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Abstract

The fine structure of the fault zone and the surrounding area is the basis for under-
standing the process of earthquake nucleation and rupture propagation. To obtain
the high-resolution structure of the Chenghai fault (CHF) and the nearby basins, we
deployed two dense arrays and excited eight methane sources across the fault from
October to November 2020. Based on the 611 P-wave travel times, we obtained the
shallow velocity structure beneath the arrays using the simul2000 travel-time inversion
program, and the results are as follows: (1) the shallow velocity structure beneath the
CHF is very complex, with obvious velocity contrasts on both the sides of the regional
fault; (2) low-velocity zones (LVZs) beneath the CHF show clear along-strike variations.
The LVZs extend to ~ 500 m in depth with widths of ~2 km and ~ 5 km beneath the
Qina and Pianjiao arrays, respectively, which are consistent with the Quaternary sedi-
ments, and the velocity contrasts along the interface of the LVZ can reach 20%-50%;
and (3) the distribution of shallow surface tectonic geomorphology is mainly controlled
by regional fault activities that are formed under the combined action of regional near-
east-west stretching and clockwise rotation of microblocks. Our results can help
improve cognition and seismic hazard assessment for potential earthquakes on the
CHF, as well as lay the foundation for understanding the seismic wave velocity variation
mechanism in the fault zone.

Cite this article as Zhang, Y., H. Yang,
W. Yang, W. Wang, and X. Ma (2023).
Along-Strike Variation in the Shallow
Velocity Structure beneath the Chenghai
Fault Zone, Yunnan, China, Constrained
from Methane Sources and Dense Arrays,
Seismol. Res. Lett. XX, 1-18, doi: 10.1785/
0220230034.

Introduction (e.g., Peng et al, 2003; Lewis and Ben-Zion, 2010; Yang

A fault zone is formed by the action of tectonic stress on differ-
ent blocks, which is characterized by complex lithology, devel-
oped fissures, and damaged rocks (Evans and Chester, 1995;
Ben-Zion and Sammis, 2003; Manighetti et al, 2004; Li
et al., 2013; Goebel et al., 2015; Choi et al., 2016). The fault
zone usually includes a low-velocity zone (LVZ) on the order
of 100 m width (Yang, 2015), which can have significant
impacts on the stress accumulation and release, as well as
earthquake nucleation, deformation processes, and rupture
propagation (Barr and Houseman, 1992; Chester et al., 1993;
Ampuero et al., 2002; Wilson et al., 2003; Manighetti et al.,
2007, 2009; Huang and Ampuero, 2011; Choi et al., 2012;
Li and Ghosh, 2016; Perrin et al., 2016; Meng and Fan,
2021). The LVZ properties (e.g., width and depth extent) also
have a significant impact on the earthquake size (Weng et al.,
2016) and amplify ground motion (Kurzon et al., 2014; Song
and Yang, 2022; Rosset et al., 2022). Furthermore, the LVZ
may not be uniform along a fault, and along-strike variations
in LVZ properties have been revealed in different regions
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et al., 2014; Zigone et al., 2019; Shao et al., 2022). For example,
prominent LVZs of 200 m width were observed only in three
out of five dense across-fault arrays beneath the San Jacinto
fault in California (Yang et al., 2014), showing a clear
along-strike variation. Such along-strike variation in LVZs
may have significant impacts on rupture propagation and site
response. Therefore, high-resolution structures beneath the
fault zone are critical for understanding the earthquake physics
and estimating seismic hazards.

