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S U M M A R Y 

The deformation mechanism in southeastern Tibet since the continental collision between 

the Indian and Eurasian plates could be explained by several models, including two major 
classic end-member models, the rigid-block extrusion model and the crustal flow model. 
Crustal channel flow is likely an important tectonic regime for properly explaining a large 
number of geological and geophysical observations but remains in competition with the block 

extrusion model. Consequently, detecting ductile flow connectivity would play a key role in 

understanding the tectonic evolution of the southeastern Tibetan Plateau. Here, we established 

a high-resolution broad-band Q Pg model for the crust in SE Tibet by using a joint inversion 

tomography method based on both single- and two-station Pg data. We verified the stability of 
the Q Pg tomography by comparing the Q Pg values at 1 Hz between the joint inversion and the 
tw o-station method. Tw o lo w- Q Pg zones were observed, isolated by the high- Q Pg Emeishan 

large igneous province (ELIP). Strong Pg attenuation beneath the Songpan-Ganzi Block and 

Western Sichuan Block may indicate the presence of crustal material flow due to relati vel y 

weak rheological strength. Cooled basaltic magma remnants in the inner zone of the ELIP 

likely block the southeastward migration of crustal materials dri ven b y the gravity and lateral 
pressure gradient, and restrict the flow to the Western Sichuan Block, resulting in surface uplift 
and crustal thickening. Strong Pg attenuation near the Xiaojiang Fault and the Red River Fault 
may result from mantle upwelling in this region. Our Q Pg model, combined with previous 
results, suggests that the tectonic deformation in the southeastern Tibetan Plateau has been 

mainly controlled by the effects of crustal channel flow and asthenospheric upwelling since 
the Late Miocene. 

Key words: Asia; Body waves; Seismic attenuation; Seismic tomography; Crustal structure; 
Large igneous provinces. 
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H I G H L I G H T S  

(i) A high-resolution broad-band Pg-wave attenuation model is 
obtained for the crust in SE Tibet. 

(ii) Two independent strong Pg attenuation zones in the crust are 
separated by the Emeishan large igneous province. 

(iii) The cr ustal defor mation in SE Tibet likely results from the 
crustal material flow and hot mantle upwelling. 

1  I N T RO D U C T I O N  

The southeastern margin of the Tibetan Plateau has accommodated 
the escape and extrusion of lithospheric materials since the colli- 
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sion between the Indian and Eurasian plates at ∼55 Ma (Molnar & 

T apponnier 1975 ; T apponnier et al. 2001 ). SE Tibet is the transition 
zone from a v ast high-ele v ation plateau ( > 4000 m) to a relati vel y 
low-ele v ation foreland, accompanied b y large-scale fault systems 
(Fig. 1 ). The lithospheric material rotates clockwise around the 
Eastern Himalaya Syntaxis (EHS) along these major faults, as re- 
vealed by GPS measurements (Holt et al. 1991 ; Zhang et al. 2004 ). 
Ho wever , the detailed mechanisms of surface uplift and crustal de- 
formation in SE Tibet remain unclear, and the controversy focuses 
on how to balance two classical end-member models, the rigid-block 
extrusion (Molnar & Tapponnier 1975 ; Tapponnier et al. 1990 ) and 
the mid-lower crustal channel flow (Royden et al. 1997 ; Clark & 

Royden 2000 ). Ho wever , in recent years, these two competing mod- 
els have been coordinated into a combined model, which emphasizes 
ress on behalf of The Royal Astronomical Society. This is an Open Access 
s Attribution License ( https://creati vecommons.org/licenses/b y/4.0/ ), which 
 any medium, provided the original work is properly cited. 
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Figure 1. Topographic map showing the locations of major faults (black lines), seismic stations (circles and triangles) and regional earthquakes (red crosses) 
in SE Tibet. CYB: Central Yunnan Block; EHS: Eastern Himalaya Syntaxis; ICB: Indo-China Block; SB: Sichuan Basin; SGB: Songpan-Ganzi Block; TRB: 
Three-Ri ver Oro genic Belt; WSB: Western Sichuan Block; YJB: Youjiang Basin; YZ: Yangtze Block. JSJF: Jinshajiang Fault; LMSF: Longmenshan Fault; 
LXF: Lijiang-Xiaojinhe Fault; RRF: Red River Fault; XJF: Xiaojiang Fault; XSHF: Xianshuihe Fault. CENC: China Earthquake Networks Center; IRIS: 
Incorporated Research Institutions for Seismology. Dark green dashed lines divide the Emeishan large igneous province (ELIP) into the inner, intermediate, 
and outer zones from west to east. Note that the CYB and the inner zone of the ELIP are nearly geographically coincident. 
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he joint control of these two mechanisms in SE Tibet (Liu et al.
014 ; Bao et al. 2015 ; Qiao et al. 2018 ; He et al. 2021 ). The key
o resolving the debate lies in whether crustal flow exists and, if it
xists, what role it played in the tectonic evolution of SE Tibet. 

Man y observ ations support a mechanicall y w eak middle-to-low er
rust, which provides a fundamental basis for the existence of crustal
ow beneath SE Tibet. These observations include the widely dis-

ributed low-velocity zones in the mid-lower crust (Liu et al. 2014 ),
igh electrical conductivity (Bai et al. 2010 ), strong Lg-wave atten-
ation (Zhao et al. 2013 ; He et al. 2021 ) and high heat flow (Hu
t al. 2000 ; Jiang et al. 2019 ) in this region. With the blockage im-
osed by the high-velocity and high-density Emeishan large igneous
rovince (ELIP) in this re gion, the e xtent of possible crustal flow re-
ains controversial. Some studies suggested that the low-viscosity

rustal flow is likely stopped in SE Tibet (Liu et al. 2014 ), while
thers concluded the flow is divided into two branches that bypass
he ELIP and extend farther southeastward (Qiao et al. 2018 ; Dai
t al. 2020 ). Two geophysical anomalies are commonly observed
n both sides of the ELIP. Ambient noise tomo graphy re vealed two
solated low-velocity zones separated by the high-velocity region
n the inner zone of the ELIP (Yao et al. 2008 ; Chen et al. 2014 ).

agnetotelluric profiles also depicted two main conductors located
n both sides of the core of the ELIP (Li et al. 2020 ). Ho wever ,
he lack of strong radial anisotropy in the mid-lower crust ques-
ions the existence of large-scale directional crustal flow (Bao et al.
020 ). Thermomechanical modelling results suggested that partial
elting in the crust is a self-consistent product of crustal thicken-

ng, challenging the previous view that crustal thickening is caused
y crustal inflow (Chen & Gerya 2016 ). Therefore, whether the
wo geophysical anomalies separated by the ELIP are homologous
nd both the result of crustal flow still require more evidence and
nsights from high-precision crustal models. 

Seismic w ave attenuation, commonl y quantified b y the quality
actor Q , is sensitive to the properties and status of crustal materi-
ls, for example mineral composition, cracks and faults of multiple
cales, fluid content, temperature and partial melting, (Winkler &
ur 1982 ; Karato & Spetzler 1990 ; Kong et al. 2013 ; Amalokwu

t al. 2014 ). They either directly affect the anelastic properties of
he material causing the intrinsic attenuation, or generate hetero-
eneities of different scales contributing to the scattering attenua-
ion. Therefore, the quality factor Q can be a useful indicator of
he rheology property of the material, and potentially related to
he crustal material escape. He et al. ( 2021 ) developed a broad-
and Lg-wave attenuation model for the crust of the southeastern
ibetan Plateau, revealing a complicated connectivity of crustal ma-

erial flow. In this study, we aim to establish a Pg wave Q model
or the crust in SE Tibet to explore the connectivity and origins of
rustal attenuations through comparison with Lg-wave Q anomalies
nd provide additional constraints on the deformation mechanism
f the crust in this region. 

