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Supplemental Material

The Anninghe fault (ANHF), located in southwest China, was a major block boundary
that hostedM 7.5 earthquakes historically. For seismic hazard assessment, it is critical to
investigate fault properties before future earthquakes. To investigate the fault struc-
ture, we deployed three linear dense arrays with an aperture of ∼ 8–9 km across differ-
ent segments of the ANHF from October 2019 to March 2020. More importantly, we
detonated a new methane source to generate seismic waves, which is environmentally
friendly and can be used in different regions such as mountainous and urban areas.
After data acquisition, we first removed the noise to accurately pick up the first arrivals
of seismic waves. Then, we conducted the first-arrival seismic tomography, a method
commonly used in the petroleum industry, to obtain the high-resolution P-wave veloc-
ity structure. The tomographic results showed distinct low-velocity zones (LVZs) of ∼
1000–1500 m in width and ∼ 300–400 m in depth along the fault, well consistent with
the lateral distribution of site amplification that was derived from regional earthquake
waveforms. These LVZsmay have formed as a combined result of the fault damage zone
and ANHF-controlled sediments. As the Anning River Valley is densely populated, our
newly identified LVZs shed lights on earthquake hazard in the region. In addition, we
demonstrate that using a combination of methane detonation sources, linear dense
arrays, and active source tomography can effectively determine the shallow P-wave
velocity model in complex environments (i.e., mountains and urban areas).

Introduction
Rock fragmentation and damage caused by fault slip and earth-
quake ruptures usually accumulate into a near-fault damage
zone (FDZ), which often has complex structural characteristics
(Ben-Zion and Sammis, 2003; Yang, 2015). It is critical to study
the structural and velocity properties of the FDZ, which hold a
great deal of information to understand fault evolution and
assess future earthquake hazards. Compared with the intact
host rock, the seismic-wave velocity of the damage zone is
lower, and thus it is usually called a low-velocity zone
(LVZ; Yang, 2015). Because of their relatively high porosity,
LVZs may become channels for fluid migration, and the fluids
migrating to the fault plane can reduce the frictional resistance
on fault, increasing the likelihood of earthquake generation
(Faulkner et al., 2010; Yehya et al., 2018). Furthermore, LVZs
in the vicinity of a fault have the potential to alter seismic rup-
ture modes (Harris and Day, 1997; Huang and Ampuero, 2011;
Weng et al., 2016) and amplify ground shaking (Wu et al.,
2009; Kurzon et al., 2014; Pratt et al., 2017; Song and Yang,
2022). According to the results of dynamic rupture simulation,

the LVZ will promote rupture and slip on fault (Chen and
Yang, 2020; Yang et al., 2022), and the promotional extent will
increase with the width and depth of the LVZ (Weng et al.,
2016). Moreover, the time-dependent variation of velocity in
the LVZ can be used as evidence of fault healing, which is
of great significance to the study of earthquake cycles and evo-
lution of fault systems (Yang, 2015; Yang et al., 2021).
Therefore, deriving high-resolution fault zone (FZ) structure
holds significant implications in understanding earthquake
mechanics.
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Many seismic imaging methods based on dense arrays have
been developed and applied to image the LVZ across different
FZs. The commonly used methods include the analysis of
travel times and waveforms of FZ trapped waves (Ben-Zion
et al., 2003; Cochran et al., 2009), head waves (McGuire
and Ben-Zion, 2005), and FZ-reflected body waves (Li et al.,
2007; Yang and Zhu, 2010), which have been applied to FZ
studies in different regions of the world. With the development
of dense nodal arrays containing small interstation spacing dis-
tance and large aperture, passive source body-wave tomogra-
phy (Allam et al., 2014), ambient noise tomography (Wang
et al., 2019; Zigone et al., 2019; Yang et al., 2020; Li et al.,
2021; Luo et al., 2023), as well as joint inversions of seismic
and magnetotelluric data (Xu et al., 2021) have been recently
developed in imaging LVZs. By far, the width of the LVZ can
be well constrained from dense array recordings and often falls
within the range of a few hundreds to thousands of meters (Li
and Malin, 2008; Cochran et al., 2009; Yang, 2015; Yang et al.,
2020). In comparison, constraining the depth extent of the
LVZ is more challenging and sometimes leads to debate (Li
and Vernon, 2001; Ben-Zion et al., 2015). By taking advantage
of the high vertical resolution of the teleseismic receiver func-
tion, Jiang et al. (2021) proposed a dense-array-based inversion
method that was effective in determining the LVZ depth.

