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A B S T R A C T   

A seismic array comprising 80 broadband stations with ~10–20 km inter-station distances was deployed along 
the Longmen Shan fault belt (LMSF), the eastern boundary of the Tibetan Plateau. The recorded ambient noise 
data provided densely distributed inter-station cross-correlated surface waves. A new 3-D crustal S-wave velocity 
model for the LMSF was constructed by carrying out ambient noise tomography. The inverted model strongly 
improved data fitting and decreased data misfit compared to the reference (initial) model. The model highlights 
several crustal structure features. The Baoxing and Pengguan Massifs on the mountain side of the southern-to- 
middle LMSF exhibit relatively high crustal velocities, probably indicating strong crust. Low crustal velocities 
that may reflect weak, deformable brittle crust, exist mainly beneath the middle-to-northern segment of the 
LMSF and partly around the periphery of the Baoxing and Pengguan Massifs in its southern-to-middle segment. 
Two SW dipping low-velocity (weak) belts approximately perpendicular to the LMSF are imaged respectively 
around the Wenchuan-earthquake hypocenter in the south and Beichuan in the north. The low velocities in the 
two belts may focus movement of the eastern Tibetan Plateau relative to the Sichuan Basin (Yangtze Craton), and 
the uplift of the Tibetan Plateau over long time periods. Based on the velocity and tectonic structures, the young, 
high topography and thickened crust but low GPS shortening rates around the southern-to-middle LMSF may be 
due to the dominant effect of vertical crustal deformation caused by the existence of the strong Baoxing and 
Pengguan Massifs. This would then be in contrast to the characteristic lateral movements due to ductile crustal 
flow or weak, deformable brittle crust typical of the middle-to-northern LMSF.   

1. Introduction 

The Longmen Shan (LMS) mountain range (or Longmen Shan Fault 
belt, LMSF) is located on the eastern margin of the Tibetan Plateau 
(Fig. 1) and marks a sharp boundary between the Tibetan Plateau and 
the Sichuan Basin with ~3000–4000 m elevation contrast, and ~10–20 
km of crustal-thickness contrast (Wang et al., 2010b; Qian et al., 2018). 
To the northwest of the LMS, the eastern part of the Songpan–Ganzi 
terrane is found, covered by highly deformed Upper Triassic flysch with 
a thickness >10 km (Weislogel, 2008; Cook et al., 2013). To the 
southeast of the LMS, the Sichuan Basin occurs, covered by up to 12–13 

km of Late Proterozoic to Quaternary sediments overlying the Pre-Sinian 
metamorphic igneous basement of the Yangtze Craton in the South 
China block (Burchfiel et al., 1995; Wang et al., 2016). The LMS 
mountain range has been formed since the Indo–China movements in 
the Late Triassic (Burchfiel et al., 1995), and is primarily made up of 
Precambrian and Paleozoic rocks, with most Precambrian crystalline 
rocks being exposed in the anticlinal Pengguan Massif in the middle 
LMSF and in the Baoxing Massif in the southern LMSF (Cook et al., 
2013). The LMSF is often divided into three segments from NE to SW, 
namely the northern, middle and southern segments, such as in Li et al. 
(2008) and Zhang et al. (2011), because the three segments are 
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characterized by different geology, topography and deformation pat-
terns. The boundaries between these three segments are schematically 
denoted by two dashed lines across the LMSF in Fig. 1. Even though the 
northern line is close to a N–S-striking secondary fault (Chen et al., 
2007), the two dashed lines do not correspond to any surface faults or 
geological boundaries. The activity and evolution of the LMSF has been 
tightly related to interactions between the Songpan–Ganzi terrane to its 
NW and the Yangtze Craton to its SE, especially during the Tibetan 
Plateau uplift and growth in the Cenozoic. Thus, the LMSF is an ideal 
region to study the growth mechanism of the Tibetan plateau and tec-
tonic interactions between the blocks. 

The Longmen Shan Fault is also a seismically active belt. It is ~400 
km in length and ~70 km in width, composed of three major faults 
parallel to the mountain ranges. From southeast to northwest these are 
the Guanxian–Anxian Fault (GAF) in the fore range, the Ying-
xiu–Beichuan Fault (YBF) in the central range, and the Wen-
chuan–Maowen Fault in the back range (Fig. 1). The disastrous Ms8.0 
Wenchuan earthquake (star in Fig. 1) shook the southwestern end of the 
Pengguan Massif in the middle LMSF on May 12, 2008, and then the 
Mw7.0 Lushan earthquake occurred to the southeast of the Baoxing 
Massif in the southern LMSF on April 20, 2013 (star in Fig. 1). Since 
then, the LMSF has become an appropriate place to study seismogenic 
mechanisms of strong earthquakes. Soon after the mainshock of the 
Wenchuan earthquake, Dong et al. (2008) and Xu et al. (2009) reported 
the ~300-km-long coseismic ruptures and stated that the central YBF 
might be the seismogenic fault of the Wenchuan earthquake. An et al. 
(2009, 2010) delineated the geometries of potential seismogenic faults 
in 3-D around the hypocenter of the Wenchuan earthquake mainshock 
by locating aftershocks and by imaging crustal P-wave velocities. They 

proposed that the Wenchuan earthquake rupture initiated at the region 
of intersection between the YBF and another NW-SE local fault. The 
Wenchuan Earthquake Fault Scientific Drilling Project has drilled 
several holes down to ~3 km depth to better understand the fault 
mechanism and the physical and chemical characteristics of the rocks in 
the vicinity of the fault (Li et al., 2013). 

