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1. Joint body & surface wave traveltime 
tomography for 3-D Vp, Vs, and Vp/Vs 
models: methodology and application to NE 
Tibet

2. Direct inversion of 3-D azimuthal and radial 
anisotropy from surface wave traveltime data: 
methodology and application to SE Tibet

Outline

classic datasets + improved techniques 
à reliable and useful models
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Fig. 6. Vs at 3, 15, 21, 31, 41, 52.5, 67.5 and 115 km depths. Black triangle represents the Tengchong volcano. Red circles in (b): epicentres of earthquakes (Ms > 5.0) 
between 1970 and 2014 (source: China Earthquake Data Center). The red star in (b) is Ludian earthquake on 3 August 2014. White dashed and dot–dashed lines in (c–d) are 
boundaries of two channels of LVZs (channels A and B), respectively. Lines AA′–FF′ in (a) denote locations of velocity cross sections in Fig. 7. Line P4 in (b) is the location of 
velocity cross section in Fig. 8 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Three low-velocity (low-V) bodies are noticeable in the images. 
The first low-V zone (LV1) is imaged around the high-V body (HV1) 

Fig. 6. Trade-off curves for the norm of solutions (i.e., model variance) and root-
mean-square (RMS) travel-time residuals for the tomographic inversions with dif-
ferent values of the damping and smoothing parameters. The larger symbols show 
the optimal values found by this study.

under South China at 65–200 km depths (Fig. 7), which is more 
visible in the cross-sections (Fig. 8). The second low-V body (LV2) 
is located just beneath the Tengchong volcano which extends from 
surface to ∼400 km depth (Figs. 7 and 8). The third low-V zone 
is generally located in the lower MTZ (600 and 650 km depths) 
and lower mantle (700 km) (Fig. 7). Note that there are channels 
between the third low-V zone (LV3) and the two low-V bodies (LV1 
and LV2) in the upper mantle (Figs. 8a and 8b).

3.3. Restoring resolution test (RRT)

We conducted many synthetic tests, the so-called restoring res-
olution test (RRT), to further confirm the major features in our 
seismic images (Figs. 7 and 8), especially the smearing effect of the 
tomographic inversion. The RRT is similar to the CRT except that 
the input model is manually constructed based on the obtained 
tomographic images.

In the first RRT (Fig. S5), we set the real inversion results shown 
in Figs. 7 and 8 as the input model. The RRT results indicate that 
the seismic images we obtained are mostly reliable. The smear-
ing effect is identified in the SW–NE cross-section, which tends to 
close the channel in the MTZ that connects the two low-V bodies 
(LV2 and LV3).

In the second and third RRTs, we retain the velocity anomalies 
only in the upper mantle (Fig. S6) and MTZ (Fig. S7), respectively, 

(a)

Fig. 7. Map views of P-wave tomography (P-wave velocity perturbations from the average 1-D model). The layer depth is shown at the bottom-left corner of each map. Red 
and blue colors denote low and high velocities, respectively. The velocity perturbation (in %) scale is shown at the bottom. The dashed curves show the major boundaries 
of different blocks. The purple curves denote the active faults. The black triangle shows the Tengchong volcano. (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.)

Differences in tomographic models from different datasets
……but we only have one true model!

SE Tibet

Bao et al. (2015)

Huang et al. (2015)

Vs model 
from ambient 

noise + 
receiver 
functions

Vp model 
from local + 
teleseismic 
travel times

15 km 21 km 31 km



Dataset 1

misfit ellipse
Dataset 2

True model

Different data: different constraints on the model
Joint seismic inversion: quest for the true model  

Joint inversion: avoid non-uniqueness of inversion 
using single dataset and get more reliable models



Why	joint	inversion	using	body	wave	+	surface	
wave	traveltimes?

Complementary	strengths
• 1.	Different	depth	and	horizontal	sensitivities

West	et	al.	(2004,	GRL)

Horizontal	smearing Vertical	smearing

teleseismic



• 2.	Different	model	parameter	sensitivity

Body	wave	traveltimes:		
K(Vp)	>	K(Vs)

Surface	wave	traveltimes:		
K(Vs)	>>	K(Vp)

K(Vs)	~	K(Vp)

More	reliable	Vp,	Vs,	and	Vp/Vs models

Why	joint	inversion	using	body	wave	+	surface	
wave	traveltimes?