In addition to passive source methods, active sources have
also been used to derive FZ structure. For instance, large-vol-
ume-explosion-generated reflection and refraction data were
used to study the structure of the San Andreas fault near
Parkfield (Hole et al., 2006; Bleibinhaus et al., 2007).
Because of the large shot spacing (varying from 0.2 to
3 km), however, this experiment cannot precisely image the
structure of the shallow FZ. Lay et al. (2020) combined densely
distributed vibroseis (with source spacing of tens of meters)
and receivers (with receiver spacing of tens of meters) to image
the New Zealand Alpine fault and obtained a detailed 3D
velocity structure to 1 km depth. Because active sources are
often located at the surface and could generate high-frequency
seismic data, they are ideal for high-resolution imaging of the
shallow subsurface structure (Virieux and Operto, 2009), and
thus are frequently used in industrial production to detect oil
and gas resources (Virieux and Operto, 2009; Smithyman and
Clowes, 2012). In addition, large-volume air-gun arrays in
lakes have nearly identical repeated signals and are thus used
to monitor the time-varying characteristics of FZ properties
(e.g., Yang et al., 2021; Luan et al., 2023). This type of active
source, however, can only be excited in a specific body of water
with limited application scenarios. Because of the high cost of
active source data acquisition and the limited application sce-
narios of existing artificial sources, it is still quite limited to
apply active source methods to derive the structure of the FZ.

Recently, a new methane detonation source has been devel-
oped (Ji et al., 2021). Comparing with traditional active sources,
the new methane detonation source has many advantages, such

as no environmental pollution, low cost, and suitability for com-
plex environments (e.g., mountains and urban areas), allowing
the active source method to be widely used to study shallow FZ
structures (e.g., Zhang et al., 2023). From October 2019 to
March 2020, we deployed three linear dense arrays across the
Anninghe fault (ANHF; Fig. 1)—one of the major block boun-
daries between the Sichuan–Yunnan rhomboid block and
the South China block. Although the number of present local
seismicity is low, the ANHF had hosted several historical large
earthquakes with magnitudes greater than 7 (Wen, Fan, et al.,
2008) and may experience Mw 7+ earthquakes in the future
(Yao and Yang, 2022). In addition to recording earthquakes,
we excited a total of 28 shots along the three linear dense arrays
using the new methane detonation source. Based on the P-wave
first-arrival times and double-difference tomography, Shao et al.
(2022) derived shallow velocity structures along the ANHF.
However, the large mesh grids (several hundred meters) during
their tomographic inversion introduced significant limits in
imaging the fine structure of the FZs. In this study, a high-res-
olution tomography method commonly used in the petroleum
industry was introduced. The obtained high-resolution shallow
structures were in good agreement with seismic site response.
Our results advanced our understanding of the evolution of
the ANHF and shed critical light on future seismic assessment
for potentially amplified ground motions during future large
earthquakes.

Tectonic Setting and Data
In southwest China, the collision of the Indian plate with the
Eurasian plate has resulted in a large number of faults and seis-
mic activity (Yang et al., 2020). In the southeastern margin of
the Qinghai–Tibet Plateau, the Xianshuihe–Anninghe–
Zemuhe fault system lies between the Sichuan–Yunnan rhom-
bic block and the South China block, and has hosted numerous
large earthquakes, including the recent devastating 2022
Mw 6.6 Luding earthquake (An et al., 2023; Hu et al., 2023;
Qu et al., 2023; Xie et al., 2023). The ANHF extends in roughly
north–south direction for ∼150 km from Shimian in the north
to Xichang in the south (Fig. 1a). It is a left-lateral strike-slip
fault with an increasing slip rate from north (2.8 mm/yr) to
south (5.5 mm/yr) (Tan et al., 2018). According to historical
records, the most recent large earthquake was an M 7.5 event
north to Xichang in 1536. It has been suggested that the recur-
rence interval ofM 7 earthquakes on the ANHF is ∼400–600 yr
(Wen, 2000; Tan et al., 2018), and the Mianning–Xichang seg-
ment is a maturing seismic gap with a looming large earth-
quake (Wen, Fan, et al., 2008; Wen, Ma, et al., 2008; Ran
et al., 2008). Present seismicity is low (Yi et al., 2004), consis-
tent with the present interseismic locking distribution along
the ANHF (Jiang et al., 2015). Based on dynamic rupture sim-
ulations, Yao and Yang (2022) predicted that future earth-
quakes on the ANHF may have moment magnitudes ranging
from 6.9 to 7.3, with a high likelihood of surface rupture
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causing severe ground motion in densely populated areas such
as Mianning and Xichang. Therefore, it was critical to inves-
tigate the structure of the ANHF (Fig. 1a) to better understand
fault properties and assess future earthquake hazards. Because
of few local earthquakes along the ANHF, it was ideal to derive
high-resolution images of the FZ using active source data.