Crustal structures around the LMSF can help understanding not only 
the seismogenic mechanisms of strong earthquakes but also the growth 
mechanism of the Tibetan plateau. Crustal structures of the LMSF have 
been previously imaged by 2-D active or passive seismic arrays across 
part of the LMSF (e.g., Wang et al., 2007, 2010a; Zhang et al., 2009; Guo 
et al., 2013; Qian et al., 2018), by regional-scale surface-wave tomog-
raphy (e.g., Yao et al., 2008; Li et al., 2009; Liu et al., 2014; Zhao et al., 
2015b) or by body-wave tomography (e.g., Lei and Zhao, 2009; Xu et al., 
2010; Pei et al., 2019). Yao et al. (2008) determined crustal and upper- 
mantle S-wave velocities for the southeastern Tibetan Plateau that cover 
the southwestern corner of the LMSF and stated that unhindered crustal 
flow over large regions may not occur, different from proposals based on 
numerical modelling of field and satellite geodesy observations (Royden 
et al., 1997). However, Wang et al. (2010b) found a much higher Pois-
son’s ratio in the southern LMSF than in the northern LMSF, which fa-
vors the presence of partial melts or crustal channel flow in the southern 
LMSF. Whether ductile crustal flow exists in the lower crust of the 
eastern Tibetan Plateau is a key to explain the atypical features of the 
young high topography and thickened crust but low GPS shortening 
rates around the LMSF (Burchfiel et al., 2008). However, based on 
receiver function and Rayleigh wave joint tomographic results in the 
eastern Tibetan Plateau, Liu et al. (2014) identified crustal channel flow 
that thickens eastwards towards the Yangtze Craton and stark contrasts 

Fig. 1. Simplified tectonic map of the Longmen Shan 
fault belt (LMSF). Faults are from Editorial Commit-
tee of Geological Atlas of China (2002). Triangles are 
the 80 seismic stations comprising the experiment. 
The two blue triangles labeled with “BAOXX” and 
“HEXIN” are stations to be used in Fig. 2. The stars 
mark the epicenters of the Wenchuan and Lushan 
earthquakes. The LMSF is composed of three major 
faults parallel to the mountain ranges from southeast 
to northwest: the Guanxian–Anxian Fault in the fore 
range, the Yingxiu–Beichuan Fault in the central 
range, and the Wenchuan–Maoxian Fault in the back 
range. Two blue lines labeled L1 and L2 are two 
proposed tectonic weak zones according to Vs struc-
tures and shake intensity, which is shown in Fig. 7. 
(For interpretation of the references to colour in this 
figure legend, the reader is referred to the web 
version of this article.)   
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in crustal structure and rheology across large faults, and inferred that the 
plateau expansion was accommodated by a combination of local crustal 
flow and strain partitioning across deep faults or, alternatively put, that 
rigid block motion and crustal flow may be two reconcilable modes of 
crustal deformation in eastern Tibet. Such previous studies normally 
covered a region much wider than the LMSF by using data of permanent 
seismic stations with a station interval of about 100 km (e.g., Li et al., 
2009; Xu et al., 2010), or by using portable seismic stations with a sta-
tion interval of 30–50 km around the LMSF (e.g., Liu et al., 2014; Zhao 
et al., 2015b). As the LMSF is only ~70 km in width and is cut by several 
faults, a denser seismic network is necessary to better reveal the strongly 
heterogeneous crustal structures of the LMSF, and thus to better eluci-
date the crustal deformation style along the eastern margin of the Ti-
betan Plateau. 

To image the crustal structures of the LMSF in three dimensions with 
higher resolution, 80 broadband seismic stations were deployed with a 
station interval of ~10–20 km in a 300 km × 150 km area covering the 
LMSF from June 2012 to October 2013 (triangles in Fig. 1) under a 
cooperation between the Chinese Academy of Geological Sciences and 
the Deutsches GeoForschungsZentrum Potsdam (Qian and Mechie, 
2012). Using the full data set recorded by all stations of the densely 
distributed seismic array, we constructed a 3-D crustal S-wave velocity 
model for the LMSF by ambient noise tomography. The model provides 
important information to understand the regional tectonics and 
dynamics. 

2. Data 

The present study uses inter-station Rayleigh-wave group velocities 
from ambient noise as observations. Dense stations with a smaller inter- 
station distance are favorable for a better lateral resolution. In the pre-
sent study, the inter-station distance of ~10–20 km (Fig. 1) is much 
smaller than previous regional ambient-noise tomographic studies (Yao 
et al., 2008; Li et al., 2009; Zhao et al., 2015b). 

