this
trade-off. Also, the first step 3-D tomography of isotropic shear wave speed will provide an excellent starting
model for the joint inversion. In general, the change in isotropic wave speed in the second step of the joint
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inversion is small. However, it is still important to include isotropic parameters in the joint inversion to miti-
gate the trade-off between heterogeneity and anisotropy.

Another method to solve this problem is as follows: (1) do the conventional tomography to develop both iso-
tropic and azimuthal anisotropic phase velocities simultaneously, (2) use the isotropic phase velocities from
step (1) to generate isotropic traveltimes and then perform 3-D isotropic inversion to get the 3-D Vsv refer-
ence model, and (3) use the anisotropic phase velocities to construct anisotropic traveltimes and then per-
form 3-D anisotropic inversion.

The trade-off between Moho depth and velocity structure has always been a problem for surface wave inver-
sion. Since we only use Rayleigh wave phase velocity measurements, it is difficult to constrain Moho depth
in our 3-D model. Instead, we construct the initial reference model based on previous Moho depth results,
for example, from receiver functions as we did in Yunnan, SW China, considering the influence of Moho
depth in the tomographic inversion.

The inversion for azimuthal anisotropy depends on good azimuthal coverage of raypaths. In the real data
case, the eastern part of the model is abandoned for the lack of data coverage. The raypaths of the phase velo-
city measurements may vary with periods. For the traditional two-step surface wave tomography (e.g.,
Yao et al.,, 2008, 2010), in some extreme cases, when the number of raypaths is small at certain specific
periods in some regions, the obtained 2-D phase velocities and corresponding azimuthal anisotropy at
some grid points are usually not reliable. Because surface wave tomography at different periods is per-
formed individually, this leads to incorrect inversion of pointwise shear wave speed azimuthal aniso-
tropy. Compared with conventional methods, our proposed 3-D direct inversion for azimuthal
anisotropy may make full use of the dispersion measurements at all periods regardless of the number
of paths. In addition, the 3-D model regularization used in the tomography can result in an intrinsically
smooth 3-D model after inversion. On another hand, the 3-D inversion framework has the advantage of
combining other data types, such as body wave traveltimes, to achieve joint 3-D anisotropic inversion.

5.2. The Crustal LVZs in Yunnan, Southwest China

The crustal channel flow model proposed by Royden (1997); Royden et al. (2008) suggests large-scale flow of
low viscosity (or mechanically weak) mid-lower crustal material in SE Tibet. Crustal LVZs, typically with
weak mechanical properties, sometimes can be used as an indication for channel flow (Bao et al., 2015;
Chen et al., 2016; Yao et al., 2008, 2010). Several other geophysical observations also suggest that the
LVZs coincide with regions of high heat flow (Hu et al., 2000), high Vp/V ratios (Xu et al., 2007), high elec-
trical conductivity (Bai et al., 2010), and unusually high attenuation (Zhao et al., 2013). Two crustal flow
channels in SE Tibet have been proposed based on MT and seismic imaging results (Bai et al., 2010; Bao
et al., 2015; Qiao et al., 2018).

Our 3-D shear wave speed model depicts the LVZ channel in the Chuandian Block at a depth range of 15-30
km (Figure 8). The western LVZ channel exists around the Lijiang Fault and continues southward along the
Chenghai Fault and the western Red River Fault zone, while the eastern LVZ channel extends along the
Xiaojiang Fault and connects with the LVZ channel in the central Red River Fault zone. These two LVZ
channels are also observed by other tomographic results (Bao et al., 2015; Chen et al., 2016; Qiao et al.,
2018). Moreover, a previous azimuthal anisotropy study shows that the fast polarization axes are approxi-
mately subparallel to the strikes of LVZ channels (Chen et al., 2016), and our 3-D azimuthal anisotropy
model also displays this feature, except for the northern area of the eastern LVZ, which may be affected
by the sparse station distribution. Between these two LVZ channels, there exists a high-velocity zone approxi-
mately coinciding with the inner zone of the Emeishan large igneous province in the southern Chuandian
Block (Qiao et al., 2018), which probably bifurcates the weak mid-lower crustal material in western
Sichuan into two channels.