Recent experiments have proved that dense across-fault
arrays with a large aperture and small interstation spacing
can help us better constrain the structures of the LVZs
(Share et al., 2017; Yang et al., 2020; Jiang et al., 2021; Song
and Yang, 2022). As such, we have deployed three dense
across-fault arrays across the Mianning–Xichang segment of
ANHF fromOctober 2019 toMarch 2020, covering the two fault
strands (Fig. 1b). The west and east branch faults were named
Fw and Fe, respectively. To the west of the west branch fault was
the Anning River Valley. The three arrays were roughly
perpendicular to the geologically inferred fault traces. From
northwest to southeast, the three arrays MX1, MX2, and
MX3 (Fig. 1b) were each equipped with 109 (QS-10: 10 s–
250 Hz effective frequency band, 100 Hz sampling rate, 3C
type), 80 (QS-5A: 5 s–250 Hz effective frequency band,
100 Hz sampling rate, 3C type), and 75 (PMS-10: 10 s–
150 Hz effective frequency band, 500 Hz sampling rate, 3C type)
short-period instruments with a distributed aperture of 9, 8, and
9 km, respectively. For arrays MX1, MX2, and MX3, the inter-
station spacings are ∼70 m, ∼100 m, and ∼100 m, respectively.

In addition, we detonated a methane source, a new type of
environmentally friendly artificial source (Ji et al., 2021; Zhang

et al., 2023), to generate seismic waves. When working in the
field, the source cavity was first placed in a predrilled well, and
then a mixture of methane and oxygen was injected into it
(Fig. 2a). An initiation system ignited the methane gas in
the cavity, generating seismic waves that traveled downward
because of the high-pressure gas released from the bottom
of the cavity. The detonation reaction was restricted to the steel
cavity and did not result in secondary disasters like those
caused by explosive sources. Furthermore, because of its small
volume, low drilling cost, and high construction efficiency, it

Figure 1. (a) Topographic map and the distribution of faults (gray
lines) in southwestern China. The thick black line shows the
surface trace of the Anninghe fault (ANHF; Tan et al., 2018). The
arrows show the slip direction of the strike-slip fault, and the
average slip rates of different sections are also marked. The gray
dots denote earthquakes with magnitudes greater than 1 since
2018 (data were obtained from the Sichuan Earthquake
Administration). The inset map shows the Tibetan plateau, where
the study area is marked by a red box. The skyblue box restrains
the boundary of panels (b) and (c). Panels (b) and (c) show the
topographic map and geological mapping (modified after Shao
et al., 2022) of the studied ANHF region, respectively. They show
the locations of the Anning River (blue line), geologically inferred
branch faults (black lines), methane detonation sources (red
stars), across-fault dense linear arrays (cyan triangles), and the
surface rupture zone caused by historical earthquakes (purple
diamonds) (Cheng et al., 2010). The color version of this figure is
available only in the electronic edition.
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can be widely used in mountainous areas, urban areas, and
other complex environments.

In this experiment, we obtained a total of 28 2D common-
shot gathers by detonating 9, 10, and 9 methane sources (red
stars in Fig. 1b) along MX1, MX2, and MX3, respectively. The
name, position, and excitation time for all shots can be found
in Table S1, available in the supplemental material to this
article. As shown in one raw data of the acquired common-
shot-gather from shot B02 (Fig. 2b), the horizontal propaga-
tion distance of seismic waves generated by the methane source
can reach at least 9 km (Fig. 2b). Figure 2c showed the spectra
of the data. The frequency distribution range of the P-wave
signal was 8–45 Hz, much higher than the surface wave (less
than 8 Hz). These high-frequency P waves ensured that we
could get high-resolution shallow velocity structures.