In the recent years, numerous studies have been conducted
to image the fault zones using various methods based on the
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dense across-fault arrays, such as analysis of body-wave travel
times from local and teleseismic earthquakes (Li et al., 2007;
Yang and Zhu, 2010; Qin et al., 2018, 2021; Huang et al., 2020;
Yang et al., 2020; Qiu, Ben-Zion, Catchings, et al., 2021; Share
et al., 2022; Zhang et al., 2022), observations and modeling of
fault zone head waves, diffracted waves, trapped waves, and
reflected waves (Li et al,, 1990; Ben-Zion and Malin, 1991;
Peng et al.,, 2003; Fohrmann et al., 2004; Lewis et al., 2005,
2007; McGuire and Ben-Zion, 2005; Cochran et al, 2009;
Yang and Zhu, 2010; Hillers et al, 2014; Yang et al, 2015;
Qin et al., 2018; Qiu, Ben-Zion, Catchings, et al., 2021), travel
time and ambient noise tomography (Lin et al., 2013; Allam
et al., 2014; Hillers et al., 2014; Taylor et al, 2019; Zhang
et al., 2019; Zigone et al., 2019; Yang et al, 2020; Qiu, Niu,
and Qin, 2021; Rost et al., 2021), teleseismic receiver functions
(Kahraman et al., 2015; Jiang et al., 2021), the spectral ratio
from P/S waves of local and teleseismic earthquakes (Song
and Yang, 2022), and the horizontal-to-vertical spectral ratio
of both earthquake waveforms and noise (Huang et al., 2020;
She et al., 2022; Chen et al., 2023). However, accurately con-
straining the depth extent of the LVZ remains difficult. For
example, in a study of the high-resolution structure of the
Chenghai fault (CHF) in Yunnan, southwestern China, LVZ
depth inverted from ambient noise tomography was overesti-
mated, as shown in the overprediction of the teleseismic S
arrivals (Yang et al., 2020). Then, Jiang et al. (2021) obtained
the P-wave velocity structure and a shallower LVZ depth using
teleseismic receiver functions. Although the model can better
fit the observed across-array delay times, they had to simplify
the multilayered model to be one layer over a half-space, result-
ing in an average S-wave velocity. Furthermore, spectral ratio
methods are only sensitive to width but not absolute depth
(Song and Yang, 2022; She et al, 2022). In addition, short-
period dense arrays sit in the field for about 1-2 months, and
depending on the background seismicity rate and data quality,
there may not be sufficient good-quality seismic phases such as
fault zone head waves, trapped waves, and reflected waves.
Therefore, additional methods such as artificial sources could
address the aforementioned problems.

An artificial source can be actively controlled in space and
time according to the research requirements, and may be
excited in high frequency to generate clear reflection and
refraction phases. With the increasing limitations on the usage
of explosives, many attempts have been made on electronic
sparkers, hammering, vibroseis, airgun, methane source, and
so on, to find an appropriate seismic source (Wang et al,
2012, 2016; Chen et al, 2017; Zhang, Wang, Lin, et al,
2020; Zhang, Wang, Xu, et al., 2020). In 2011, the world’s first
fixed airgun signal transmission station was established near
the CHF in Binchuan, Yunnan, to understand the process
of earthquake nucleation, and provide effective means for
exploring the subsurface structure and monitoring the velocity
variation (Wang et al., 2012, 2020; Zhang et al., 2017; Liu et al.,
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2021; Luan et al., 2022, 2023). However, airgun source depends
on water bodies, making it inconvenient for exploring the fine
structure of the fault zone. Other active sources have their
limitations too. For instance, the propagation distance of the
signal excited by electronic sparkers and hammering is short
(Zhang, Wang, Lin, et al., 2020), and the vibroseis is inconven-
ient to use in the junction of mountains and basins. Recently, a
new type of artificial source (the methane source) has been
proven to be environment friendly, efficient, safe, and eco-
nomical. It produces seismic waves by rapidly releasing
high-pressure air in borehole by igniting oxygen and methane
with the reaction products of carbon dioxide and water, and
can be applied to various complex terrains to detect small-scale
subsurface structures, particularly in cities and fault zones
(Wang et al, 2019; Zhang, Wang, Lin, et al, 2020; Xu
et al, 2021; Shao et al, 2022). Therefore, combining a
short-period dense array with the methane source enables
us to conduct high-resolution imaging of shallow structures,
with a short observation time.