Pg is the first arri v al phase at local distances, and the sec-
nd after Pn beyond the crossover distance in regional seismo-
rams (Pyle et al. 2017 ), with epicentral distances ranging from
 

◦ to 10 ◦ (Nicolas et al. 1982 ). According to the definition of the
nternational Association of Seismology and Physics of the Earth’s
nterior (IASPEI), at short distances, the Pg phase is the upgoing

art/ggad404_f1.eps
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P wave from an upper crustal source or the P wave bottoming in 
the upper crust; at a greater distance, it is composed of multiple 
P -w ave re verberations inside the whole crust with a group velocity 
of approximately 5.8 km s −1 (Storchak et al. 2003 ). In this study, we 
consider the Pg phase in a broad definition that contains not only 
the early parts of the most direct arrivals but also the later parts 
composed of the whole-crust reverberations (Sato & Fehler 2012 ). 
The Pg phase with an epicentral range from 70 to 800 km and within 
a group velocity window between 6.3 and 5.4 km s −1 was adopted 
in this study (Yang et al. 2021a ). In this case, Pg attenuation can 
reflect the whole crust structure. 

Pg-wave attenuation tomography has been developed and applied 
over the past decades. The two-station method (Bao et al. 2011a ; 
Singh et al. 2019 ), the reverse two-station/event method (Bao et al. 
2011b ), and the simultaneous multiphase approach (Pasyanos et al. 
2009a ) are generally used for Pg-wave attenuation measurements. 
Both the two-station and the reverse two-station/event methods re- 
duce the trade-off between the source and attenuation terms by 
eliminating the source term from the data, but their resolutions are 
relati vel y lower due to limited data. The simultaneous multiphase 
approach provides better path coverage and higher resolution than 
the two-station measurements (Pasyanos et al. 2009b ), but there are 
certain trade-offs among different phases and between the source 
and attenuation terms. In this study, we developed a Pg-wave atten- 
uation tomography method based on a joint inversion of single- and 
two-station data, generalized from Lg-wave Q tomography (Zhao 
et al. 2010 , 2013 ; Zhao & Xie 2016 ). This method not only has the 
advantage of the two-station method that reduces the trade-off be- 
tween the source and attenuation term but also greatly improves the 
tomo graphic resolution b y adding single-station data. With the pro- 
posed method, we obtained a high-resolution broad-band Pg-wave 
attenuation model of the crust in SE Tibet and surrounding regions 
using high-density seismic array data in this region. In terms of the 
potential crustal material escape indicated by low- Q Pg anomalies, 
we determined the spatial distribution and connectivity of crustal 
flow channels and further explored their implications for tectonic 
evolution in SE Tibet. 

2  DATA  

We collected 60 025 vertical-component seismograms from 649 
seismic events recorded by 201 stations between January 2010 and 
May 2021 in SE Tibet (Fig. 1 ). The seismic stations include 190 
stations from the China Earthquake Networks Center (CENC) and 
11 stations from the Incorporated Research Institutions for Seis- 
mology (IRIS) Data Management Center. The high-density distri- 
bution of seismic stations guarantees dense ray coverage and high 
tomo graphic resolution. Seismic e vents within the upper crust with 
magnitudes between m b 4.0 and 6.5 and distances between 70 and 
800 km were selected ( Fig. S1 ). The Pg waves contain both direct 
rays and multiply reflected rays (Krishna & Ramesh 2000 ; Sato & 

Fehler 2012 ) and hence can be used to investigate the attenuation 
characteristics of the whole crust. Even though a small amount of 
energy leaks into the upper mantle to form Pn waves (Shaw & Orcutt 
1984 ), we neglect these energies and consider them as Pg geometric 
spreading. 

Based on a group velocity window between 6.3 and 5.4 km s −1 

(Yang et al. 2021a ), we sampled Pg waves, and an equal-length 
time window is used to sample the pre-P noise series. Their spectral 
amplitudes were calculated using the Fourier transform. We selected 
66 discrete frequencies lo g-e venl y between 0.05 and 20 Hz with an 
interval of 0.04 log unit. The spectral amplitudes of Pg waves and 
pre-event noise were sampled at individual frequencies, and the 
signal-to-noise ratios (SNRs) were calculated. Data with SNR < 2.0 
were dropped (e.g. Bao et al. 2011a ; Zhao et al. 2013 ; Yang et al. 
2021a ). Thus, we constructed a dataset of Pg spectra. The denoising 
process was conducted according to Zhao et al. ( 2010 ) 

A 

2 
sig ( f ) = A 

2 
obs ( f ) − A 

2 
noi ( f ) , (1) 

where f represents the reference frequency. A sig , A obs and A noi are 
for tr ue, obser ved and noise spectral amplitudes at frequency f , 
respecti vel y. As an example, Fig. 2 illustrates this process, where 
the seismogram was generated by an earthquake on 5 February 
2021, and recorded by station YN.BAS at a distance of 479.8 km 

(Fig. 2 a). After removing the instrument response, we obtained the 
ground velocity (Fig. 2 b) and its envelope (F ig. 2 c), w here the 
pre- P noise and Pg windows are highlighted in Figs 2 (d) and (e). 
The sampled Pg waveform and pre- P noise are shown in Figs 2 (d) 
and ( e). Fig. 2 (f) illustrates the Pg wave and pre-P noise spectra, and 
Fig. 2 (g) shows the corresponding signal-to-noise ratios. The final 
denoised Pg-wave spectrum at discrete frequencies with a signal- 
to-noise ratio ≥2.0 is shown in Fig. 2 (h). Finally, we constructed a 
dataset with Pg-wave amplitudes at 66 reference frequencies as the 
basis for the subsequent Q Pg inversion. 

3  M E T H O D S  

3.1 Modelling of pg amplitude 

The Pg-wave spectral amplitude can be expressed as (Xie & Mitchell 
1990 ; Bao et al. 2011a ) 

A 

( f, � 

) = S ( f ) · G 

( � 

) · � 

( f, � 

) · P 

( f ) · r ( f ) , (2) 

where f is the frequency, � is the epicentral distance, A ( f, � ) is the 
Pg-wave displacement spectrum and S( f ) is the source spectrum. 
By adopting the Brune ( 1970 ) source model, it can be expressed as 

S ( f ) = 

M 0 R 

P 

4 πρv 3 p 
·
[

1 + 

f 2 

f 2 c 

]−1 

, (3) 

where M 0 is the seismic moment, R 

P is the average radiation pattern, 
taking to be 0.44 (from Boore & Boatwright 1984 ) ρ and v p are 
the density and P -wave velocity in the source region and are set to 
be 2.7 g cm 

−3 and 5.8 km s −1 , respecti vel y (Liu et al. 2021 ), and f c 
is the corner frequency. G ( � ) is the geometric spreading of the Pg 
wave and can be expressed as 

G 

( � 

) = (1 /� 0 ) ( � 0 /� ) m , (4) 

where � 0 is a reference distance, which is 70 km here (e.g. Pyle 
et al. 2017 ), and m = 0.5 is the geometric spreading factor (Street 
et al. 1975 ), which has been widely applied in previous studies of 
Pg-wave attenuation (e.g. Walter et al. 2007 ; Pasyanos et al. 2009a ; 
Pyle et al. 2017 ; Singh et al. 2019 ). In contrast, some authors used 
different parameters for the Pg geometric spreading. For example, 
Paul et al. ( 1996 ) used body waves and coda waves to estimate the 
seismic attenuation in the nor ther n Tien Shan, with a geometric 
spreading of 1.5. Bao et al. ( 2011a ) used a Pg geometric spreading 
factor of 1.3 in the nor ther n Middle East. Using different geometric 
spreading may slightly change the general Pg Q levels in a broad 
area, but will not change detailed geographic Pg- Q distribution 
patterns. Therefore, we prefer to use the Pg geometric spreading 
factor of 0.5 in eq. ( 4 ), and it is consistent with multiply-reflected 
body waves trapped in the crust (Walter et al. 2007 ). �( f, � ) is the 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad404#supplementary-data
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Figure 2. An example of the Pg-wave data pre-processing. (a) Original seismic record observed at station YN.BAS for an event on 5 Febr uar y 2021, (b) 
velocity record after removing the instrument response and (c) the envelope of the waveform filtered between 0.5–5.0 Hz, used to quality control the Pg energy 
arriving within its sampling window, where the grey and blue areas are pre-P noise and Pg sampling windows, respecti vel y. (d, e) Sampled Pg phase and pre-P 
noise. (f) Pg wave and pre- P noise spectra, (g) signal-to-noise ratio and (h) Pg-wave spectra at individual frequencies with SNR ≥2.0 and corrected for the 
noise using eq. ( 1 ). 
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Figure 3. Schematic diagrams of the geometric distributions of seismic 
sources and stations, with (a) single-station data, (b) two-station data and 
(c) relaxed two-station requirement. To make the approximation valid, the 
distance between locations i and l should be smaller than half an inversion 
grid. 
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ttenuation term and can be expressed as 