Vertical component continuous waveforms recorded by the 80 
broadband seismic stations (triangles in Fig. 1) between June 2012 and 
October 2013 are used to retrieve the ambient noise signals. The stations 
were equipped with Trillium-Compact 120 s or BBV 60 s sensors. In-
strument response was firstly removed from the continuous waveforms. 
The seismogram for each station was then processed following a general 
procedure as suggested by Bensen et al. (2007): de-trending, de-mean-
ing, filtering with a bandpass of 1–50 s, down-sampling to 4 sps and 
cutting to a length of 1-h, time-domain normalization and spectral 
whitening. To suppress earthquake contaminations, a running absolute- 
mean temporal normalization was applied to the afore-processed data, 
where the waveform is normalized by an average absolute amplitude of 
a running time-window (Bensen et al., 2007). A very narrow running 
time-window gives a similar effect to one-bit normalization, and a very 
wide running time-window produces no normalization effect at all. Tests 
showed that a running time-window of 30s in length is a good choice to 
suppress earthquake signals in our data. Spectral whitening over a fre-
quency band of 0.02–1 Hz was then applied. Effects of temporal 
normalization and spectral whitening to weaken signals of strong 
regional earthquakes and small local earthquakes are slightly different 
(see examples in Supplementary Information). The whitened 1-h long 
waveforms were cross-correlated respectively for each station pair, and 
then all available cross-correlations for each station pair were stacked to 
obtain the inter-station Green’s functions. The positive and negative lag 
times of the correlation functions were finally averaged to obtain the 
representative Green’s function for each station pair. Stacks for records 
longer than at least one month were taken as valid. We finally obtained 
Green’s functions for 3071 station pairs. 

Fundamental-mode Rayleigh-wave group velocities were measured 
based on the Multiple Filtering Technique (MFT) (Dziewonski et al., 
1969) followed by phase-match filtering (Herrin and Goforth, 1977), 
with the aid of a visual tool in the Computer Programs in Seismology 

package (Herrmann, 2013). The dispersion curves for all the 3071 
Green’s functions were firstly visually inspected and then subjected to 
quality control by the following three criteria: 1) each dispersion curve 
contains valid group velocities for at least 3 continuous integer periods 
so that it is not too short, 2) inter-station distance must be larger than 
one wavelength, 3) each group velocity measurement must be in the 
range of ±2.5 times the standard deviation (±2.5σ) of all measurements 
at the same period. In total, 30% and 14% of the dispersion curves were 
discarded respectively by visual inspection and by the afore-mentioned 
quality control criteria. We finally extracted 1712 Rayleigh-wave group- 
velocity dispersion curves that cover a period range of 3–40 s. 

The left frame of Fig. 2a shows an example of all inter-station Green’s 
functions to one seismic station (BAOXX) directly stacked from ambient 
noise, and arranged by inter-station distance. Phase-match-filtered 
waveforms for those traces in the left frame are shown in the right 
frame of Fig. 2a. Fig. 2b shows an example of a phase-match-filtered 
Green’s function (right) and its measured group-velocity dispersion 
curve (left, squares centered in the red shaded belt) during the MFT 
processing. Although small earthquakes can still get through the tem-
poral normalization procedure since they normally appear at the back-
ground noise level in the original waveforms (see examples in 
Supplementary Information), spurious arrivals (high amplitude arrivals 
around 0 s in the left frame of Fig. 2a) can be suppressed in the subse-
quent surface-wave processing for traces with inter-station distances 
greater than ~100 km (right frame of Fig. 2a). Thus, short-period data 
measured from Green’s functions for small inter-station distances (<
~100 km) may contain more uncertainties. We therefore do not suggest 
interpreting structures at depths of < ~5 km mainly constrained by 
short-period data (~3–5 s). In any case, according to the example of 
Fig. 2a, most of our data have inter-station distances greater than 100 
km, and are not contaminated by spurious signals. 

Fig. 2c shows the number of group-velocity measurements at 
different periods. The total number of measurements exceeds ~1500 at 
the 10 s period and gradually decreases for shorter and longer periods. 
The total period content ranges from 3 to 40 s, but periods of 3–25 s 
dominate most data, which are especially ideal to reveal crustal 
structures. 

3. Method 

Rayleigh-wave velocities are primarily sensitive to S-wave velocity 
(Vs), making them an ideal candidate to invert for Vs structure. Here we 
applied the one-step surface-wave tomographic method of Feng and An 
(2010) to invert the above measured group velocities for a 3-D Vs model. 
The basic concepts of this approach are summarized below. 

For any given surface wave, its travel time t can be calculated from 
the total path length L divided by the measured group velocity U at a 
certain period, or it can be taken as the summation of travel times for 
each segment of the ray path: 

t =
L
U

=
∑nxy

i=1
lisi, (1)  

where li and si are the length of the ray segment and the slowness 
(reciprocal of group velocity) in the ith horizontal cell, respectively, and 
nxy is the total number of lateral cells. The travel time difference be-
tween the observed and predicted values of a given reference model (Δt) 
becomes: 

Δt = tobs-tref =
∑nxy

i=1
li
(
si obs − si ref

)
(2) 

The slowness difference is linearly related to Vs perturbations as: 

si obs − si ref =
∑nz

j=1

∂s
∂βij

Δβij (3) 
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where nz is the number of layers in the vertical direction, Δβij is the Vs 
perturbation in the ith horizontal cell and jth vertical layer related to the 
reference model. ∂s/∂βij is the partial derivative of slowness with respect 
to Vs. Combining Eqs.(1)–(3) yields: 

∑nxy

i=1

∑nz

j=1

(

li
∂s

∂βij
Δβij

)

=
L

Uobs
−

L
Uref

(4) 