In this study, we deploy two dense arrays across the central
section of the CHF in the Binchuan and Qina basins of Yunnan,
southwestern China (Fig. 1). Our study region is located in the
northwestern Yunnan rift zone (NYRZ), which is near an arc-
shaped turning point in the southeast of the Tethys-Himalayan
tectonic domain. This region has been very active in the crustal
movement because of the India—Eurasia collision, resulting in the
formation of many rift basins in different scales, such as the
Binchuan and Qina basins (Huang et al, 2014; Luo et al,
2015). These rift basins are populated areas, and the sedimentary
layer can amplify seismic waves and significantly increase the
earthquake damage (Kawase, 1996; Denolle et al., 2014; Song
and Yang, 2022). The CHF is a north-south-trending fault with
both normal and left-lateral strike-slip motion (Huang et al,
2014, 2018). Historically, large earthquakes with M > 7.0 have
occurred at both the north and south ends, but no earthquake
of magnitude 6.0 or greater has occurred in the central and
southern sections in the past 200 yr (Luo et al, 2015).
Therefore, it has been considered a seismic gap.

So far, only one dense array has been deployed in the
Zhoucheng sedimentary center across the southern side of
the CHF (Yang et al., 2020, 2021; Jiang et al, 2021; She
et al., 2022; Song and Yang, 2022). Apparently, it cannot con-
firm whether there are along-strike variations. Furthermore,
the depth extent of the LVZ using the passive source method
is still controversial (Yang et al., 2020; Jiang et al., 2021; She
et al., 2022). Therefore, we deployed two additional dense
across-fault arrays and conducted the methane source excita-
tion experiment in the CHF from October to November 2020
(Fig. 1). In this study, we first describe the tectonic setting,
dense array layout, and methane source excitation informa-
tion. Then, we analyze the spectrum distribution of the meth-
ane source and pick up the first-arrival P waves. Finally, we
perform high-resolution imaging using the simul2000 program
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Figure 1. (a) Earthquakes (cyan dots, M > 4; and pink stars, M > 6)
since 1970 (Dai and An, 2020) and faults in the study region. The
focal mechanism plots show moment tensor solutions from the
Global Centroid Moment Tensor (Global CMT) database. The
blue star represents the airgun source in Binchuan. The green and
purple dots in the inset figure represent the locations of tele-
seismic earthquakes with magnitudes larger than 5 during our
dense array deployment. Waveforms of one earthquake (purple
dot) are shown in Figure 9. (b) A zoom-in map showing the
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Chenghai fault and our line 1 and line 2 dense arrays (black
triangles), in addition to the previous one (purple triangles, Yang
et al., 2020). The black lines represent the main faults (Deng
et al., 2003; Huang et al., 2014, 2018, 2021; Luo et al., 2015).
F1, Zhoucheng-Qingshui fault; F2-1, Qina fault; F2-2, linjiang
fault; F3-1 Shangcang-Yupeng fault; F3-2, Hequ-Shangying
fault; F3-3, Hequ-Binju fault; and F3-4, Binchuan fault. (c,d) A
further zoom-in view of the array geometries and methane
source locations (red stars).
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TABLE 1

Excitation Information of Methane Source in the Chenghai Fault

Well

Depth
Shot Wellhead Location (Relative to Sea Level) (m)
L1.51 100.60875079° E, 26.31412279° N, 1359.68 m 9.2
L1.52 100.61983091° E, 26.31864145° N, 1384.61 m 4
L1.S3 100.62609522° E, 26.32139243° N, 1404.46 m 4
L1.54 100.63797829° E, 26.32707944° N, 1456.65 m 8.6
L2.51 100.54272160° E, 26.00251279° N, 1294.70 m 7
L2.52 100.55614239° E, 26.00540796° N, 1377.90 m 8.6
L2.53 100.57173303° E, 26.00714131° N, 1431.38 m 8.5
L2.54 100.59447724° E, 26.01070401° N, 1523.51 m 10

Injection Excitation Time

Pressure (in Local Time, UTC + 8)

(MPa) (yyyy/mm/dd hh:mm:ss) Lithology
7.5 2020/11/05 03:16:55 Sandstone
7.5 2020/11/05 04:11:44 Sandstone
6 2020/11/05 05:51:58 Sandstone
7.5 2020/11/05 05:04:38 Sandstone
7.5 2020/11/05 23:10:11 Sandstone
7.5 2020/11/05 00:26:25 Sandstone
7.5 2020/11/05 01:16:40 Sandstone
7.5 2020/11/05 02:02:44 Sandstone

(Evans et al., 1994) along different segments of the CHF. Our
results reveal that the velocity contrast and depth extent vary
along the CHF.