 

( f, � 

) = exp 
[ 
− π f 

V 

∫ 
ray 

ds 
Q ( x ,y , f ) 

] 
= exp 

{ 

−π f 

V 

[ 
N ∑ 

n = 1 

∫ 
n 

ds 

Q 

( x , y , f ) 

] } 

, 

(5) 

here V is the Pg wave group velocity, which is set to be 6.0 km s −1 

n this study, 
∫ 

ray ds is the integral along the great circle ray path, and
Q ( x , y , f ) is the apparent Q value at a frequency f and geographic
ocation ( x , y ) . For attenuation tomog raphy, we par titioned the Q
odel into rectangular grids and discretized the integral over the

ay into a summation over multiple cells, where n represents the
 th rectangle cell through which the ray passes, 

∫ 
n ds represents the

ntegration along the ray segment in the n th rectangle, and N is the
otal number of segments along the ray. P ( f ) is the site response,
nd r ( f ) is a random error. For simplicity, we neglected the random
rror term by assuming that r ( f ) = 1. 

.2 Joint attenuation inversion using single-station and 

wo-station data 

ccording to eq. ( 2 ), the observed single-station Pg spectral ampli-
ude generated by event k and observed at station j can be expressed
s (refer to Fig. 3 a) 

A k j ( f, � 

) = S k ( f ) · G k j ( � 

) · � k j ( f, � 

) · P j ( f ) · r k j ( f ) . (6) 
If event k is recorded by two stations i and j , and both stations
re aligned along the same great circle ray path with the source (as
hown in Fig. 3 b), the Pg spectral amplitude ratio between these

art/ggad404_f2.eps
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two stations can be expressed as 

A 

ratio 
i j = 

A k j 

A ki 
= 

(
� k j 

� ki 

)−1 / 2 
· exp 

[
−π f 

V 

∫ j 

i 

ds 

Q 

( x , y , f ) 

]
· P j 

P i 
, 

(7) 

where the integral 
∫ j 

i ds are over their common ray path section from 

i to j , the random errors are neglected, that is r ki ( f ) = r k j ( f ) = 1 .
In most cases, the source and stations are not perfectly aligned 
along a great circle (refer to Fig. 3 c). To increase the available 
two-station data, we can relax the above requirement by creating 
a reference point l on the line between k and j , and required that 
� ki = � kl and the distance between i and l is less than half of the 
dimension of an inversion cell to validate the approximation. Under 
this approximation, the two-station Pg spectral amplitude ratio can 
be obtained as 

A 

ratio 
l j ≈ A k j 

A ki 
= 

(
� k j 

� kl 

)−1 / 2 
· exp 

[
−π f 

V 

∫ j 

l 

ds 

Q 

( x , y , f ) 

]
· P j 

P i 
. 

(8) 

For inversion, from the single station data, by taking the natural 
logarithm of eq. ( 6 ), we obtain 

ln 
[
A k j ( f, � 

) 
] = ln [ S k ( f ) ] + ln 

[
G k j ( � 

) 
] − π f 

V 

·
∫ j 

k 

ds 

Q 

( x , y , f

+ ln 
[
P j ( f ) 

]
. (9

Assuming that the attenuation, source function and site response 
can all be separated into a background part and a perturbation, 
according to Zhao et al. ( 2010 ), 

1 

Q ( x , y , f ) 
≈ 1 

Q 

0 ( x , y , f ) 
− δQ ( x, z) [

Q 

0 ( x , y , f ) 
]2 

, (10a) 

ln [ S k ( f ) ] = ln 
[
S 0 k ( f ) 

] + δ ln [ S k ( f ) ] , (10b) 

and 

ln 
[
P j ( f ) 

] = ln 
[
P 

0 
j ( f ) 

] + δ ln 
[
P j ( f ) 

]
. (10c) 

Consequently, we have 

ln 
[
A k j ( f, � 

) 
] − ln 

[
S 0 k ( f ) 

] − ln 
[
G k j ( � 

) 
] + 

π f 
V · ∫ j 

k 
ds 

Q 0 ( x ,y , f ) − ln 
[ 

P 0 j ( f ) 
] 

= 

π f 
V · ∫ j 

k 
δQ ( x,z) 

[ Q 0 ( x ,y , f ) ] 2 
+ δ ln [ S k ( f ) ] + δ ln 

[
P j ( f ) 

] , 

(11

where terms with a superscript 0 represent the initial value or the in- 
termediate value during the inversion iteration. The right-hand side 
of this equation represents the difference in the spectral amplitude 
before and after an iteration, which contains the disturbances of the 
attenuation, source and site response and is represented by h k j , 

h k j = 

π f 

V 

·
[ 

N ∑ 

n = 1 

∫ 
n 

δQ ( x, z) [
Q 

0 ( x , y , f ) 
]2 

] 

+ δ ln [ S k ( f ) ] + δ ln 
[
P j ( f ) 

]
(12) 

Note, similar to that in eq. ( 5 ), we have discretized the integral 
over the ray path into a summation in the above equation. With eqs 
( 11 ) and ( 12 ), the spectral amplitude residual can be mapped to 
the sources and site responses, as well as attenuation distributions 
at all individual model cells, forming a matrix inversion equation 
composed of all single-station data 

H = M · δQ + E · δ ln S + U · δ ln P , (13) 

where H is a vector composed of residuals of logarithmic Pg spec- 
tra, δQ , δ ln S and δ ln P are all vectors composed of perturbations 
of Q , source and site responses, respecti vel y, and are used to update 
them in iterations. M , E and U are coefficient matrices that estab- 
lish the relationships between the observed single-station Pg-wave 
spectra and Q perturbations, source perturbations, and site response 
perturbations, respecti vel y. Each row in matrix eq. ( 13 ) represents 
a single-station ray data. In a similar way, for two-station data, the 
matrix equation linking the residual of the spectral ratios and the 
perturbations of the model can be obtained from eq. ( 8 ), in which 
the source terms have been eliminated by taking spectral ratios, 

H 2 sta = M 2 sta · δQ + U 2 sta · δ ln P , (14) 

where H 2 sta is a vector composed of residuals of logarithmic Pg 
spectral ratios, matrix M 2 sta establishes the relationship between 
the Q perturbations and the residuals of Pg spectral ratios, matrix 
U 2 sta establishes the relationship between perturbations of the site 
responses and the residuals of the Pg spectral ratios. Each row in eq. 
( 14 ) represents a two-station spectral ratio data. As a trade-off, we 
used a two-step method to determine the effect of the site response. 
First, we temporarily neglected the site response terms by assuming 
P j ( f ) = 1 and focused on inverting the source and attenuation 
measurements (e.g. Zhao et al. 2010 ). The site effects were left in 
the unsolved data residuals. After neglecting the site response term 

and combining eqs ( 13 ) and ( 14 ), we obtain an inversion system 

which jointly relates the residuals of single-station and two-station 
data with perturbations of the attenuations and source terms [

H 

H 2 sta 

]
= 

[
M 

M 2 sta 

]
· δQ + 

[
E 

0 

]
· δ ln S. (15) 

Eq. ( 15 ) can be solved using the least squares orthogonal factor- 
ization (LSQR) algorithm (Paige & Sanders 1982 ), and resulting 
perturbations are used to update the attenuation and source mod- 
els in an iterative way. During the tomographic inversion, the target 
region was divided into 0.5 ◦ × 0.5 ◦ cells. We used the regionally av- 
eraged Q Pg model from two-station data as the initial model, which 
was calculated by averaging path Q values from all two station pairs 
throughout the entire study area. After 250 LSQR iterations, both 
the Q Pg and source terms were ultimately obtained by minimizing 
the L2 norm of data residuals. The abov e inv ersions were inde- 
pendently conducted at 66 discrete frequencies between 0.05 and 
20.0 Hz. Ne xt, we inv ert the site responses from unresolved data 
residuals. During this, we require the overall effect of the network 
site response close to unity. This is equi v alent to applying a con- 
straint 