Methods and Results
Noise mitigation and first break picking
Before collecting the first arrivals of seismic waves, we applied a
wavelet-transform-based seismic denoising method to the
acquired data (Mousavi and Langston, 2016). This method
estimates noise characteristics prior to first-arrival times and
then removes background noise with similar characteristics
from the effective signal. To do so, we roughly picked the first
arrival on each channel and then used the data prior to the

first-arrival wave with a time window of 10 s to calculate
the background noise level. Then a soft thresholding function
was used to mitigate the noise.

After denoising, the weak first arrivals in the raw data of the
shot B02 were clearly enhanced (Fig. 2d), improving the accu-
racy of our picked arrivals. Because we focus on the active
source waveforms that have a small amount of seismic data,
we conduct manual pickup of first arrival rather than auto-
matic methods, which need to be double checked and validated
by manual inspection. In total, there were 693, 749, and 532
first arrivals for MX1, MX2, and MX3, respectively.

First-arrival travel-time tomography results
Based on the picked P-wave arrivals, we derived shallow P-
wave velocity structures using the parallel fast sweeping
method based adjoint seismic tomography (PFAST)—a com-
monly used method of first-arrival seismic tomography in oil

Figure 2. Methane detonation source and acquired shot gather.
(a) Instrument and field operation, (b) acquired raw data from
shot B02, (c) amplitude spectrum of panel (b), and (d) denoised
data for panel (b). Note that the position of the westernmost
station represents zero. The color version of this figure is available
only in the electronic edition.

4 Seismological Research Letters www.srl-online.org • Volume XX • Number XX • – 2023

Downloaded from http://pubs.geoscienceworld.org/ssa/srl/article-pdf/doi/10.1785/0220230137/5983962/srl-2023137.1.pdf
by Chinese Univ Hong Kong user
on 12 October 2023



and gas exploration (Huang and Bellefleur, 2012). Compared
to the traditional ray tracing method, this method uses a grid-
based Eikonal equation solver to calculate travel time, and thus
avoids the problems of shadow zones and caustic regions. In
addition, this method can process field data with irregular
topography, which was applied on all our three lines. To avoid
a large amount of computation in estimating the Fréchet
derivative matrix for a large-scale problem, the PFAST used
the adjoint state method to calculate the gradient of the L2
norm, which can be written as

E�v� � 1
2
jjT�xr ; xs� − To�xr ; xs�jj2, �1�

in which v denotes the propagation velocity of seismic waves,
T�xr ; xs� is the synthetic travel time at the receiver located
at xr for a source located at xs, and To�xr ; xs� is the observed
travel time.

As shown in Figure 1b, three survey lines were nearly linear
and were therefore assumed to be three 2D geometric straight
lines during tomographic inversion. Here, we chose the initial
velocity models that linearly increased from the top to the bot-
tom of our model domain (Fig. S1). These models were discre-
tized using a 10 m grid in both horizontal and vertical directions,
which was also used during inversion. To ensure the stability and
accuracy of the model, we chose the same regularization

parameters (smoothness fac-
tors) for the three survey lines,
which were 280 and 150 in
the horizontal and vertical
directions, respectively. For
PFAST, the choice of regulariza-
tion parameters is usually made
after a few trial runs. Therefore,
we adjust these two regulariza-
tion parameters until we get
the optimal inversion veloc-
ity model.

The results of checkerboard
tests revealed that the PFAST
can recover anomalies as small
as 400 × 200 m (Figs. S2–S4).
Furthermore, the PFAST could
recover velocity characteristics
at depths of up to 500 m. By
implementing tomographic
inversion, shallow velocity
structures beneath the three
lines (Figs. 3–5) were obtained.
Both the small convergence val-
ues of the final root mean square
(rms) misfits (Fig. 6) and the
consistent fit between the

observed first arrivals, and the synthetic first arrivals calculated
by the final inverted velocity model (Fig. 7) validated the accuracy
of the imaging results. It should be noted that, due to the selection
of large regularization parameters, the dependence of the inver-
sion method on the initial velocity model is reduced. Therefore,
even if the initial velocity model (Fig. S1) differs significantly
from the real velocity model, the final inversion results are still
reliable, which is proved by the residual convergence curve
(Fig. 6) and the comparison between the simulated and observed
first arrivals (Fig. 7). We also note that the data match well with
the simulations at near offsets, but the match gets worse at far
offsets (Fig. 7). This is due to the poor quality of the seismic data
at far offsets, which prevents us from picking the first arrivals at
every seismic trace for each shot. In fact, we are able to pick up
the first arrivals at near offsets for each shot but only obtain the
first arrivals at far offsets for some of them. Because of the lack of
first arrivals, the velocity information constrained by far offsets is
less accurate. As a result, there is a discrepancy between the syn-
thesized first arrivals and the observed first arrivals at far offsets.