Tectonic Setting and Dense Array Data
Tectonic setting

The CHF is a complex fault zone with a total length of
~200 km in the NYRZ and has developed multiple sets of fault
segments with different strikes and activities, including north-
south trending, northeast-southwest trending, and northwest-
southeast trending (Fig. 1). The fault starts from the Jinguan
basin in the north and presents a northwest-southeast trend,
then turns into the north—south direction through Chenghai
lake. It continues south, into the Binchuan basin and intersects
with the Red River fault (Huang et al., 2014). Many strong
earthquakes have occurred in this region, such as the 1515
M?7°/, Yongsheng earthquake and the 2001 M, 6.0 Yongsheng
earthquake (Fan et al., 2006; Luo et al., 2015).

The CHF can be divided into six segments from north to
south based on the difference in geometry and activity
(Huang et al, 2014, 2018, 2021; Luo et al, 2015), including
the Yongsheng-Jinguan segment, Chenghai segment, Qina
segment, Binchuan segment, Maolipo segment, and Midu seg-
ment (Fig. 1). In the Qina segment, the Qina fault (F2-1) in the
north branch and the Jinjiang fault (F2-2) in the south consti-
tute the boundary of the Qina basin (a pull-apart rift basin),
and both are dominated by left-lateral strike-slip with signifi-
cant vertical activity. In the Binchuan segment, the Shangcang-
Yupeng fault (F3-1) on the west boundary and the Binchuan
fault (F3-4) on the east side formed a half-moon-shaped rift
basin with both extensional and strike-slip properties.

Dense array
Studies have shown that fault zones with complex structures,

particularly at the junction of two disconnected faults, are often
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areas with a high incidence of strong earthquakes (Huang et al.,
2014). Therefore, we select the Qina basin to deploy the line 1
dense array (also known as the Qina array), at the intersection
of the Zhoucheng-Qingshui fault (F1), Qina fault (F2-1), and
Jinjiang fault (F2-2).

A dense array (Yang et al., 2020) has already been deployed
on the southern side of the Binchuan basin (also known as the
Zhoucheng array), located in the Zhoucheng Deposition
Center (Fig. 1b). Considering the geological and geomorpho-
logical characteristics of the Binchuan basin, and the CHF, we
select the roughly middle part of the Zhoucheng and Qina
arrays to deploy the line 2 dense array (also known as the
Pianjiao array), crossing the Shangcang-Yupeng fault (F3-1),
Hequ-Shangying fault (F3-2), Hequ-Binju fault (F3-3), and
Binchuan fault (F3-4).

The line 1 and line 2 dense arrays, respectively, consist of 80
and 120 Z-Land short-period three-component nodal seismo-
graphs (black triangles in Fig. 1), with a sampling rate of 500
points per second. The average station spacing is 50-100 m,
and the instruments sit in the field for 35 days—from 26
October to 29 November.

Methane source
During the deployment of the dense array, a total of eight
methane sources are excited along the two linear arrays (red
stars in Fig. 1). The methane sources were buried in drill holes
with depths of 4-10 m (Table 1), and can excite seismic waves
by igniting oxygen and combustible gases (such as hydrogen,
methane, etc.) with the reaction products of carbon dioxide
and water (Wang et al., 2019; Zhang, Wang, Lin, et al., 2020;
Xu et al., 2021; Shao et al., 2022).