Background:	surface	wave	tomography

Dispersion	Data

2D	phase/group	
velocity	maps

Pseudo	3D	Vs
model

Classical	Two-step	Approach

2D	traveltime	
tomography

Pointwise	1-D	Vs	
model	inversion

Fang,	Yao,	Zhang	et	al.	(2015,	GJI)

One-step	Approach

Dispersion	Data

3D	Vs model

3D	period-
dependent	
traveltime	
tomography

2D	period-
dependent	
surface	wave	
ray	tracing



Direct inversion of 3-D Vs model from dispersion 
data with period dependent ray tracing

Fang,	Yao,Zhang	et	al.
(2015,	GJI)

Update 3D model

Compute 2D Phase V 

Update period-
dependent ray paths 
& sensitivity matrix

code	available	at		https://github.com/HongjianFang/DSurfTomo



Applications	of	DSurfTomo

1. Regional scale	(a	few	hundred	to	thousand	kmà
crustal	structure):	Tibetan	plateau,	SW	Tibet,	SE	
China	and	Taiwan	Straight,	eastern	China	…

2. Local	scale	(~	ten	to	hundred	kmàshallow	crust):	
Tanlu	fault	zone,	Hefei	City,	Jinan	City,	Taipei	Basin,		
Binchuan	Basin	in	SW	China,		….

3. Exploration	scale	(several	kmànear	surface):	
shale	gas	production	field,	gas	storage	place,	….



Joint body & surface wave traveltime 
tomography for 3-D Vp and Vs models

Body	wave	
Traveltime	tomo

Direct	Surface	wave
Traveltime	tomo

period-dependent SW ray tracing
(Fang, Yao, Zhang et al. 2015, GJI.)

Joint	body	&	
surface	waves	

tomo

（Fang, Zhang, Yao et al.,  JGR 2016)



λ1, λ2: 3-D spatial smoothing  
λ3, κ: Vp/Vs ratio prior constraints

（Fang, Zhang, Yao et al.,  JGR 2016)

Joint body & surface wave traveltime 
tomography for 3-D Vp and Vs models



Joint	Inversion	for	3D	Vp/Vs	ratio
Fang,	Yao,	Zhang	et	al.	(GJI,	2019)

Add	smoothing	and	damping	directly	to	Vp/Vs	to	stabilize	
the	inversion	of	3-D	Vp/Vs	à lithology,	partial	melting?



Application	to	NE	Tibetan	Plateau
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Body	wave	traveltime	data:	P	picks:	∼ 300,000			S	picks:	∼
290,000		(from	Shunping	Pei)
Surface	wave	traveltime	data:	Rayleigh	wave	phase	velocity	
dispersion:	∼ 51,000	(10	to	41	s)		(from	Hongyi	Li)

Royden	et	al.	(2008)

Crustal	channel	flow?



northwestern Qilian Orogen, southeastern Qilian Orogen, Qaidam Basin,and eastern Kunlun Mountains,
respectively. The measurements and predictions are generally consistent with each other.

In Figure 6f, we exhibit the Vsv velocity structure at the five grids. The Qaidam Basin has very low velocities
at shallow depths, consistent with a thick sediment layer at the top. The Songpan-Ganze and Qiangtang
Terranes have a very obvious low-velocity layer at depths of ~20 km to 40 km. The eastern Kunlun Mountains
have similar features as those of the Songpan-Ganze and Qiangtang Terranes. The northwestern Qilian
Orogen displays a weak low-velocity layer at depths of ~20 km to 40 km; however, there is no low-velocity
layer beneath the southeastern Qilian Orogen.

In Figure 7a, we plot the Vsv velocities averaged from the surface to 20 km depth. The velocity distribution
correlates well with surface geology. The low velocities are confined predominantly to the Qaidam Basin
due to its thick sedimentary cover, and faster velocities appear in the nonbasin regions. Figure 7b presents
the Vsv velocities averaged from 21 km to 40 km, and this depth range represents approximately the middle
crust in the Tibetan Plateau. A prominent feature in this image is the pronounced low velocities of the
Songpan-Ganze and Qiangtang Terranes. The Qaidam Basin starts to show up with relatively high velocities,
reflecting the basement without a LVZ. It is notable that the southeastern and northwestern Qilian Orogens
show different velocity distribution patterns, and the northwestern Qilian Orogen has lower velocities than
the southeastern Qilian. The southeastern and northwestern Qilian have distinctly different geological
characters: Paleozoic magmatic rocks are widely distributed in the northwestern Qilian but not in the

Figure 7. Averaged Vsv velocities from (a) 0 to 20 km depth, (b) 21 to 40 km depth, and (c) 41 to 65 km depth. Lines in Figure 7c delineate the locations of the cross
sections shown in Figure 8.
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Previous	noise	tomography	results
prominent low-velocity zone in the middle crust of Qiangtang and 

Songpan-Ganze Terranes; no clear evidence of northeastward 
crustal flow to the Qilian Orogen 

Li	et	al.	(2014)
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Joint	inversion:	synthetic	tests
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Output	model	for	Vp/Vs	
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Horizontal	slices	at	different	depths
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Horizontal	slices	at	different	depths
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Vp/Vs	model	at	different	depths
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Vertical	slices:	Vs
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Fang et	al.	(in	prep)



Vertical	slices:	Vp/Vs
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Fang	et	al.	(in	prep)

Together	with	normal	crustal	Vs,	widespread	
northeastward	crustal	channel	flow	is	unlikely!