The velocity values beneath the three arrays were in the range
of ∼1.6–4.5 km/s, all consistent with each other. Furthermore,
our velocity profiles showed that distinct LVZs with P-wave
velocities of 1.6–2.4 km/s were distributed across the linear
dense arrays (Figs. 3–5). In contrast, surrounding materials
all had VP larger than 3.5 km/s, which was used to delineate
the velocity boundary (Figs. 3–5). Beneath the northern array

Figure 3. P-wave velocity models and site amplification analysis across MX1. Panel (a) displays the
velocity model beneath the array MX1, and local geology maps associated with theMX1 are put on
the upper part. The black arrow shows the location of the Anning River. The red arrows denote the
locations of the western and eastern branches of the ANHF. The cyan triangles and red stars
represent receiver and shot positions, respectively. The obtained low-velocity zones (LVZs) are
numbered and marked in (a). Note that the position of the westernmost station represents zero,
and the regions with sparse ray coverage were muted. Panel (b) shows the calculated average
energy (red line) of the trapped wave and the corresponding standard deviation (gray). The color
version of this figure is available only in the electronic edition.
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MX1, for instance, two LVZs with P-wave velocities of less than
2.4 km/s were found along the mapped fault traces (Fig. 3a). The
LVZ 1-1, with a width of ∼1.4 km, was associated with the
western trace Fw and appeared to distribute asymmetrically,
whereas the LVZ 1-2 was symmetrically distributed around

the eastern fault trace Fe on
both sides, having a width of
∼1 km. The two LVZs extended
to depths of ∼400 m (Table S2).
In between, the two LVZs laid
one zone associated with the
local topography and geology,
having P-wave velocities higher
than 3.5 km/s (Fig. 3a). The
velocity reduction of the LVZs
was at least ∼31%. On the east
side of the LVZ 1-2, there
existed a LVZ 1-3 with a smaller
width (700 m) than those of the
LVZs 1-1 and 1-2. The depth
extent of the LVZ 1-3 is around
200 m.

Similarly, we also found two
LVZs along the mapped fault
traces beneath the middle array
MX2 (Fig. 4a). The LVZ 2-2
was 1.1 km in width and was
asymmetrically distributed on
the west side of the fault trace
Fw, extending to ∼400 m in
depth. The LVZ 2-3 was also
asymmetrical along the fault
trace Fe, but it was mainly
distributed on the east side of
the fault. Compared with the
LVZ 2-2, the width was similar
but the depth extent of the
LVZ 2-3 was shallower, no
more than 240 m (Fig. 4a).
LVZ 2-4, with a smaller width
(500 m) and shallower depth
(200 m), existed further east
of the model domain. In addi-
tion, we also found a shallow
LVZ on the west side of the
Anning River (LVZ 2-1 in
Fig. 4a), with velocity values
of 2.6–3.5 km/s, greater than
that of the LVZs beneath the
fault traces. Chen et al.
(2023) used the horizontal-to-
vertical spectral ratio method
to study the depth of the

LVZ of arrays MX1 and MX2, and estimated that there was a
low-velocity interface near the valley at depths of 300–600 m.
This is consistent with the findings of this article.

Along the southern array MX3, we also observed a LVZ
beneath the Anning River (Fig. 5a). Compared with the

Figure 4. P-wave velocity models and site amplification analysis across MX2. Panel (a) displays the
velocity model beneath the array MX2, and local geology maps associated with the MX2 are put on
the upper part. Notions are the same as in Figure 3a. Panel (b) shows the calculated average energy
(red line) of the trapped wave and the corresponding standard deviation (gray). The color version of
this figure is available only in the electronic edition.