The recent studies have shown that the seismic performance
of methane sources varies under different excitation environ-
ments (Xu et al., 2021). For example, the excitation energy is
positively correlated with the injection pressure, but excessive
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pressure can cause the seismic source device to directly spray
out of the wellhead, posing a safety hazard. The excitation well
depth should be increased as much as possible, and the
excitation effect is better below the bedrock or water table.
In addition, waveform recordings obtained during nighttime
excitation usually have a higher signal-to-noise ratio (SNR).
The energy difference of seismic signals excited under different
environments could be large, but the frequency range is sim-
ilar. For this experiment, the excitation location (relative to sea
level), excitation time (local time in Beijing, China, UTC + 8),
well depth, and injection pressure of the methane source are
listed in Table 1. Z-Land seismometers were also deployed near
each wellhead to record and verify the source information (e.g.,
the excitation time).

Data Analysis
Spectrum analysis of the methane source

To facilitate data processing, we first construct the original data
into a unified Seismic Analysis Code (SAC) format database.
Then, we obtain the three-component waveforms of the eight
methane sources at each station according to the excitation
time (=10 to 20 s).

Existing studies show that the dominant frequency of the
methane source signal is 10-80 Hz (Wang et al, 2019;
Zhang, Wang, Lin, et al., 2020). To obtain the waveform char-
acteristics of the methane source in this study, we perform
spectrum analysis on raw waveforms with different epicentral
distances (Fig. 2). The spectrum characteristics show that the
signal of the methane source is mainly distributed below 25 Hz,
Volume XX« Number XX
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Figure 2. Raw waveforms of vertical components (a,c,e,g) and
their spectrum (b,d,f,h) at different epicentral distances for the
L2.S1 shot recorded on the line 2 array.

because the excitation location is located at the basin, and the
seismic wave mainly retains the low-frequency components
during propagation. Therefore, we apply a band-pass filter
of 1-25 Hz to the waveform for further processing.

Phase picking
We manually pick P-wave arrivals from raw waveforms using
the SAC software and then double-check the phases on the fil-
tered data (1-25 Hz; Figs. 3 and 4). In total, 266 and 345 distinct
P-wave phases are picked on line 1 and line 2, respectively.
As shown in Figures 3 and 4, signals from a single excitation
have clear waveform records at a distance of more than 6 km.
Taking the L2.S1 shot (Fig. 4a) as an example, the SNR of the
methane signal is very high across the entire dense array. P and
S waves overlap at small epicentral distances (<1.5 km);
otherwise, the surface-wave signals are distinct. The amplitude
of § waves becomes significantly higher than that of the P wave
after crossing the basin (epicenter distance >1.5 km; Fig. 4a).
When the epicentral distance exceeds 4 km, the waveform
record becomes more complicated, with multiple groups of
coherent phases (red dotted line in Fig. 4a) indicating the
velocity variation at depths. Considering the relatively high
precision and accuracy of P-wave phase picking, we perform
tomographic studies on P-wave travel times in this study.
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Initial velocity model

We first invert the optimal 1D initial velocity model using the
VELEST package (Kissling et al., 1994; Kissling, 1995), which
has been widely used to build initial models for 2D and 3D
velocity inversion (e.g., Matrullo et al., 2013; Zhang, Wang,
Lin, et al., 2020; Zhang, Wang, Xu, et al., 2020).

By setting the vertical grids to 0.25 km, and varying the
velocity (2.4-5.2 km/s) and gradient values at 1.5 km altitude,
a total of 35 initial 1D velocity models are obtained as
VELEST input models (gray lines in Fig. 5a and the specific
velocity values are shown in Table 2). The inverted velocity
models show similar distribution trends after 20 iterations of
all 611 P-wave phases using different initial models (black
line in Fig. 5a). We then average the black lines again as
the VELEST input model to obtain a new velocity result,

6 Seismological Research Letters

Figure 3. Vertical-component waveforms for the four shots (a—d)
recorded on the line 1 array (filtered to 1-25 Hz). Each waveform
is normalized according to its maximum amplitude. The green
dots represent the picked P-wave phases.

and this model is finally interpolated as the final initial veloc-
ity model (Fig. 5¢).