∑ 

j 
ln [ P j ] = 0 (Ottemoller et al. 2002 ; Ottem öller 2002 ). To 

achiev e this, the inv ersion is starting from initial values P j ( f ) = 1 , 
and at each iteration, a constraint | ∑ 

j 
δ ln [ P j ] | < εis used, where ε

is an empirical value for normalizing the site responses. The site 
responses of all stations ultimately obtained are shown in Fig. S2 . 
After the inversion, the mean and standard deviations of data residu- 
als corresponding to the best-fitting model are significantly reduced 
at all frequencies compared to those related to the initial model. As 
examples, illustrated in Fig. 4 are mean and standard deviations of 
data residuals before and after the inversion at 0.5, 1.0 and 5.0 Hz, 
in which the standard deviations are reduced from 1.68, 1.81 and 
2.56 to 0.82, 0.84 and 0.94, respecti vel y. Note that the residuals after 
inversion in Fig. 4 are the final results after further separating the 
site responses. Apparently, through the inversion, the error distri- 
butions become sharper and more unbiased. Next, we investigated 
the inverted Pg wave source spectra. Since inversions were inde- 
pendently conducted at individual frequencies, we have the source 
spectra S( f ) for all events. The seismic moment M 0 and the corner 
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Figure 4. Residual histograms of Pg spectral amplitudes before (solid light blue) and after (hollow light red) inversions at 0.5, 1.0 and 5.0 Hz, respecti vel y. In 
general, the inversions moved the means and residuals towards more unbiased and sharper distributions. The initial and final means and standard deviations 
are also labelled in the figure. 
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requency f c can be obtained by fitting the inverted source spectra
ith eq. ( 3 ). All obtained source parameters are listed in Table S1 . 

.3 Checkerboard test 

he resolution of the Q Pg tomography was checked using the
heckerboard test method. The checkerboard model was created
y superimposing ±7 per cent checkerboard Q perturbations on the
nitial Q model obtained from the two-station data at each frequency.
he same single- and two-station rays as in the real data are used in

he tests. Dense rays cover almost the entire study area, except at the
ester n and souther n edges, which are covered by relatively sparse

wo-station rays. Fig. 5 illustrates single-station rays, two-station
ays, and recovered checkerboard models at 0.5, 1.0 and 5.0 Hz,
especti vel y. The results demonstrated the resolution can approach
pproximately 0.5 ◦ × 0.5 ◦ or higher over most of the study area. 

 R E S U LT S  

ased on the data set and the processing method described in previ-
us sections, we obtained a broad-band Pg-wave attenuation model
or the crust in SE Tibet. The model is composed of Q Pg distributions
t 66 individual frequencies between 0.05 and 20 Hz. 

.1 Q Pg maps at discrete frequencies 

s examples, Fig. 6 illustrates the Q Pg distributions at 0.5, 1.0 and
.0 Hz, respecti vel y, with a resolution of 0.5 ◦ × 0.5 ◦. In general, the
 Pg v alues dominantl y increase with increasing frequency, but show

imilar attenuation patterns at different frequencies. The average Q 0 

 Q Pg at 1 Hz) in the entire study area is 186, with its logarithmic
tandard deviations corresponding to 108 and 320 (Table 1 ). The
esults reveal that there are two major low- Q Pg zones with Q 0 = 147
90–241) in the Songpan-Ganzi Block and Western Sichuan Block
LQZ1) and Q 0 = 100 (57–175) at the junction among the Yangtze
late, the Central Yunnan block, and the Indo-China block (LQZ2)
ith an approximately NE −SW distribution. Between LQZ1 and
QZ2 is the Emeishan large igneous province (ELIP), which is char-
cterized by high Q Pg values. The Sichuan Basin (SB) also features
igh Q Pg values because of its old and stable terrane characteristics
Yang et al. 2021b ). Pg attenuation is generally strong in areas with
ntense tectonic activities but relatively weak in stable rigid blocks
Singh et al. 2011 ). Our results are consistent with pre viousl y pub-
ished Pg attenuation results in the eastern Tibetan Plateau (Bao
t al. 2011b ). 

.2 Broad-band Q Pg map 

ur Pg-wave attenuation tomography was conducted independently
t individual frequencies without applying any a priori constraints
n its frequenc y dependenc y. Therefore, the resulting model can be
sed to further investigate its frequency property, similar to the pre-
ious investigation on the Lg-wave attenuation (Benz et al. 1997 ;
asyanos et al. 2009b ; Zhao & Mousavi 2018 ; He et al. 2021 ).
e used the statistical method to explore the Q Pg frequency depen-

ence. Figs 7 (a)–(e) illustrate Q Pg variations versus the frequency
n selected geological units and blocks, including low- Q Pg zones,
QZ1 and LQZ2 and relati vel y high- Q Pg zones, the core of the ELIP,

he SB and the Youjiang Basin (YJB). The grey crosses are directly
nverted Q Pg values at grid points within each targeted area. Color
quares and error bars are mean values and standard deviations at
6 discrete frequencies. Fig. 7 (f) compares frequency-dependencies
or all blocks, including the SB, the core of the ELIP, the Yangtze
lock (YZ), the YJB, the Three-River Orogenic Belt (TRB), the

ndo-China Block (ICB), the Central Yunnan Block (CYB), the
estern Sichuan Block (WSB), the Songpan-Ganzi Block (SGB),
QZ1 and LQZ2. The block names are labelled in the panels and
ll Q Pg values are also listed in Table 1 . At the low-frequency end,
he Q Pg values generally increase from 0.05 to 0.2 Hz and slightly
ecrease from 0.2 to 0.5 Hz. At higher frequencies, Q Pg values in-
rease again, with a moderate slope between 0.5 and 5.0 Hz and
 steeper slope from 5.0 to 20.0 Hz. The peak around 0.2 Hz may
e partially affected by the low-frequency noise or Ra yleigh-wa ve
nergy. The Q Pg values between 0.5 and 5.0 Hz are more sensitive
o the properties of different geological blocks. Thus, we used the
road-band Q Pg image, obtained by averaging the Q Pg between 0.5
nd 5.0 Hz, to characterize the crustal Pg attenuation in the study
rea (Fig. 8 a). 

Broad-band Q Pg map (Fig. 8 a) exhibits two isolated strong Pg
ttenuation zones, LQZ1 and LQZ2, and two weak Pg attenuation
reas, the SB and the inner zone of the ELIP. The broad-band Q Pg 

ttenuation is also compared with broad-band Q Lg between 0.3 and
.0 Hz in Fig. 8 (b) (He et al. 2021 ), the Vp distribution at 20 km
epth in Fig. 8 (c) (Liu et al. 2021 ), and the Vs distribution at 22.5 km
n Fig. 8 (d) (Bao et al. 2015 ). These maps show good consistencies
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Figure 5. Maps of the single-station (left-hand column) and two-station data (centre column) ray co verage, and reco vered checkerboard models (right-hand 
column) at 0.5 Hz (top row), 1.0 Hz (middle row) and 5.0 Hz (bottom row), respecti vel y. Additionall y, fault systems (black lines) and earthquake epicentres 
(dark grey crosses) are overlaid on these maps. 
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Figure 6. (a)–(c) Selected Q Pg maps at 0.5, 1.0 and 5.0 Hz, in which the major faults and geological blocks are labelled. Note, different colour scales are used 
for different frequencies. The two low-Q zones, LQZ1 and LQZ2, are delineated by white dashed lines in (b). The locations of the profiles in Fig. 9 are marked 
in (c) with white lines. The abbreviations are the same as those used in Fig. 1 . 

Table 1. Q Pg for individual geological blocks. 