In Eq. (4), all the variables are known for a given reference model, 

except Δβij. This constructs a linear relationship between observed 
group velocities Uobs and 3-D Vs perturbations Δβij to be determined. Eq. 
(4) is one constraint for one period in one surface-wave dispersion curve. 
By using more dispersion curves over more periods, many equations like 
Eq. (4) can be created. The compact form for all the equations can be 
expressed as: 

Gx = d, (5)  

where G is a coefficient matrix containing information of ray paths and 
partial derivatives, x is the vector of unknowns to be determined (Δβij), 
and d is the data vector related to group velocity measurements. As the 
matrix G is large, sparse and ill-posed, to stabilize the inversion, we 
introduce model flattening as a priori constraints: 
(

G
λS

)

x =

(
d
0

)

, (6)  

where S is the first-order gradient of the model. λ is a weighting factor to 
balance between fitting the observations and flattening the model, 
which can be determined by Morozov’s discrepancy principle (Morozov, 
1984). In the present study, tests using different λ (0.01–8) show that 1.0 
is an optimum value where a sudden increase of data-misfit with 
increasing λ starts. The model vector x is resolved by linear inversion 
with the aid of the iterative program LSQR (Paige and Saunders, 1982). 

4. Results 

The study region is discretized into a 3-D grid, with a 0.1◦ (~10 km) 
lateral spacing in latitude and longitude directions, and 2 km vertical 
spacing from the surface to 70 km depth. The reference (initial) model is 
constructed by interpolating crustal Vs of CRUST1.0 (Laske et al., 2013) 
and mantle Vs of IASP91 (Kennett and Engdahl, 1991). 

4.1. Model appraisal 

The fit or misfit (standard deviation) between observations and 
predictions is helpful to evaluate an inverted model. Fig. 3 shows ex-
amples of data fits between four observed (triangles) and predicted 
dispersion curves from the inverted model (red lines) and from the 
reference model (black lines). As expected, those curves predicted from 
the inverted model (red lines) fit the observations (triangles) much 
better than those predicted from the reference model (black lines). 
Comparatively, misfit between the dispersion curves for the 4th path is 
noticeably higher (0.13) than for the other three paths (0.03–0.04). As 
the 4th path crosses both the basin-mountain transition and a low ve-
locity zone in the northern segment of the LMSF (to be discussed below), 
its dispersion curve contains a strong local minimum at periods around 
18 s, implying a strongly laterally varying structure. An equally 
weighted flattening constraint as applied in our inversion (λ = 1.0 in Eq. 
(6)) is adequate for most of the model but may cause an over-flattened 
effect for strongly laterally varying structures. This is probably why 
the misfit for the 4th path is relatively worse than the others. However, 
the predicted dispersion from the inverted model for the 4th path im-
proves the fit to the observations (misfit = 0.13) compared to the 
reference model (misfit = 0.18). 

Fig. 4 shows the average misfit (standard deviation) between 
observed and predicted group velocities. As expected, the inverted 
model (full line) gives a lower misfit at all periods than the reference 
(initial) model (dashed line). In more detail, the inverted model de-
creases data misfit by about 50% with respect to the reference model at 
periods shorter than 20 s, about 20% at periods between 20 and 30 s, and 
about 30% at periods longer than 30 s. This is reasonable because we 
have a much greater number of measurements for periods shorter than 
20 s than for periods longer than 20 s (Fig. 2c). Note that the shape of the 
misfit curves for the reference and inverted models are similar at periods 
shorter than ~5 s and longer than ~35 s, implying that data at these 

Fig. 2. (a) Inter-station Green’s functions between the station BAOXX and the 
other stations directly extracted from ambient noise plotted in a distance versus 
time diagram (left frame, labeled as “Original”) and their corresponding phase- 
match-filtered waveforms from which surface-wave dispersion curves are 
measured (right frame, labeled as “Phase-match-filtered”). (b) Group-velocity 
dispersion curve for the Green’s function between the BAOXX and HEXIN sta-
tions, plotted on the right. The two stations are shown as blue triangles in Fig. 1. 
(c) Number of group-velocity measurements versus period. (For interpretation 
of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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periods do not provide strong constraints on the structure, and that our 
final model is dominated by the choice of reference model at depths 
smaller than ~5 km and greater than ~50 km (to be confirmed by the 
following checkerboard tests). 

Checkerboard tests were carried out to assess the resolution length of 
the inverted model. The checkers are given Vs perturbations of ±0.07 
km/s relative to the reference model. Checkers with positive and 
negative perturbations are alternatively distributed horizontally and 
vertically in the 3-D input model space. Considering that surface waves 
of different periods have varying sensitivity in depth and different 
lateral resolution length, we performed checkerboard tests for three 
checker sizes: 0.4◦× 0.4◦ × 12 km in the x, y and z directions, respec-
tively; 0.5◦ × 0.5◦ × 16 km and 0.6◦ × 0.6◦ × 24 km. The predicted 
group velocities of the input models contaminated by random noise with 
a maximum amplitude of 0.15 km/s (the size of the average misfit for all 
periods, see full line in Fig. 4) are taken as synthetic data. Inversion of 
the synthetic data produced the output models from which we could 
infer how well the checkers were retrieved. Fig. 5 shows horizontal and 
vertical slices of the three retrieved checkerboard-test models. For most 
of the study region, the output model retrieved the 0.4◦ × 0.4◦ × 12 km 
checkers down to ~25 km depth, 0.5◦ × 0.5◦ × 16 km checkers down to 

~40 km depth, and 0.6◦ × 0.6◦ × 24 km checkers down to ~50 km 
depth. The resolution decreases with depth and in the marginal areas 
where data coverage is sparse. Checkers at depths greater than 50 km 
cannot be well recovered, implying the depth limit of resolution in our 
model. 