Velocity Structure Inversion beneath
the Dense Array

Inversion method of body-wave tomography

In this study, the simul2000 program (Evans et al., 1994) is
used for velocity inversion, which is widely applied in
small-scale structural imaging studies (e.g., Thurber, 1983,
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1993; Thurber and Eberhart-Phillips, 1999; Lin et al., 2014;
Zhang, Wang, Lin, et al., 2020; Zhang et al., 2021).

The main principles of body-wave travel-time tomography
used in the simul2000 program are as follows:

ri = 0 — £ (1)
oT?, oTh  oT% L oT.

P=—JAx+—2Ay+—TLAz+ At —2Am!, (2

M= A5 dy yrg AT T’+;8mf g @

in which t?ibs, tfjalc, and T; are the observed P-wave travel time,
calculated travel time, and travel time from event i to station j,

Volume XX « Number XX « —2023 « www.srl-online.org

Figure 4. Vertical-component waveforms for the four shots (a—d)
recorded on the line 2 array (filtered to 1-25 Hz). Each waveform
is normalized according to its maximum amplitude. The green
dots represent the picked P waves, and the red dotted lines
represent the multiple groups of coherent phases.

respectively. The rf;- is the P-wave arrival-time residual. 7; and
(%, y, z) are the origin time and location of the earthquake,
respectively. m! is the P-wave velocity of the Ith grid, and
A denotes the perturbation from its initial value. The
simul2000 program adopts the damped least-squares method
to invert the velocity perturbations, and the effect of topogra-
phy (e.g., station elevation) is considered when doing ray
tracing (Evans et al., 1994; Lin et al, 2014).
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Figure 5. Optimal initial velocity model inverted from the VELEST
package. (a) Starting input models (gray lines and the specific
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average velocity (blue line) of the black lines and the corre-
sponding inverted model (red line) after the VELEST. (c) The final
1D initial velocity model (green line) used for tomography.

Optimal selection of inversion parameters
When using simul2000 for velocity inversion, the initial 1D
velocity model is derived from the VELEST result (green line
in Fig. 5). The origins of line 1 and line 2 are set near the L1.042
station (near the center of line 1) and L2.E035 station (near the
east center of line 2), respectively. Considering the length and
station spacing of the dense array, horizontal grids are finally
set to 0.3 km x 0.3 km and 0.5 km X 0.5 km for line 1 and line 2
respectively. Vertical grids are both set to 0.25 km (Fig. 6).
Damping parameters are important in the inversion, and
are usually selected through a tradeoff analysis between data
misfit and model variance by searching various damping val-
ues (Lin et al., 2014; Zhang, Wang, Lin, et al., 2020; Zhang,
Wang, Xu, 2020; Zhang et al., 2021). We only invert the veloc-
ity model because the methane source has an accurate excita-
tion time and location. Using the first-arrival P-wave phases
picked up on line 1 and line 2, we explore a wide range of
damping values (1-9000) to obtain the relationship between
model variance and data misfit (Fig. 6). The damping param-
eters of Vp for line 1 and line 2 are set to 15 and 60, respec-
tively, based on the L-curve distribution.

Resolution test and velocity inversion result

The tomographic inversion is converged after 9 and 16 itera-
tions for line 1 and line 2, respectively. In addition, the root
mean square of the travel-time residual is reduced by 66%
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and 69% from 0.080 and 0.154 s to 0.027 and 0.048 s, respec-
tively. Before the inversion, the P-wave travel-time residuals
are mainly distributed in —0.2 to 0.4 s, whereas the residuals
show a Gaussian distribution within —0.1 to 0.1 s centered at
0 s after the inversion (Fig. 7).

Checkerboard resolution test is also performed to evaluate
the model quality. The excitation locations, source-receiver
pairs, grid points, and inversion parameters are all kept the same
as for real data inversion. Synthetic travel times are computed
using the 1D initial model (green line in Fig. 5) with alternative
+5% velocity perturbations across two adjacent grid nodes. The
P-wave velocity structure and checkerboard results beneath the
line 1 and line 2 dense arrays are shown in Figure 8, respectively.
Except for the relatively poor ray distribution on the west side of
line 2 due to the lack of methane source (not drawn in the
article), the P-wave velocity structure has a good resolution
in the study area from 0 to 1.5 km at depth.