Geological block Abbreviation Single- plus two-station data Two-station data CRUST1.0 ∗

Average Q 

between 
0.5–5.0 Hz 

( Q low - Q high ) 

Frequency 
dependence η
(0.5–5.0 Hz) 

1.0 Hz Q 

( Q low - Q high ) 

Average Q 

between 
0.5–5.0 Hz 

( Q low - Q high ) 
1.0 Hz Q 

( Q low - Q high ) 
Crustal 

thickness (km) 
Sediment 

thickness (km) 

Low- Q zone 1 LQZ1 181 (108–302) 0.35 ± 0.02 147 (90–241) 178 (93–340) 141 (59–336) 60.35 ± 6.29 0.01 ± 0.04 
Low- Q zone 2 LQZ2 142 (78–259) 0.50 ± 0.05 100 (57–175) 164 (78–346) 104 (36–294) 40.55 ± 5.18 2.01 ± 2.68 
Emeishan Large 
Igneous Province 

ELIP 336 (229–493) 0.37 ± 0.07 268 (230–314) 355 (212–594) 301 (181–502) 49.20 ± 0.95 0.73 ± 1.10 

Central Yunnan 
Block 

CYB 226 (129–397) 0.33 ± 0.04 184 (118–286) 215 (98–471) 168 (60–469) 47.12 ± 4.44 0.50 ± 0.75 

Indo-China Block ICB 235 (137–403) 0.40 ± 0.04 190 (124–291) 184 (110–310) 141 (81–245) 34.45 ± 2.05 0.14 ± 0.12 
Three-River 
Orogenic Belt 

TRB 264 (172–406) 0.32 ± 0.03 240 (193–298) 235 (148–372) 182 (98–337) 49.58 ± 12.54 0.05 ± 0.06 

Sichuan Basin SB 395 (224–699) 0.58 ± 0.06 270 (177–411) 380 (202–712) 239 (114–501) 43.83 ± 3.34 6.57 ± 1.40 
Songpan-Ganzi 
Block 

SGB 199 (110–359) 0.46 ± 0.03 147 (79–271) 202 (97–422) 155 (69–344) 58.73 ± 7.81 0.02 ± 0.05 

Western Sichuan 
Block 

WSB 202 (121–335) 0.29 ± 0.03 168 (101–280) 192 (109–336) 155 (66–363) 61.41 ± 4.05 0.00 ± 0.00 

Youjiang Basin YJB 284 (157–513) 0.67 ± 0.07 192 (128–287) 265 (158–445) 203 (153–268) 37.81 ± 2.93 1.00 ± 1.73 
Yangtze Block YZ 261 (134–510) 0.50 ± 0.04 190 (93–387) 287 (137–599) 199 (71–560) 46.20 ± 3.15 4.37 ± 2.79 
Entire study 
region 

ALL 240 (131–440) 0.44 ± 0.01 186 (108–320) 236 (120–464) 177 (80–395) 49.15 ± 10.71 1.41 ± 2.54 

† Q low and Q high are average Q minus or plus standard deviation in the logarithmic scale, respectively. 
∗From Laske et al. ( 2013 ). 
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mong anomalies from independent observations in the crust of SE
ibet. For example, low Q Pg values correlate well with low Q Lg ,

ow Vp and low V s values in LQZ1 and LQZ2, whereas high Q Pg 

alues correspond to high Q Lg , high V p and high V s values in stable
reas such as the SB and central CYB. The correlation between Q Pg 

nd Q Lg (He et al. 2021 ) shows that the P - and S -wave attenuation
tructures in the crust in SE Tibet are generally consistent, although
ome differences lie in the inner zone of the ELIP (longitude 101–
03 ◦ and latitude 25.5–27.5 ◦), where it is characterized by slightly
igher Q Pg but relati vel y low Q Lg (Fig. 8 ). The Q Lg pattern may
ndicate a complicated connection for the crustal material flow (He
t al. 2021 ). On the contrary, in our Pg-wave Q map, high Q Pg 

nomalies appear in the inner zone of the ELIP, which may reflect
hat the mantle plume invaded and strengthened the crust in the
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Figure 7. (a)–(e) The frequency-dependent Q Pg for selected geological b locks, w here the grey crosses are directly inverted Q Pg values, colour squares and 
error bars are their mean values and standard deviations at different frequencies. (f) Summary of frequency-dependent Q Pg for all blocks. The block names are 
labelled in the panels and these Q Pg values are also listed in Table 1 . 
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region (Xu et al. 2004 ; Zhao et al. 2020 ), thus making LQZ1 and 
LQZ2 disconnected. We will further discuss this in Sections 5.2 and 
5.3 . 

The widely used po wer-la w Q model, Q ( f ) = Q 0 · f η, where 
Q 0 is the 1 Hz Q and η is the frequency-dependence coefficient, 
is obtained by applying a priori po wer-la w frequency dependency 
to the data. It’s apparently oversimplified the complex frequency 
dependenc y ov er a broad frequenc y band (Fig. 7 ). Howev er, within 
a relati vel y narrow frequency band, for example between 0.5 and 
5.0 Hz, the po wer-la w model may be useful to characterize the 
frequenc y dependenc y. Thus, by fitting the po wer-la w model within 
this frequency band, we obtained both Q 0 and the exponent η for 
dif ferent geolo gical b locks (Tab le 1 ). The Q 0 values are lo wer , 147 
in LQZ1 and 100 in LQZ2, than those in stable areas, 270 in SB, 
and 268 in the core of the ELIP (Table 1 ). The exponents η vary 
from 0.29 to 0.67. The Q Pg values are likely dependent upon the 
tectonic activities in the southeastern margin of the Tibetan Plateau 
and surrounding areas (Table 1 ; Bao et al. 2011b ). 

4.3 Fr equenc y-dependent Q Pg cross-sections 

To further investigate relations among different observations, Fig. 9 
illustrates six comprehensive cross-sections including surface to- 

art/ggad404_f7.eps
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Figure 8. Comparisons among Q Pg , Q Lg , Vp and Vs maps in SE Tibet, with (a) the broad-band Q Pg (0.5–5.0 Hz; this study), (b) broad-band Q Lg (0.3–2.0 Hz; 
He et al. 2021 ), (c) Vp at 20 km depth (Liu et al. 2021 ) and (d) Vs at 22.5 km depth (Bao et al. 2015 ). The major faults and geological blocks are labelled 
in these maps. White dashed lines divide the Emeishan large igneous province into its inner, intermediate and outer zones. The abbreviations are the same as 
those used in Fig. 1 . 

p  

e  

s  

A  

r  

l  

a  

m  

p  

S  

w  

c  

S  

l  

f  

a  

i  

a  

C  

h  

w  

p

5

5
s

I  

m  

s  

i  

a  

h  

e  

2  

l  

o  

b  

g  

r  

t  

2  

s  

t  

d  

v  

T  

e  

o  

g  

i  

d  

f  

(  

r  

t  

1  

r  

c  

h  

p  

t  

b  

a  

A  

o  

r
 

m  

b  

m  

s  

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/235/3/2870/7319351 by Institute of G

eographic Sciences and N
atural R

esou user on 17 N
ovem

ber 2023
ography, Vs versus depth (Bao et al. 2015 ), Moho depth (Laske
t al. 2013 ) and Q Pg versus frequency obtained in this study. The
urface locations of these profiles are shown in Fig. 6 (c). Profiles
–A’ along 32 ◦N (Fig. 9 a) and B–B’ along 30 ◦N (Fig. 9 b) are both

unning from the high-ele v ation Tibetan Plateau in the west to the
ow-ele v ation foreland in the east. Low- Q Pg anomalies between 0.3
nd 10.0 Hz beneath the LQZ1 are located to the west of the Long-
enshan Fault (LMSF). The LQZ1 also features low- Vs anomalies,

ossibl y re vealing a partiall y-melted w eak crust in SE T ibet. The
B, characterized by high Q Pg values, is a stable continental block
ith thick lithospheric roots (Yang et al. 2021b ). The LMSF is a

lear rheological boundary between the soft LQZ1 and the hard
B. Low- Q Pg anomalies at around 10.0 Hz correlate to the shallow

ow- Vs anomalies beneath the SB, and are likely due to strong high-
requency attenuations in the thick sedimentary layer. Profiles C–C’
long 28 ◦N (Fig. 9 c) and D–D’ along 26 ◦N (Fig. 9 d) are both pass-
ng through LQZ1 and LQZ2 from west to east, where the two LQZs
re separated by a high- Q Pg and high-velocity anomaly beneath the
YB, as shown by the white box in Fig. 9 (d). This high- Q Pg and
igh-v elocity re gion is also coincident with the core of the ELIP,
hich is generally interpreted as mafic magmatic underplating by
revious studies (Zhao et al. 2020 ). 