Our 3-D azimuthal anisotropy model shows that the fast polarization axes are subparallel to the local strike-
slip faults. The development of some local strike-slip faults, for example, the Liizhijiang Fault and Xiaojiang
Fault, is likely to be related to the LVZs. First, the lateral boundaries of the crustal LVZs approximately coin-
cide with nearby strike-slip faults, for example, the Xiaojiang Fault and Liizhijiang Fault (Figures 8b and 8c).
Moreover, based on the local seismicity (Figure 7c), we find that earthquakes along the local strike-slip faults
mainly occur in the depth range of 10-30 km (30-40 km in some places), suggesting the local strike-slip
faults are deep rooted and may extend at least to the lower crust. The shearing of the local strike-slip
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Figure 11. (a) The GPS velocity field with respect to the stable Eurasia plate (blue arrows, data from Zhang et al., 2004). (b,
¢) The obtained azimuthal anisotropy in this study (red bars) in the depth range of 5-10 and 25-30 km. (d) Comparison of
the obtained azimuthal anisotropy (red bars) in the depth range of 55-60 km with teleseismic shear wave splitting mea-
surements (blue bars) of Chang et al. (2015). Black arrows indicate the absolute plate motion of Yunnan in the NNR-
MORVEL model (Argus et al., 2011).

faults may in turn affect the fabric of the crustal minerals, that is, the azimuthal anisotropy, in the crust at
such depth ranges. Therefore, our results imply a strong and complicated interaction between the LVZs and
the local strike-slip faults, which may account for the local strain field in the long term.

5.3. Crust and Mantle Deformation in Yunnan, Southwest China

The patterns of the crust and mantle anisotropy may help us to understand deformation mechanisms in this
region. By using a 3-D shear wave speed and azimuthal anisotropy model of the crust and upper mantle in
Yunnan, southwest China, as given by Yao et al. (2010) and surface wave data, our model gives the azi-
muthal anisotropy in the Yunnan area in more detail.

In the uppermost crust, the fast axes of the azimuthal anisotropy are almost parallel to the strike of nearby
major faults (e.g., the Xiaojiang Fault, Liizhijiang Fault, Chenghai Fault, and Nantinghe Fault) and show
a curvilinear pattern around the eastern Himalaya syntaxis, similar to that of the GPS velocity field
(Figures 11a and 11b). In the Chuandian Block, the azimuthal anisotropy pattern largely resembles the sur-
face motion revealed by GPS, especially areas along the Xiaojiang Fault. In the Simao Block, the fast axes
appear subparallel to the strikes of the Langcangjiang Fault and Red River Fault, whereas the pattern in
the GPS field is perpendicular to the faults. This difference may be attributed to the fact that the seismic ani-
sotropy reflects structures deformed over their long-term history, while the strain rate field derived from the
GPS velocity field represents the instantaneous response to the tectonic forces. From the crust to uppermost
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mantle, the fast axes of the azimuthal anisotropy change direction in both the south Chuandian Block and
Simao Block, indicating the crust and uppermost mantle have a different deformation pattern (Figure 8).
The anisotropic pattern in the study region can be divided into two parts by 26°N due to the apparent
Moho depth variation around 26°N (He et al., 2014). To the north, the fast axes keep nearly N-S orientations
through the crust (Figures 11b-11d) since the Moho depth in this region is mostly deeper than 55 km (Wang
et al., 2017). To the south, in the uppermost mantle (55-60 km), the seismic azimuthal anisotropy shows
roughly E-W orientations (Figure 11d), which is parallel to the E-W directions of the absolute plate motion
of this area (Argus et al., 2011) and is also consistent with the teleseismic shear wave splitting results (Chang
et al., 2015).