4.2. S-wave velocity 

Horizontal (top row) and vertical (bottom two rows) slices of Vs from 
the final 3-D tomographic model are shown in Fig. 6. As the eastern 
Songpan-Ganzi Terrane west of the LMSF is covered by >10 km of Upper 
Triassic flysch (Weislogel, 2008; Cook et al., 2013) and the Sichuan 
Basin east of the LMSF by up to 12–13 km of Late Proterozoic to Qua-
ternary sediments (Wang et al., 2016), the Vs at 8 km depth reflects 
structures in the upper crust, especially in the sediments. The crust is 
more than 50 km thick on the mountain side and ~40 km thick on the 
basin side in our study region (Qian et al., 2018). Thus, our Vs at 28 km 
depth reflects structures in the middle-to-lower crust. The Vs at 40 km 
depth reflects structures in the lower crust on the mountain side and 
around the Moho on the basin side. 

The striking feature on the 8-km Vs slice is that the sediments of the 
Sichuan Basin are characterized by lower velocity (<3.3 km/s) while the 
flysch of the eastern Songpan-Ganzi Terrane is characterized by higher 
velocity (>3.3 km/s). The fore mountain range fault, the Guanxian- 
Anxian Fault, delineates the low-to-high velocity transition very well. 
On the 28-km Vs slice, the eastern Songpan-Ganzi Terrane is more het-
erogeneous and has lower average velocity than the Sichuan Basin. Low 
velocities mainly appear on the western and northern peripheries of the 
Pengguan and Baoxing Massifs on the mountain side and in a small part 
northeast of Mianyang on the basin side. On the 40-km Vs slice, low 
velocities are mainly distributed in the northeastern region, and high 
velocities in the southwestern region, implying a thicker crust in the 
northeast than in the southwest on the basin side. Checkerboard tests 
show an acceptable resolution down to a depth of 50 km for large 
checkers, but the lateral structural variation at 40-km depth may be 
partly due to fewer long-period data and thus poorer resolution at this 
depth in our case. Thus, we plot Vs structure down to 50 km depth but 
only discuss structures above ~40 km depth. 

S-wave velocities for four vertical profiles (A–A’ to D–D’) across 

Fig. 3. Examples of data fits between four observed 
and predicted group-velocity dispersion curves. Tri-
angles are observations. Black and red lines are pre-
dictions from the reference model and inverted 
model, respectively. Average misfit of all periods for 
predictions from the reference (ref) and from the 
inverted models (inv) are given in the lower right of 
each frame. The inset map shows the paths for the 
four dispersion curves labeled by the same number as 
in the top right of each frame. (For interpretation of 
the references to colour in this figure legend, the 
reader is referred to the web version of this article.)   

Fig. 4. Misfit (standard deviation) between observed and predicted group ve-
locities from the reference model (dashed line) and the inverted model 
(full line). 
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different parts of the LMSF and for one profile (1–1′) along the trend of 
the mountains are shown in the bottom two rows of Fig. 6. Profile lo-
cations are marked on the horizontal slices. On top of each vertical 
profile is exaggerated elevation. Red vertical bars along the elevation 
profiles mark the locations of major faults. Gray circles on the Vs images 
are earthquakes of magnitude ≥3.0 between 1980 and 2019 from the 
China unified earthquake catalog (http://data.earthquake.cn/datashare 
/report.shtml?PAGEID=earthquake_zhengshi) and aftershocks of the 
2008 Ms8.0 Wenchuan earthquake around the hypocenter region 
located by a dense seismic network (~5-km station interval) (An et al., 
2010). 

The common features on the four across-strike profiles (A–A’ to 
D–D’) are thick sediments with low velocities widely underlying the 
Sichuan Basin, and generally higher crustal velocities beneath the sed-
iments on the basin side than on the mountain side. 

On profile A–A’ that crosses the southern LMSF, a small block of high 
velocities is visible in the upper-to-middle crust down to ~20 km depth 
beneath the Baoxing Massif (labeled with BM). On profiles B–B′ and C–C′

that cross the middle LMSF, high velocities are imaged in the upper-to- 
middle crust down to ~30 km depth beneath the Pengguan Massif 
(labeled with PM). These common high velocity features imply that both 
the Pengguan and Baoxing Massifs are characterized by material with 

high velocities. The width, depth extent and intensity of the high ve-
locities beneath the Baoxing Massif are much smaller than beneath the 
Pengguan Massif, which is consistent with the surface geology that the 
Baoxing Massif is smaller than the Pengguan Massif (Fig. 1). On profiles 
B–B′ and C–C′ below about 30 km depth the velocity contrast between 
the Pengguan Massif and the surrounding crust disappears. This may be 
because the Pengguan Massif is not autochthonous, as previously indi-
cated by logging data of Borehole-1 of the Wenchuan Earthquake Fault 
Scientific Drilling Project (Li et al., 2014). However, it may also just be 
because there is no velocity contrast between the Pengguan Massif and 
the surrounding crust below about 30 km depth. If as indicated by the 
high velocities, the Pengguan Massif does extend down to at least ~30 
km, then this may imply that the major faults of the LMSF (e.g. the YBF) 
extend into the deeper crust as steeply-dipping ductile shear zones 
rather than merging into a shallow-dipping decollement at about 20 km 
depth (e.g., Hubbard et al., 2010; Li et al., 2010). 