 D I S C U S S I O N S  

.1 Comparison between Q 0 values obtained from the 
ingle and two-station methods 

n this study, we developed a Pg-wave attenuation tomography
ethod by combining both the single- and two-station data. The two-

tation method has the advantage that the source term can be elim-
nated from the data. Hence, the trade-off between the source and
ttenuation can be ef fecti vel y eliminated. The two-station method
as been widely used in constructing attenuation models for differ-
nt wave types (Xie et al. 2004 ; Bao et al. 2011a ; Gallegos et al.
017 ; Singh et al. 2019 ). Ho wever , limited by their geometrical
ocations, the two-station data usually generate low inversion res-
lutions due to their availability. The joint inversion method using
oth the single- and two-station data proposed in this study can
reatly increase the data coverage; not only improve the inversion
esolution, but also reasonably reduce the trade-offs among the at-
enuation, the source terms, and the site responses (e.g. Zhao et al.
013 ; Zhao & Xie 2016 ). If using the two-station method alone, the
ource radiation pattern issue can be ne glected. Howev er, including
he single-station data in the inversion will involve the source ra-
iation pattern. We replaced the radiation pattern with an average
alue and neglected their angle dependence in the Q Pg tomography.
his is based on the below considerations. First, the Pg waveforms
xtracted from a group velocity window consist of the interferences
f numerous arri v als, in which both the P wave propagating within
ranite, other reverberations and converted waves in the crust are
nvolved (Langston 1982 ; Campillo et al. 1984 ). Secondly, the ra-
iation pattern is gradually distorted and altered from the original
our-lobe shape with increasing frequency and epicentral distance
K oba yashi et al. 2015 ). The effect of epicentral distance on the
adiation pattern is dominant when the epicentral distance is greater
han 100 km (Wang et al. 2021 ). As the frequency increases above
 Hz, the radiation pattern gradually changes from certainty to
andomness (Pitarka et al. 2000 ). When the frequency and the epi-
entral distance are both large, the radiation coefficients in the two
orizontal directions can take a uniform value, and the radiation
attern is completely distorted (Wang et al. 2021 ). In this case,
he average radiation pattern coefficient was generally adopted for
oth P and S waves (Pasyanos et al. 2009a ; Kwiatek et al. 2019 ),
nd hence, the source radiation pattern can be reasonably ignored.
dditionally, the geometrical spreading of Pg waves is independent
f the source mechanism based on the theoretical seismograms of
egional crustal phases (Campillo et al. 1984 ). 

To illustrate the reliability of the proposed Pg attenuation to-
ography, we investigate the average Q Pg values calculated from

oth the single- and two-station method and the two-station
ethod. Fig. 10 shows the average Q Pg from the single- and two-

tation method versus those from the two-station only method, for
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Figure 9. Comparisons of profiles among the surface topography, shear velocity Vs (Bao et al. 2015 ), Moho depth (white lines in middle panel), and Q Pg 

versus the frequency, where the major faults and blocks are labelled. The surface locations of these profiles are illustrated in Fig. 6 (c). The abbreviations for 
the geological blocks are similar to those used in Fig. 1 . The locations of the core of the ELIP are highlighted by white rectangles. 
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observed that the crust of the southeastern Tibetan Plateau has a 
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ndi vidual geolo gical blocks at 1.0 Hz and between 0.5 and 5.0 Hz
and, respecti vel y. Through linear regressions, the slopes were 0.84
 ±0.15) at 1.0 Hz and 0.94 ( ±0.1) at 0.5–5.0 Hz, respecti vel y, both
losing to 1. When we fix the slopes to the unity, the Q intercepts
ere 9.75 ( ±18.28) and 6.0 ( ±16.46) for Q Pg at 1.0 Hz and be-

ween 0.5 and 5.0 Hz. The cor responding cor relation coefficients
ere 0.95 and 0.98, respecti vel y. This means that the Q Pg values
f dif ferent geolo gical blocks obtained b y these two methods are
ighly correlated, although the combined single- and two-station
ata give much higher resolution. For the entire study area, we
btained average Q Pg values of 186 (108–320) at 1.0 Hz and 240
131–440) between 0.5 and 5.0 Hz by using single- and two-station
ethods, and these values are 177 (80–395) and 236 (120–464)

btained using the two-station method (Table 1 ). We also inverted
 broad-band Q Pg map using the two-station method ( Fig. S3 ) and
ound that it is similar to the main pattern of our broad-band Q Pg 

odel obtained by the single- and two-station method. In summary,
he Q Pg values obtained using our method are highly correlated with
hose obtained using the two-station method, which demonstrates
hat the source radiation pattern has little influence on the results. 

.2 the lack of connection between the two low- Q Pg zones 
n SE Tibet 

o explore the crustal material transpor tation patter ns in SE Tibet,
e investigated the spatial extension of strong Pg attenuation zones
nd the connectivity of these zones. Based on high-density data, we
evealed two isolated mechanically weak zones with low Q Pg , which
re separated by the high- Q Pg CYB in the crust (Figs 6 and 8 ). 

In general, our broad-band Pg attenuation pattern is similar to
he Lg attenuation distrib ution, b ut in the crust beneath the CYB,
here are high Q Pg values and relati vel y low Q Lg values (longi-
ude 101–103 ◦ and latitude 25.5–27.5 ◦ in Figs 8 a and b) (He et al.
021 ). This discrepancy may result from the variability in Pg and
g propagation paths, and their specific sampling depths are also
ot identical. Lg wave is known to be a fairly robust seismic phase
ampling the whole crust (Kennett 1989 ). While we mainly use
econdary Pg waves with epicentral distances beyond the crossover
istance, they are composed of interferences of numerous arri v als,
nd their depth sampling in the crust is unclear. Although Pg waves
t large distances are composed of reverberations in the whole crust,
ome studies have indicated the importance of shallow low-velocity
ones in promoting large-distance propagation. For instance, it is
ifficult to sustain the Pg phase to even 500 km without the exis-
ence of a low-velocity zone near the surface (Kennett 1989 ). Steck
t al. ( 2011 ) obtained velocity images of the western United States
y inverting the Pg phase travel times and demonstrated that they
ainly reflect the velocity structure of the middle to upper crust via
 series of comparisons, although the influence of the whole-crust
everberations cannot be ruled out. Therefore, we believe that our
mages reflect the characteristics of the whole crust, but the upper to

iddle crust depth may account for a large weight. In Figs 8 (c) and
d), our broad-band map is consistent well with the P -wave velocity
t 20 km depth from Liu et al. ( 2021 ) and the S -wav e v elocity at
2.5 km depth from Bao et al. ( 2015 ) (low Q with low velocities
nd vice versa), which supports this point to some extent. Thus,
he inconsistency between the Q Pg and Q Lg images may imply weak
onnections in the deeper crust beneath the CYB. To reconcile these
bservations, we conclude that our results reveal two mutually in-
ependent strong attenuation zones in the crust, but we do not rule
ut the possibility of weak connections in the deep lower crust. 