1. Joint body & surface wave traveltime 
tomography for 3-D Vp, Vs, and Vp/Vs 
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Outline



HTI medium: horizontal sym. axis VTI medium: vertical sym. axis

Radial AnisotropyAzimuthal Anisotropy

Causes for seismic anisotropy: 
cracks, layering, shape or lattice 
preferred orientation

Methods for seismic anisotropy: local S-wave or XKS 
splitting, receiver functions (Pms), body wave traveltimes, 
surface wave dispersion, etc

Vsh > Vsv



Classical representation of Rayleigh-wave and 
shear-wave velocity azimuthal anisotropy

Rayleigh-wave phase velocity: 

Smith	&	Dahlen (1973)
Montagner &	Nataf (1986)

Shear-wave velocity: 



1-D depth sensitivity kernels
Normal mode／surface wave mode theory

Weak azimuthal anisotropy：



Traditional two-step inversion for Vs azimuthal 
anisotropy from Rayleigh waves

Mix-path phase velocity 
dispersion curves

Pointwise inversion for 1-D 
Vs model and azim. aniso.,

then combined for 3-D model

2-D phase v maps 
with azim. anis.

Yao et al. (2010，JGR)

Step 1



Yao et al. (2010，JGR)：linearized
Yao (2015，EQS)：NA 

Step 2

Traditional two-step inversion for Vs azimuthal 
anisotropy from Rayleigh waves

Mix-path phase velocity 
dispersion curves

Pointwise inversion for 1-D 
Vs model and azim. aniso.,

then combined for 3-D model

2-D phase v maps 
with azim. anis.



Direct inversion for 3-D Vs azimuthal anisotropy 
based on raytracing from dispersion data

Dispersion data 
of all paths

3D isotropic Vs model 

3D isotropic and azim. 
anisotropic Vs model

Period-dependent
raytracing

all surf. wave 
traveltime residuals

Fang, Yao, 
Zhang et al. 
(2015, GJI)

Liu, Yao, 
Yang et al. 

(JGR, 2019)

Forward computation

Period-dependent
raytracing

Step 1

Step 2



Step 1. All dispersion data à 3-D isotropic Vs

Fang, Yao, et al. (2015, GJI)



Based on the 3-D ref. model from Step 1

Step 2. All traveltime residual data à 3-D 
isotropic and azimuthally anisotropic Vs



à d = G m

some simplifications and finally …

Inversion matrix:

Step 2. All traveltime residual data à
3-D isotropic and azimuthally anisotropic Vs



Synthetic examples

Input model

Output model: 
no data noise

Output model: 
1% data noise



DAzimSurfTomo: Application to SE Tibet

50 stations

Indian 
Plate

Burma 
Plate



Vs model in the crust and uppermost mantle

Liu, Yao,Yang et al. (JGR, 2019)



Comparison of 2-D phase v maps

computed 
from our 

3-D model

classic 2-D 
tomography 

results of 
Shen et al 

(2016)



1o x 1o checkerboard model



1o x 1o checkerboard recovery



Vs Azim Aniso.
（red bars）

XKS splitting（
blue bars）
(Chang et al, 

2016)

Apparent 
differences in 

crust and 
uppermost 

mantle azim. 
aniso.

Liu, Yao, Yang et al. (JGR, 2019)



Direct inversion for 3-D Vsh and Vsv

Rayleigh

Love

3-D inversion: spatial smoothing added on.          & 

Radial anisotropy : direct division à large uncertainty 

and



Direct inversion for 3-D Vs radial anisotropy

More stable: spatial smoothing directly added  



DRadiSurfTomo: application to SE Tibet

49 stations
ambient noise method
Vert. CFs à Rayleigh
Trans. CFs à Love



Synthetic examples: 3-D radial anisotropy
Direct division approach (.          ,            )  

Direct inversion for radial aniso. (.          ,        ) 

Hu, Yao, Huang (submitted to JGR)



3-D radial 
anisotropy

in the upper 
and middle 

crust

Hu, Yao, Huang 
(submitted to JGR)



1. Developed the joint inversion method of body & 
surface wave traveltime à more reliable 3-D Vp, Vs, 
and Vp/Vs models. Future work will include the 
station-based RFs and ZH data. 

2. Developed direct inversion methods for 3-D azimuthal 
and radial anisotropy from surface wave traveltime 
data. Future work will include body wave traveltimes 
for 3-D joint anisotropy inversion.

Conclusions



Thank you!
hjyao@ustc.edu.cn

http://yaolab.ustc.edu.cn

DSurfTomo	package	download:	
https://github.com/HongjianFang/DSurfTomo
DAzimSurfTomo	package	download:	
https://github.com/Chuanming-Liu/DAzimSurfTomo
DBodySurfTomo	&	DRadiSurfTomo	packages	in	progress