On profile D–D’ which crosses the northern LMSF, in contrast to the 
high crustal velocities that exist beneath the two massifs to the south-
west, low crustal velocities are imaged beneath the mountains (labeled 
as “LV-N"). Low crustal velocities in the northern LMSF were previously 
imaged on a reflection/refraction seismic profile close to our profile 
D–D’ (Jia et al., 2014), implying that the middle and southern LMSF has 

Fig. 5. Checkerboard test results for three models of different checker sizes: 0.4◦ × 0.4◦ × 12 km in x, y and z direction, respectively (left column), 0.5◦ × 0.5◦ × 16 
km (middle column), and 0.6◦ × 0.6◦ × 24 km (right column). “Input” is the model from which synthetic data are calculated and “output” is the inverted model. 
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a different crustal structure from the northern LMSF. The along-strike 
profile 1–1′ shows that high velocities dominate in the upper and mid-
dle crust beneath the Baoxing and Pengguan Massifs (labeled with BM 
and PM) in the southern and middle LMSF, while low middle-crustal 
velocities beneath the southern-to-middle and middle-to-northern 
transition zones of the LMSF (labeled as “LV-S" and “LV-N") occur. The 
existence of the high-velocity Baoxing and Pengguan Massifs makes the 
crust of the southern and middle LMSF different from that of the 
northern LMSF. The base of the crustal low velocities (contour at ~3.7 
km/s) generally becomes deeper from southwest to northeast, which is 
well consistent with the base of the seismogenic layer (see the distri-
bution of earthquakes on profile 1–1′ in Fig. 6). 

5. Discussion 

A knowledge of the detailed crustal structure beneath the LMSF is 
helpful to understand the seismogenic mechanisms of strong earth-
quakes and the uplift mechanism of the eastern Tibetan Plateau. We 
extracted new information on the regional tectonics from our 3-D crustal 
Vs structures beneath the LMSF. 

5.1. Seismogenic structures along the LMSF 

In our velocity model, although most of the Pengguan Massif is 
characterized by high crustal velocity, its southern tip exhibits a SW 
dipping belt of low crustal velocity (marked as “LV-S" on profiles W–W′

and 1–1′ or “L1” on the map in Fig. 7). The mainshock of the 2008 Ms8.0 
Wenchuan earthquake (star in Fig. 7) and most of its aftershocks (gray 
circles in Fig. 7) are concentrated within this low-velocity belt (profiles 
W–W′ and 1–1′ in Fig. 7). Besides, shake intensity of the Wenchuan 
earthquake (map in Fig. 7) also has a sudden change from SW to NE 
across line L1, where the low velocity belt LV-S is located, implying that 
the low velocity belt LV-S may have been involved in or played an 
important role in fault rupturing during the Wenchuan earthquake. 

A similar low velocity belt is imaged around the transition between 
the middle and northern LMSF, close to Beichuan (marked as “LV-N" on 
profile 1–1′ or “L2” on the map in Fig. 7). The low velocity belt LV-N also 
dips to the SW, like LV-S, but is wider and extends deeper. Again, most of 
the regional earthquakes (gray circles in Fig. 7) locate within the LV-N 
belt. The shake intensity of the Wenchuan earthquake also suddenly 
changes from SW to NE across line L2 (Fig. 7). Thus, the low velocity belt 
LV-N in the north might be another seismically dangerous area along the 
LMSF, like the one in the south (LV-S) where the devastating Wenchuan 
earthquake actually occurred. 

Fig. 6. Horizontal slices of S-wave velocity (Vs) at 8, 28 and 40 km depths (top row, depth is given on upper left of each frame) and five vertical transects along 
profiles A–A’ to D–D’, and 1–1′ (bottom rows, profile locations are given in the horizontal slices). All the horizontal slices and vertical profiles share the same colour 
bar at the bottom. On top of each vertical profile is exaggerated elevation. Red vertical bars along the elevation profiles mark the locations of the major faults. Gray 
circles on the Vs image are earthquakes with a magnitude of ≥3.0 between 1980 and 2019 from the China unified earthquake catalog from a ± 0.05◦ wide swath, and 
aftershocks of the Wenchuan earthquake around the hypocenter region from a ± 0.01◦ wide swath (An et al., 2010). Thin vertical lines mark the intersections with 
other profiles. Abbreviations are as follows: PM = Pengguan Massif; BM = Baoxing Massif; WMF = Wenchuan Maowen Fault; YBF = Yingxiu-Beichuan Fault; GAF =
Guanxian-Anxian Fault; SSF = Shuangshi Fault. Other symbols are the same as in Fig. 1. (For interpretation of the references to colour in this figure legend, the reader 
is referred to the web version of this article.) 
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As mentioned above, on profiles W–W′ and 1–1′ in Fig. 7, both 
mainshock (star in Fig. 7) and aftershocks of the Wenchuan earthquake 
(most of the gray circles in Fig. 7) are concentrated within our imaged 
low crustal velocity belt, LV-S. Note that the velocity structure is derived 
from ambient noise which is completely independent from any earth-
quake data. The origin of such low velocities may be pre-existing local 
ductile crustal flow as previously suggested by Clark and Royden (2000). 
However, in this case one would not expect earthquakes to occur within 
the region of low velocities representing the ductile crustal flow. Again, 
the structure of LV-N shows the same consistency between low velocity 
and aftershocks which may reflect the same origin as that for LV-S. 