.3 Crustal flow restricted and stopped in the Western 

ichuan block 

nalysing the origin of the strong attenuation zones is crucial to
nderstand the tectonic evolution of SE Tibet. Previous studies have

art/ggad404_f10.eps
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series of geophysical anomalies, including low shear-wave velocity 
(Liu et al. 2014 ; Bao et al. 2015 ), high electrical conductivity (Bai 
et al. 2010 ; Li et al. 2020 ), strong Lg-wave attenuation (Zhao et al. 
2013 ), high Poisson’s ratios (Sun et al. 2012 ) and high heat flow 

(Jiang et al. 2019 ). These anomalies are spatially consistent with 
the strong attenuation zone beneath the Songpan-Ganzi Block and 
the Western Sichuan Block in our results. All these are commonly 
attributed to the presence of aqueous fluids or partial melting (Yao 
et al. 2008 ; Caldwell et al. 2009 ; Bai et al. 2010 ). Our results support 
this point of view, as strong seismic wave attenuation is usually an 
indication of the presence of aqueous fluids, fracture zones, and 
partial melting associated with high temperatures (Winkler & Nur 
1982 ; Kong et al. 2013 ; Amalokwu et al. 2014 ). Increased fluid 
content or a 5 per cent melt can reduce the viscosity of crustal 
rocks by an order of magnitude, thus making it possible for the 
mid-lower crustal materials to flow (Rosenberg & Handy 2005 ). 
Accordingly, some of the studies support the pre viousl y proposed 
mid-lower crustal flow model (Royden et al. 1997 ; Clark & Royden 
2000 ) to explain crustal escape and speculate that the geophysical 
anomalies observed in SE Tibet correspond to potential crustal 
flow channels. The magnetotelluric imaging of Bai et al. ( 2010 ) 
revealed two high electrical conductivity channels at depths of 20–
40 km in SE Tibet. The images based on Ra yleigh-wa ve dispersion 
and receiver functions depict two low-velocity channels around the 
EHS with depths of 10–20 km and 20–30 km (Bao et al. 2015 ). 
Despite minor differences, the LQZ1 beneath the WSB coincides 
with the curved segment of the right branch of the high electrical 
conductivity channel (Bai et al. 2010 ) and low-velocity channel 
A (Bao et al. 2015 ). Fig. 9 shows that LQZ1 is closely related 
to low-velocity anomalies, crustal thickening, and an increase in 
surface ele v ation. These results are consistent with the vie wpoint 
that the accumulation of crustal flow leads to crustal thickening, as 
proposed by the crustal channel flow model (Royden et al. 1997 ; 
Clark & Royden 2000 ). Therefore, we suggest that the low- Q Pg 

anomalies beneath the WSB serve as mechanically weak crustal 
flow channels, possibly with aqueous fluids or partial melting. 

A high- Q Pg anomaly appears in the middle of the CYB, corre- 
sponding to the inner zone of the ELIP. Together with the high- Q Pg 

SB, it separates two strong attenuation zones in the crust of SE 

Tibet (Fig. 9 ). The ELIP is a large igneous rock region generated by 
mantle plumes (Chung & Jahn 1995 ; Xu et al. 2004 ; Zhang et al. 
2008 ), with a formation time of approximately 260 Ma (Shellnutt 
et al. 2008 ). According to the degree of denudation, the entire ELIP 

is divided into the inner, middle and outer zones from west to east. 
The inner zone is characterized by high velocities (Yao et al. 2008 ; 
Liu et al. 2014 ), high densities (Deng et al. 2014 ), high resistivities 
(Li et al. 2020 ) and weak azimuthal anisotropy (Li et al. 2021 ), and 
is interpreted as mafic underplating formed by a cooled basaltic 
magma chamber caused by Permian mantle plume activities (He 
et al. 2003 ; Chen et al. 2015 ; Zhao et al. 2020 ). The early up- 
welling of the mantle plume beneath the inner zone strengthened 
the lithosphere of the CYB, as revealed by the strong vertically ori- 
entated anisotropy (Li et al. 2021 ), and formed a rigid barrier at the 
lithospheric scale on the western edge of the Tibetan Plateau. There- 
fore, we suggest that the southeastward expansion of the mid-lower 
crustal material flow through the LQZ1 channel was blocked by the 
pre-existing mafic magma remnants in the inner zone of the ELIP 

and gradually accumulated to form significant crustal thickening 
and surface uplift in the Western Sichuan Block. 

LQZ2 is a strong attenuation zone near the Xiaojiang Fault and 
Red River Fault, where the crust is characterized by low shear-wave 
velocities (Qiao et al. 2018 ; Zhang et al. 2020 ), high electrical 
conductivity (Bai et al. 2010 ), high Poisson’s ratios (Sun et al. 2014 ) 
and strong Lg-wave attenuation (Zhao et al. 2013 ). LQZ2 may not 
connect with the crustal flow channels in the Tibetan Plateau for 
the following reasons: (1) LQZ1 and LQZ2 are not connected, in- 
stead, they are isolated from each other; thus, mid-lower crustal 
materials are unlikely to flow into the Yangtze Craton under the 
blockage formed by the ELIP. (2) The Moho and surface topogra- 
phy of LQZ2 vary gently, without significant crustal thickening and 
ele v ation increases as those observed from LQZ1 (Figs 9 c–f). This 
is inconsistent with the classic crustal flow model (Royden et al. 
1997 ; Clark & Royden 2000 ). In addition, the observed surface up- 
lift speed reveals significant surface subsidence in LQZ1, whereas 
positive uplift is dominated in LQZ2 with the uplift rate ranging 
between 1.0 and 2.0 mm yr −1 (Wu et al. 2022 ). The NE −SW fast 
velocity directions at depths of 25 and 40 km below the Xiaojiang 
fault zone are inconsistent with the overall trend of material extru- 
sion towards the southeast (Huang et al. 2018 ; Han et al. 2022 ). 
Therefore, the mid-lower crustal material flow in SE Tibet is likely 
truncated by the strengthened crust and mafic remnants in the ELIP 

inner zone, and is confined in the WSB without extending further 
southeastward. 

5.4 Asthenospheric up w elling near the Red Riv er and 

Xiaojiang Faults 

In previous sections, we have demonstrated that LQZ2 is not derived 
from mid-lower crust channel flow because it is not connected to 
LQZ1, the gentle changes in the surface ele v ation and Moho, and 
the NE −SW fast velocity directions in the mid-lower crust are 
inconsistent with the material extrusion direction (Huang et al. 
2018 ; Han et al. 2022 ). Some recent observations indicated that 
LQZ2 is likely related to the local upwelling of thermal mantle 
materials. For example, low shear-wave velocity anomalies were 
observed in the middle crust (Qiao et al. 2018 ), and low P - and 
S -wav e v elocities also appear in the upper mantle in LQZ2 (Huang 
et al. 2015 ; Zhang et al. 2020 ). High conductivity values within the 
crust of the Chuxiong Basin, south of the CYB, were observed based 
on magnetotelluric results, which is difficult to explain with partial 
melts alone and may require a sustained supply of saline aqueous 
fluids (Li et al. 2020 ). Yu et al. ( 2020 ) observed the existence of large 
low-resistivity bodies in the crust below the Red River Fault and the 
upper mantle on the nor theaster n side of the Red River Fault based 
on a 3-D magnetotelluric method. They were interpreted as partial 
melts in the upper mantle. In SE Tibet, to the south of 26 ◦20 ′ N, the 
azimuthal anisotropy changes sharply from north–south to strongly 
east–west at the top of the upper mantle beneath LQZ2 (Gao et al. 
2020 ), which may be related to the directional flow of hot materials. 
Lei et al. ( 2019 ) suggested that mantle upwelling may be caused by 
the deep subduction, stagnancy, and dehydration of the Indian slab. 

Because the Red River Fault cuts through the whole crust and 
the Xiaojiang Fault is a deeply penetrating and tectonically active 
fault zone (Zhao et al. 2020 ), asthenospheric upwelling is likely 
to enter the crust along the Red River Fault and Xiaojiang Fault 
(Chung et al. 1998 ). This is consistent with the geochemical ob- 
serv ations. For example, man y components of alkaline intrusions 
exposed around the Red River shear zone originate from enriched 
mantle sources (Zhang & Xie 1997 ; Bi et al. 2009 ). A series of 
large Au-rich deposits exist on the western edge of the Yangtze 
Craton, near the Red River shear zone (Liu et al. 2015 ; Gao et al. 
2018 ). By analysing the elements and zircon isotopes of the xeno- 
liths, Hou et al. ( 2017 ) found that the formation mechanism of 
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hese Au-rich porphyry deposits is related to the reacti v ation of cra-
onic edges, triggered by mafic ultrapotassic melts invading from
he mantle into the crust. Both the U-Pb and Rb-Sr dating and Pb-
r-Nd isotope tracing reveal that along the Red River shear zone,

he mantle magma successi vel y migrated into the crust, inducing
natectic melting at 20–15 km depth (Zhang & Sch ärer 1999 ). Our
trong Pg attenuation in the LQZ2, together with these geophysical
nd geochemical observations, indicates that the crust beneath the
iaojiang Fault and Red River Fault may be affected by the up-
elling of hot mantle material along these faults that cut the entire
rust. 