Teleseismic shear wave splitting is an important manifestation of anisotropy of the Earth's crust and mantle.
Chang et al. (2015) constrained mantle anisotropy with XKS (SKS, SKKS, and PKS) shear wave splitting
results in Yunnan and the surrounding area based on the ChinaArray Phase I and permanent stations from
Chinese National Seismic Network, which provided much denser measurements in Yunnan and are consis-
tent with previous studies in this area (e.g., Flesch et al., 2005; Wang et al., 2008). As the teleseismic shear
wave splitting results in Yunnan are mostly caused by seismic anisotropy in the lithospheric mantle and/
or asthenosphere (Chang et al., 2015), we suggest that the anisotropic pattern in our model in the depth
range of 55-60 km shows the characteristics of anisotropy of the uppermost mantle in the most of study
region to the south of 26°N. In this region, the crustal azimuthal anisotropy is significantly different from
the upper mantle anisotropy from both our model and the shear wave splitting results, implying a significant
difference in deformation pattern between the crust and upper mantle. Together with the strong mid-lower
crustal LVZs (this study; Bao et al., 2015; Qiao et al., 2018) and high crustal Lg attenuation (Zhao et al., 2013),
we speculate that large areas of the southern Chuandian Block mostly exhibit decoupled crust and upper
mantle deformation, although Wang et al. (2008) suggested that this region is still mechanically coupled
from their analysis of GPS data and shear wave splitting measurements. The difference may be due to that
the joint analysis of SKS and GPS observations (Wang et al., 2008) is based on the assumption that the crustal
anisotropy can be resolved by the strain rate field from GPS observations. However, the strain rate field from
GPS data only reflects the present surface deformation and has little insight into the deformation in the dee-
per crust without other constraints. From our model, we do observe clear depth-varying azimuthal aniso-
tropy in the crust of the study region, which suggests that even within the crust, the upper crust may
deform differently from the lower crust. Therefore, we argue that the surface strain rate field derived from
GPS data may not represent the deformation pattern (finite strain) of the entire crust in this region.

6. Conclusions

We developed a direct joint inversion method (DAzimSurfTomo) to invert for the 3-D shear wave speed and
azimuthal anisotropy using Rayleigh wave dispersion data. This direct inversion method includes two steps:
(1) inversion for the 3-D isotropic Vsv model directly from Rayleigh wave traveltimes (Fang et al., 2015) and
(2) iterative joint inversion for both 3-D Vsv azimuthal anisotropy and additional 3-D isotropic Vsv perturba-
tion. The joint inversion can significantly mitigate the trade-off between strong heterogeneity and aniso-
tropy. In comparison with the traditional methods, this ray tracing-based approach does not require an
intermediate step of construction of 2-D phase velocity azimuthal anisotropy maps. Moreover, it can provide
direct lateral constraints on 3-D structures and remedy the drawback of the inaccuracy of the great-circle
assumption, especially for complex heterogeneous media. Furthermore, it is computationally efficient com-
pared with adjoint tomography and waveform inversion. The 3-D inversion framework has the advantage of
assimilating other data types, such as body wave traveltimes, to jointly constrain the 3-D anisotropic model.

Through a series of synthetic tests, we show the workflow and practicability of our method. Using Rayleigh
wave phase velocity dispersion data extracted from the ambient noise interferometry (T = 5-40 s), we suc-
cessfully apply our method to obtain the crustal shear wave speed and azimuthal anisotropy model in
Yunnan. Our 3-D heterogeneity model reveals two crustal LVZs in the depth range of 15-30 km, indicating
possible mechanically weak channels for more efficient southward material transport. The depth-dependent
azimuthal anisotropy patterns in Yunnan reveal that the fast polarization axes at a depth of 5 to 30 km are
consistent with the strike of nearby strike-slip faults, which are also the approximate lateral boundaries of
the two LVZs. The local seismicity suggests that the local strike-slip faults are deep rooted and that the shear-
ing of the local strike-slip faults may in turn affect the azimuthal anisotropy in the crust. Therefore, our
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model implies a strong and complicated interaction between the LVZs and the local strike-slip faults. In the
upper crust, the fast axes of the azimuthal anisotropy are almost parallel to the strike of nearby major faults
and show a curvilinear pattern around the eastern Himalayan syntaxis, similar to that of the GPS velocity
field. From the upper crust to the uppermost mantle, the azimuthal anisotropy changes its pattern gradually
in both the southern Chuandian Block and Simao Block, and the upper crustal azimuthal anisotropy
revealed in our study is significantly different from the upper mantle anisotropy from the shear wave split-
ting results. Together with other geophysical observations, we argue that the southern Chuandian Block
mostly exhibits decoupled crust and upper mantle deformation.
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