Figure 5. P-wave velocity models and site amplification analysis across MX3. Panel (a) displays the
velocity model beneath the array MX3, and local geology maps associated with the MX3 are put on
the upper part. Notions are the same as in Figure 3a. Panel (b) shows the calculated average energy
(red line) of the trapped wave and the corresponding standard deviation (gray). The color version of
this figure is available only in the electronic edition.
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LVZ 2-1, the width of the LVZ 3-1 was smaller, but the depth
extent was larger. The most prominent feature beneath the
MX3 was the LVZ 3-2, which was distributed asymmetrically
along the fault trace Fw with a width of ∼ 2 km by tracing the
velocity contour of 2.4 km/s (Fig. 5a). The LVZs 3-1 and 3-2
were separated at depths less than 200 m but connected at
greater depths. To the east, LVZs 3-3 and 3-4 with shallow
depths were found on both sides of the fault trace Fe. The
LVZs adjacent to the fault trace Fe in array MX3 exhibit higher
velocity values compared to the LVZs near the fault trace Fe

observed in arrays MX1 and MX2. This phenomenon may
arise due to the simplification that the curvature of the array
MX3 was ignored in tomography inversion.

Site amplification analysis
To further validate our velocity models, we conducted site
amplification analysis beneath each linear array. Seismic waves
could be trapped and significantly amplified when they travel
from the surrounding high-speed medium into shallow LVZs
(Lewis et al., 2005; Kurzon et al., 2014). In addition, the spatial
variation in seismic site amplification has been observed to
correlate well with the near-surface structure and thus could
be used to effectively constrain the width of the LVZ structure
(Wang et al., 2019; Song et al., 2022). Therefore, we investi-
gated the shallow subsurface LVZ structure by conducting
analysis of seismic site amplification.

Here, we followed the method described by Wang et al.
(2019) to calculate the seismic site amplification across the three
arrays. This method uses the energy summation of trapped
waves below 3 Hz to reveal the width of the coherent FDZs.
During our deployment period, a total of seven local earth-
quakes (Fig. 8) with high signal-to-noise ratios and epicentral

distances less than 200 km were analyzed. To alleviate the influ-
ence of environmental and man-made noise, we also used the
wavelet-transform-based denoising method to mitigate noise in
seismic data (Fig. 9). Then, for each vertical-component wave-
form, we applied a 0.2–3 Hz band-pass filter and calculated its
energy, which was the integral of the squared envelope of the
recorded seismic P and S waves from the event origin time with
a time window twice of the P-arrival time. Following that, we
normalized the energy across the array by the media energy
for each event, and calculated the mean energy and standard
deviation (st. dev.) of all the selected events.

The standard deviation values for all three energy profiles
were small (Figs. 3–5), indicating that the seven events had
similar energy amplification pattern. The mean energy distri-
bution of array MX1 (Fig. 3b) showed two distinct zones with
obvious site amplifications, which matched well with the LVZs
distributed beneath the fault traces (Fig. 3a). There was local-
ized slight energy amplification at distances between 6 and
8 km in the vicinity of the LVZ 1-3 (Fig. 3b). The energy ampli-
fication of array MX2 mainly consisted of three parts (Fig. 4b).
The first amplification zone was located at a distance of about
2 km, corresponding to the LVZ 2-1. The second part was
located at an across-profile distance of about 4 km, and its
boundary corresponded well with the boundary of the LVZ
2-2. The third part existed at a distance between 5 and
8 km, and matched well with the LVZs 2-3 and 2-4.
However, the amplitude amplification ratio beneath the
MX2 was much smaller than that of the MX1. For array
MX3, energy amplification existed at a distance between 1
and 5 km, which had a good correspondence with the LVZs
3-1 and 3-2 (Fig. 5b). Because the velocity difference between
LVZs 3-3 and 3-4 and the surrounding rock was small, the
energy amplification in this area was rather minor. In conclu-
sion, seismic amplification analysis and tomography results
were quite consistent with each other.

Discussion
Distribution of LVZs beneath the Anning River
Valley
From the tomographic imaging results along the ANHF, we
found that there were LVZs with a width of ∼1000–1500 m
and a depth of ∼300–400 m beneath the two fault branches
(Figs. 3–5). The width of the LVZ caused by past earthquakes
was usually only a few hundred meters (Yang, 2015). For
example, LVZs of a few hundred meters in width were found
along the Landers fault (Peng et al., 2003; Li et al., 2007), the
Lavic Lake fault (Li et al., 2002), the San Andreas fault (Li and
Malin, 2008), the San Jacinto fault (Yang and Zhu, 2010), and
the Longmenshan fault (Li et al., 2013). LVZs with widths
greater than 1 km were rare, with only two reports to date. The
first report described long-lived fault damage along the Calico
fault that resulted in a 1.5 km wide LVZ (Cochran et al., 2009).
The second one was discovered with a width of 3.4 km along

Figure 6. The root mean square (rms) misfit for the first-arrival
travel-time tomography as a function of iteration number, for
which the red, blue, and green lines show the arrays of MX1,
MX2, and MX3, respectively. The initial and final rms values are
also shown. The color version of this figure is available only in the
electronic edition.
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the Chenghai fault, which was interpreted as a result of
fault-controlled sediment deposit (Yang et al., 2020; Zhang
et al., 2023).