.5 Implications for crustal tectonic escape in 

outheastern Tibet 

ome classic end-member models, such as the rigid-block extru-
ion model (Molnar & Tapponnier 1975 ) and the mid-lower crustal
hannel flow model (Royden et al. 1997 ), have been proposed to
xplain the crustal thickening and material escape on the southeast-
rn margin of the Tibetan Plateau caused by the collision between
he Indian Plate and the Eurasian Plate since 55 Ma. The existence
f crustal flow in this region is supported by some geophysical
bservations to a certain extent, such as low seismic wave veloci-
ies (Liu et al. 2014 ; Bao et al. 2015 ), strong Lg-wave attenuation
Zhao et al. 2013 ), high electrical conductivity (Bai et al. 2010 ; Li
t al. 2020 ), high heat flow (Hu et al. 2000 ; Jiang et al. 2019 ) and
ther intracrustal features. Analysis of the slip of the fault system
ince 4 Ma indicates that the crustal material east of the EHS is
ominated by extensional structures and lacks crustal shortening,
 hich closely resemb les the kinematic interpretation of the crustal
ow model (Wang et al. 1998 ). A 3-D finite element simulation
emonstrated that the present-day cr ustal defor mation in SE Tibet
an hardly be explained solely by the tectonic extrusion, instead,
t is more likely driven by the gravitational spreading of the up-
ifted plateau material (Li et al. 2019 ). The gravitational spreading
odel is similar to the crustal flow model when the pressure gra-

ient driving the crustal flow comes from the topographic gradient.
igh-precision uplift data of the Tibetan Plateau indicate that the
idely distributed surface subsidence of SE Tibet is a consequence
f crustal flow and gravitational collapse (Wu et al. 2022 ). The lack
f strong radial anisotropy in the mid-lower crust of this region calls
nto question the large-scale directional crustal flow, and the flow
s likely to be small in scale, inhomogeneous, and disordered (Bao
t al. 2020 ). The ductile low er-crustal materials ma y couple with
he ductile uppermost mantle and move together, which conversely
hallenges the view that the ductile lower-crustal material cannot
ow because it is strongly coupled with the underlying lithosphere
Chen & Gerya 2016 ). 

Thermochronological studies indicated that large regions of east-
rn T ibet ma y ha ve attained significant ele v ation before the Late
iocene, further indicating that crustal thickening in the Sichuan
asin during the Oligocene cannot be easily attributed to lower
rustal flow (Wang et al. 2012 ). This is because the timescale re-
uired for the thermal weakening of the thickened crust to reach
n ef fecti ve viscosity allo wing crustal flo w is 20 Myr (Beaumont
t al. 2004 ). Since the Late Miocene, SE Tibet has experienced
apid uplift (Clark et al. 2005 ), after which gravity collapse served
s the dominant factor driving crustal extension (Xu et al. 2020 );
he growth of the plateau during weak lower crustal emplacement
s consistent with the timescales of crustal flow (Wang et al. 2012 ).
Our Pg-wave Q model, combined with this geological and geo-
hysical evidence and inferences, delineates a consistent and com-
lex evolutionary process in SE Tibet, reflecting the joint effect of
he ELIP impeding crustal channel flow and upwelling of hot man-
le materials along the Red River Fault and Xiaojiang Fault. During
he Permian, magmatic under plating occur red in SE Tibet as a re-
ult of mantle plume activity and then g radually cooled, for ming
ntracrustal remnants of mafic magma beneath the CYB (associated
ith the formation of the ELIP). During the Oligocene, the upper

rust thickened along faults due to Cenozoic orogenesis; after that,
t took at least 20 Myr of thermal weakening for the thickened crust
o attain the viscosity required for crustal material flow (Beaumont
t al. 2004 ). Since the Late Miocene, crustal material in the Tibetan
lateau has migrated southeastward through weak channels beneath

he Songpan-Ganzi Block and Western Sichuan Block driven by
ravity and lateral pressure gradients, and accumulated due to the
bstruction of the intracrustal basaltic magma remnants beneath
he inner zone of the ELIP, leading to significant crustal thickening
nd surface uplift. Additionally, the asthenospheric upwelling along
he Red River and Xiaojiang Faults interacted with the crust of the
estern margin of the Yangtze Craton and the Indo-China Plate. 

 C O N C LU S I O N  

n this study, we developed a Pg-wave attenuation tomography
ethod using both single- and two-station data and constructed
 high-resolution (0.5 ◦ × 0.5 ◦) broad-band Q Pg model for the crust
n the southeastern margin of the Tibetan Plateau based on 60 025
er tical-component seismog rams recorded by a high-density seis-
ic array. The resulting Q 0 values are consistent with those from

he two-station method in individual geological b locks, w hich val-
dated the robustness of our tomographic method. The attenuation
tructure is correlated with regional structures in geological blocks
nd provides constraints on the crustal deformation in SE Tibet.
ur main findings are as follows: 

. Two mechanically weak zones in the crust are independent of
ach other and have different origins, suggesting that the crustal
hannel flow is not connected in this region. 
. The strong attenuation in the Western Sichuan Block and
ongpan-Ganzi Block may indicate a mid-lower crustal flow chan-
el, with partial melting or aqueous fluids. The crustal channel flow
s blocked by the ELIP and confined to the WSB, which has re-
ulted in the accumulation of ductile material and the development
f significant crustal thickening, as well as the topographic uplift in
he Western Sichuan Block. The mid-lower crustal flow in SE Tibet
oes not extend into the foreland Yangtze craton. 
. The strong Pg attenuation across the Red River Fault and Xiao-
iang Fault is likely due to asthenospheric upwelling. 
. Since the collision between the Indian plate and the Eurasian
late, the deformation of SE Tibet has experienced a two-stage
rowing process. During the Oligocene, the upper crust thickened by
xtrusion along faults. The tectonic mechanism gradually changed
rom early compression to late extension. From the Late Miocene
o the present, crustal material flow through weak channels beneath
he Western Sichuan Block dri ven b y gravity and lateral pressure
radients has been the main cause of crustal thickening. Hot mantle
aterials upwell along the Red River Fault and Xiaojiang Fault,

eating and softening the crustal materials, which may become a
e w mechanism af fecting the tectonic e volution of the southeastern
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S U P P O RT I N G  I N F O R M AT I O N  

Supplementary data are available at GJI online. 

Figure S1. (a) Map showing the epicentre of an earthquake that 
occurred on 25 November 2014, and locations of seismic stations. 
(b) Normalized vertical-component ground velocity seismograms 
filtered between 0.01 and 20.0 Hz. The traces are ordered according 
to their epicentral distances, with station names marked on the left. 
The red parts of waveforms are sampled by the group velocity win- 
dow of 6.3–5.4 km s −1 . The green dashed line marks the epicentral 
distance of 800 km. 

Figure S2. Inverted site responses at 0.5, 1.0 and 5.0 Hz for 
all 201 stations used in this study. The magnitudes of these site 
responses are colour-coded. 

Figure S3. Comparison between broad-band (0.5–5.0 Hz) Q Pg 

maps (a) from combined single- and two-station data ( Q STS ) and 
(b) from two-station data only ( Q TS ). Two revealed low- Q Pg zones, 
LQZ1 and LQZ2, are circled by white dashed lines in (a). The geo- 
logical blocks and major faults are labelled. CYB: Central Yunnan 
Block; EHS: Eastern Himalaya Syntaxis; ICB: Indo-China Block; 
SB: Sichuan Basin; SGB: Songpan-Ganzi Block; TRB: Three-River 
Orogenic Belt; WSB: Western Sichuan Block; YJB: Youjiang Basin; 
YZ: Yangtze Block. JSJF: Jinshajiang Fault; LMSF: Longmenshan 
F ault; LXF: Lijiang-Xiaojinhe F ault; RRF: Red River Fault; XJF: 
Xiaojiang Fault; XSHF: Xianshuihe Fault. 

Table S1. Earthquake parameters used in this study. 

Please note: Oxford University Press is not responsible for 
the content or functionality of any supporting materials sup- 
plied by the authors. Any queries (other than missing mate- 
rial) should be directed to the corresponding author for the 
paper. 
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