5.2. Crustal strength controlling crustal deformation styles 

The LMSF is often divided into three segments (southern, middle and 
northern LMSF, Fig. 1), such as in Li et al. (2008), which are charac-
terized by different fault activity. The southern-to-middle segment is 
characterized by thrust fault activity and the northern segment by strike- 
slip fault activity (Burchfiel et al., 1995). Measurements of long term 
averaged GPS (Zhao et al., 2015a) (black arrows in Fig. 7) show that the 
crustal movements in the southern-to-middle LMSF are much slower and 
mainly perpendicular to the trend (strike) of the LMSF, while those in 
the middle-to-northern LMSF are faster and weakly oblique to the trend 
of the LMSF. The different nature of fault activity and crustal movement 
corresponds in general to different modes of crustal deformation, or 
different modes of interaction between the eastern Tibetan Plateau and 
the Sichuan Basin (Yangtze Craton). Possible causes of such segmenta-
tion of fault activity and crustal deformation along the LMSF will be 
discussed in the following paragraphs. 

As mentioned before, the existence of the high-velocity Baoxing and 
Pengguan Massifs makes the crust of the southern-to-middle LMSF 
different from that of the middle-to-northern LMSF, where low velocities 

dominate. The velocity contrast in the middle-to-lower crust between 
the eastern Tibetan Plateau and the Sichuan Basin (the 28-km Vs slice 
and profiles A–A’ to D–D’ in Fig. 6) can be taken as a proxy for crustal 
strength contrast between the two tectonic units. If we do not consider 
the high-velocity regions of the Baoxing and Pengguan Massifs on the 
mountain side, the eastern Tibetan Plateau has generally lower crustal 
velocities than the Sichuan Basin, and thus there is weaker crust on the 
mountain side than on the basin side. However, when taking the high 
velocities of the Baoxing and Pengguan Massifs in the southern-to- 
middle LMSF into account, the velocity contrast, and thus the crustal 
strength contrast, between the mountain side and the basin side in the 
southern-to-middle LMSF (profiles A–A’ to C–C′ in Fig. 6) becomes 
smaller than in the middle-to-northern LMSF (profile D–D’ in Fig. 6). 

This difference in crustal strength sets up contrasting tectonic/ki-
nematic frameworks for different parts of the LMSF. Under a roughly 
easterly direction of tectonic stress in the region (Heidbach et al., 2018) 
(Fig. 8), the eastern Tibetan Plateau tends to push against the stable and 
strong Sichuan Basin (Yangtze Craton) during its eastward expansion 
(Fig. 8). A good match between numerical modelling results and GPS 
observations covering the LMSF area (Li et al., 2017) shows that crustal 
rheological properties have a direct effect on crustal deformation. Thus, 
in the southern-to-middle LMSF, because of the existence of the Baoxing 
and Pengguan Massifs with high Vs (supposed to be strong), interaction 
between the eastern Tibetan Plateau and the Yangtze Craton may be 
severe, and the plateau may primarily overthrust or underthrust the 
craton (Fig. 8). In contrast, in the middle-to-northern LMSF, because of 
the existence of the low-velocity zone (supposed to be weak) on the 
mountain side (LV-N in Fig. 7 or “Weak, damaged brittle zone” in Fig. 8), 
the interaction between the weak plateau and the strong basin may be 
mild, and the plateau may tend to deform laterally instead of moving 
upward or downward (overthrusting or underthrusting). This is why the 
southern-to-middle LMSF is dominated by thrust fault activity and the 

Fig. 7. Comprehensive information on the Longmen Shan Fault belt. Map shows shake intensity of the 2008 Ms8.0 Wenchuan earthquake reproduced from the web 
site of https://earthquake.usgs.gov. Labels in the map are the same as in Fig. 1. GPS measurements (black arrows) are from Zhao et al. (2015a). Two vertical profiles 
(W–W′ and 1–1′) are Vs from the present study (profile locations are given in the map). Above each Vs profile, the amplitudes of the GPS measurements are plotted as 
crosses. The reference GPS amplitude of 10 mm/yr is plotted as red dashes. Magenta lines mark the intersections with the labeled profile. Blue dashed lines on profile 
1–1′ are two proposed potential tectonic weak zones. The rest of the labels and symbols in the profiles are the same as in Fig. 6. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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middle-to-northern LMSF by strike-slip fault activity (Burchfiel et al., 
1995). A local-scale stress field study on the LMSF based on focal 
mechanisms (Luo et al., 2019) shows that the maximum compressional 
stress changes from roughly perpendicular to the LMSF in its southern 
segment to parallel to the LMSF in its northern segment. Assuming that 
the low-velocity weak zone also has low viscosity (Shinevar et al., 2018), 
then stress could be easily dissipated in this zone and our imaged low- 
velocity belt LV-N provides supportive background for such a trans-
formation of the local stress field observed along the LMSF. 