The ANHF was an active fault with both sinistral strike-slip
and thrust components. It had an estimated average slip rate of
5.5 mm/a in our study region (Cheng et al., 2010). There have
been a number of moderate-to-large magnitude earthquakes
that occurred along the ANHF. For instance, surface rupture
caused by the 1536M 7.5 earthquake was found to the north of
our array MX1 (Fig. 1b). Moreover, another surface rupture
caused by the 1805 M 7.5 earthquake was discovered near array
MX3 (Fig. 1b). Such large earthquakes should no doubt have
contributed to the generation of the LVZs beneath the ANHF.
However, the LVZs beneath the ANHF were more than 1 km
wide and may not be formed only by historical earthquakes.
Indeed, the ANHF in the region was the controlling factor
of Anning River Valley basin, which was formed during middle
and late Pleistocene (Zhang et al., 2004). There were two major

FZs in the region, and quaternary deposits were abundant
around them (Fig. 1c). As a result, we interpreted the LVZs
beneath the ANHF fault branches to be the composite of
the ANHF-controlled sediments and the FDZ.

The velocity values of LVZs (i.e., LVZs 1-3 and 2-4) that
were located at the most eastern end of the velocity profile were
similar to those found beneath fault traces. Their formation
may be related to the slip and sediment accumulation of a hid-
den strike-slip fault, which was named Fp here. The Anning
River was a large river with an average width of 73 m and abun-
dant water all year round. Throughout history, the continuous

Figure 7. Comparison between the observed first arrivals (red
lines) and the synthetic first arrivals (blue lines) that are computed
by the tomographic velocity models. Panels (a), (b), and (c) display
the first arrivals from arrays MX1, MX2, and MX3, respectively.
The color version of this figure is available only in the electronic
edition.
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movement of river channels and sediment transport could
have resulted in deposits hundreds of meters wide and extend-
ing to hundreds of meters in depth. Therefore, the LVZ devel-
oped along the Anning River may be a reflection of the fluvial
scouring and aggrading of the riverbed.

The present shallow LVZ structure in the Anning River
Valley was concluded in Figure 10. The fluvial deposition LVZ
with a range of ∼400–1000 m in width and ∼140–200 m in
depth was discovered beneath the Anning River. The LVZs dis-
tributed beneath the two fault branches were composed of
fault-controlled sediment deposits and FDZs. These LVZs were
∼1000–1500 m wide and ∼300–400 m deep. In addition, a
small LVZ existed on the east side of the Fe, which could
be associated with sediment deposits controlled by a small, hid-
den strike-slip fault. This LVZ was measured ∼500–700 m in

width and ∼200 m in depth.
Based on the shallow fine
structure obtained by ambient
noise tomography using an
array with larger aperture,
Luo et al. (2023) inferred that
the dip angle of the ANHF
zone is ∼68° eastward. Our
rather shallow structure from
the dense small-aperture arrays
prevents us from estimating
the dip angle in depth.
Additional information, such
as high-resolution earthquake
locations, could help better
constrain the fault geometry
at depth.

Prospective of the
methane detonation
source in imaging the
depth of the LVZs
There were different perspec-
tives on the depth of the
LVZ. At first, across-fault
arrays were usually distributed
over small apertures (1–2 km)
in earlier studies. By studying
the trapped waves acquired
by such observation system,
some scholars concluded that
the depth of the LVZ can reach
the base of the seismogenic
zone (Li and Vernon, 2001).
With the increase in the num-
ber of seismometers and the
distribution aperture, finer
subsurface structures can be

obtained using different geophysical methods (Ben-Zion et al.,
2015; Yang et al., 2020; Jiang et al., 2021; Song and Yang, 2022).
These high-resolution imaging results showed that the LVZs
were usually a few kilometers under the surface.

With the help of methane detonation sources, three linear
dense arrays with apertures of ∼8–9 km across the ANHF can
greatly assist us in constraining the width and depth of the
LVZs. However, first-arrival tomography cannot recover the
underground velocity structure deeper than 500 m, as shown
in this study. To resolve the subsurface structure at greater
depths, we may conduct reflection tomography (Woodward
et al., 2008) on the acquired data in future work.

We knew that increasing the length of the dense array
would improve our ability to visualize the depth of the
LVZs. Nevertheless, due to the limitations of the working

Figure 8. The distribution of seven local earthquakes (red dots) that were used in the site amplification
tests. The white dots denote earthquakes with magnitudes greater than 1 since 2018 (data were
obtained from the Sichuan Earthquake Administration). The cyan triangles show the location of the
three dense linear arrays. The color version of this figure is available only in the electronic edition.
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environment (i.e., mountains and urban areas), lengthening
the dense array was sometimes challenging. According to
the source–receiver reciprocity (Betti, 1872), seismic data from
deeper layers can be obtained by increasing the number and
coverage of sources rather than increasing the length of dense
arrays. Theoretical wave propagation path analysis also showed
that increasing the number and coverage of seismic sources can
improve imaging depth significantly (Fig. S5). In addition,
the imaging depth increased with source coverage length. The
emergence of methane detonation sources, which have the
characteristics of being pollution-free, high-construction
efficiency, and low cost, made it possible to investigate the
depth of LVZs using a large number of sources.

The influence of LVZs on future seismic hazard
Many studies demonstrated that a large earthquake is likely to
strike the Mianning–Xichang segment of the ANHF in the near
future (Wen, Fan, et al., 2008; Wen, Ma, et al., 2008; Ran et al.,
2008). Based on the cumulative seismic moment, Wen, Fan,
et al. (2008) estimated the maximum magnitude of the poten-
tial earthquake in the Mianning–Xichang segment to be 7.4. By

conducting dynamic rupture
simulations, Yao and Yang
(2022) predicted the moment
magnitude to be 6.9–7.3 in the
ANHF, depending on where
the rupture nucleated.

Our imaging results showed
a large velocity difference
between the LVZs beneath the
fault traces and the surrounding
rocks. When the seismic wave
propagates through the LVZs,
strong reflections and multiple
reflections between the intact
rock and the LVZs will be gen-
erated. As a result, the rupture
velocity can oscillate as a result
of the reflected waves, resulting
in multiple slip pulses and
significant ground damage
(Huang and Ampuero, 2011).
In addition, these densely dis-
tributed LVZs may greatly pro-
mote surface rupture and slip of
the ANHF, as well as amplifying
the groundmotion (Weng et al.,
2016; Song and Yang, 2022; Yao
and Yang, 2023). Considering
the large population living in
the the Anning River Valley,
the risks of future strong earth-
quakes and LVZ-amplified

ground motions must be taken into account in assessing seismic
hazard in the region.

Conclusions
We acquired three seismic datasets using 28 methane detonation
sources and three linear dense arrays deployed across the ANHF
in Sichuan, China. Using the first arrivals of these three datasets
for tomographic imaging, three high-resolution shallow P-wave
velocity models within a depth of ∼500 m were obtained. The
three tomographic imaging results revealed LVZs with a depth
of∼300–400 m, a width of∼1000–1500 m, and a velocity reduc-
tion of at least 31% beneath the mapped surface fault traces. We
interpreted the LVZs as a combined result of FDZs produced by
historical earthquakes and sedimentation processes controlled
by the ANHF. In the Anning River Valley, where agriculture
was developed and the population was large, the newly discov-
ered wide LVZs can be used as an important basis for future
earthquake risk assessment, because they may play critical roles
in rupture propagation and amplify the ground motion during
future earthquakes. Furthermore, our experiments demon-
strated that the environmentally friendly methane detonation

Figure 9. The vertical component aligned with the first P-wave arrival from a local earthquake. Panels
(a) and (b) show the field data without and with denoising, respectively. Note that this field data are
acquired by array MX1. The color version of this figure is available only in the electronic edition.
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source and linear dense arrays were effective for imaging shallow
crustal structures in complex environments such as cities and
mountains.

Data and Resources
The acquired raw data, picked P-wave first-arrival times, and tomo-
graphic results are available at https://figshare.com/s/3066cd7db
34cbe32fa60 (last accessed August 2023). Details of the shot locations
and timing, initial models, checkerboard tests and results can be found
in the supplemental material.
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