The different nature of fault activity may imply different modes of 
crustal deformation styles along the LMSF. Our S-wave velocity model 
shows that the sediment thickness in the southern-to-middle LMSF has a 
sudden increase from the mountain side to the basin side (profiles A–A’ 
to C–C′ in Fig. 6), but a gradual increase in the middle-to-northern LMSF 
(profile D–D’ in Fig. 6). Receiver function analysis (Qian et al., 2018) 
observed a sharper Moho deepening across the southern-to-middle 
LMSF than across the middle-to-northern LMSF. Such sharp variations 
of the sediment layer and Moho imply a strong vertical deformation in 
the southern-to-middle LMSF. Comparatively, larger GPS rates (>10 
mm/yr) are coincidently observed above our low-velocity or weak belt 
LV-N in the middle-to-northern LMSF (black arrows on the map or 
crosses above profile 1–1′ in Fig. 7), implying a strong lateral crustal 
deformation in the middle-to-northern LMSF (Fig. 8), which is consistent 
with the more gradually varying sediment layer in the middle-to- 
northern LMSF imaged by our Vs model (profile D–D’ in Fig. 6). 

It has been proposed that ductile crustal flow widely exists beneath 
the eastern Tibetan Plateau (Clark and Royden, 2000) and plays an 
important role in the growth of the eastern Tibetan Plateau. In our study 
at a more local scale, we did not image low crustal velocities everywhere 
beneath the eastern Tibetan Plateau in our study region but mainly 
beneath the middle-to-northern segment of the LMSF (LV-N) and partly 
around the periphery of the Baoxing and Pengguan Massifs in the 
southern-to-middle LMSF (LV-S, Fig. 7). According to our results, the 
atypical young high topography and thickened crust but low GPS 
shortening rates around the (middle) LMSF (Burchfiel et al., 2008) 
cannot just be explained by the existence of ductile crustal flow which 
favors along-strike lateral deformation as in the middle-to-northern 
LMSF (Fig. 8), but also by the existence of the strong Pengguan and 
Baoxing Massifs which favors vertical deformation as in the southern-to- 
middle LMSF (Fig. 8). As explained above, the low velocities around the 
Baoxing and Pengguan Massifs correspond to relatively weak, 

deformable but still brittle crustal materials, as evidenced by the 
occurrence of earthquakes in the low velocity belts. Thus, the low ve-
locity belts with high deformability, although still brittle, act a bit like a 
lubricant and will in turn promote the interaction between the Tibetan 
Plateau and the Sichuan Basin and the uplift of the eastern Tibetan 
Plateau (Fig. 8) over a long time. The southern-to-middle LMSF might be 
a specific site where reconcilable modes of crustal deformation occur: 
rigid block motion and pliable crustal movements, as previously pro-
posed by Liu et al. (2014). 

6. Conclusions 

In our new crustal S-wave velocity model, two SW dipping low ve-
locity (weak) belts approximately perpendicular to the LMSF are 
imaged, where most of the aftershocks of the Wenchuan earthquake are 
concentrated and the mainshock shake intensity displays abrupt 
changes. The two low velocity belts, respectively around the Wenchuan- 
earthquake hypocenter in the south and Beichuan in the north, may 
indicate two potentially, seismologically dangerous areas along the 
LMSF. The low velocities may partly reflect an unhealed coseismic ve-
locity reduction caused by the Wenchuan earthquake or pre-existing 
weak, deformable brittle crust, which may promote the interaction of 
the eastern Tibetan Plateau with the Sichuan Basin (Yangtze Craton), 
and the uplift of the Tibetan Plateau, over a long time. 

We did not image low crustal velocities everywhere beneath the 
LMSF but mainly beneath its middle-to-northern segment and partly 
around the periphery of the high-velocity Baoxing and Pengguan Massifs 
in the southern-to-middle LMSF. This is then unsupportive of the exis-
tence of widespread ductile crustal channel flow right up to the very 
edge of the plateau along the whole of the eastern boundary of the Ti-
betan Plateau. The fact that earthquakes also occur in the low velocity 
belts means that the crust, although weak and deformable, is still brittle 
here. Nevertheless, the existence of weak, deformable crust does play an 
important role in the along-strike deformation style for the middle-to- 
northern LMSF. In the southern-to-middle LMSF, relatively higher 
crustal velocities are imaged beneath the Baoxing and Pengguan Mas-
sifs, implying stronger crust below the massifs. This relatively strong 
crust on the mountain side of the LMSF strengthens its interaction with 
the basin side and thus facilitates horizontal shortening and vertical 
deformation (thrusting) of the Tibetan Plateau, rather than lateral 
(strike-slip) deformation. The atypical features of young high topog-
raphy and thickened crust but low GPS shortening rates around the 
southern-to-middle LMSF can then be explained by the added effect of 
vertical crustal deformation caused by the existence of the Baoxing and 
Pengguan Massifs, rather than just by the existence of ductile crustal 
flow or weak, deformable brittle crust. 
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