Distinct LVZs are observed beneath both the line 1 and line
2 dense arrays, and appear to be mainly controlled by regional
fault zones (Fig. 8). Located at the boundary of LVZs, the Qina
fault (F2-1), Jinjiang fault (F2-2), and Binchuan fault (F3-4)
have significant velocity contrasts in both the sides, which
can reach 0.5-2 km/s. Inside the LVZs, velocity differences also
exist, such as low-high-low velocity distribution with slight
variation beneath the Hequ-Binju fault (F3-3).

Yang et al. (2020) used an S-wave velocity of 1.2 km/s from
ambient noise tomography result to constrain the width and
depth of the LVZ beneath the Zhoucheng dense array on
the southern side of the Binchuan basin (Fig. 1b), and Jiang
et al. (2021) revealed that the average Vp/ Vs beneath this array
is 2.12 using a newly developed receiver function inversion
technique. Similar to Yang et al. (2020), we used 2.5 km/s to
delineate the range of the P-wave LVZ. Beneath the line 1
(Qina array), the average P-wave velocity inside the LVZ is
~2.0 km/s, and the average velocities on the southwest and
northeast sides are ~4 and ~3 km/s with ~50% and ~33%
reduction, respectively (Fig. 8a). The velocity beneath the line
2 (Pianjiao array) is also faster on the southwestern side of the
LVZ than that on the northeast. Within the LVZ, Vp is
~2.0 km/s, whereas the average velocities of the P wave on the
southwestern and northeastern sides of the LVZ are ~3.0 and
~2.5 km/s with ~33% and ~20% reduction, respectively
(Fig. 8c). In addition, the LVZ width beneath the Qina and
Pianjiao arrays is ~2.0 and ~5.0 km, respectively, and both
the depths extend to ~500 m (Fig. 8a,c).

Based on the previous research on the Zhoucheng array,
Yang et al. (2020) found that the Vg is ~600 m/s within
the LVZ, with ~60% and ~40% reductions compared to the
northwestern and southeastern sides of the LVZ, and the
LVZ is 3.4 km in width and can extend to ~1.5 km in depth.
Jiang et al. (2021) and She et al. (2022) show that the LVZ
extends to ~1.1 and ~1.0 km in depth using receiver functions
and spectral ratio methods, respectively. The depth extents of
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TABLE 2
Specific Velocity Values for VELEST Input Models

Depth (km) 1.50 1.25 1.00 0.75 0.50 025 0.00

Model 1 450 460 470 480 490 5.00 5.10
Model 2 470 480 490 5.00 5.10 5.20 5.30
Model 3 4.90 5.00 5.10 5.20 5.30 5.40 5.50
Model 4 3.20 3.40 3.60 3.80 400 420 4.40
Model 5 3.40 3.60 3.80 4.00 420 440 4.60
Model 6 400 420 440 460 4.80 5.00 5.20
Model 7 420 440 460 4.80 5.00 5.20 5.40
Model 8 440 460 480 5.00 5.20 5.40 5.60
Model 9 460 4.80 5.00 5.20 5.40 5.60 5.80

Model 10 4.80 5.00 5.20 5.40 5.60 5.80 6.00
Model 11 5.00 5.20 5.40 5.60 5.80 6.00 6.20
Model 12 3.50 3.80 4.10 440 470 5.00 530
Model 13 370 400 430 460 490 5.20 5.50
Model 14 390 420 450 4.80 5.10 5.40 5.70
Model 15 410 440 470 5.00 5.30 5.60 5.90
Model 16 430 460 490 5.20 5.50 5.80 6.10
Model 17 450 4.80 5.10 5.40 5.70 6.00 6.30
Model 18 4.70 5.00 5.30 5.60 5.90 6.20 6.50

Depth (km) 1.50 1.25 1.00 0.75 0.50 0.25 0.00
Model 19 4.90 5.20 5.50 5.80 6.10 6.40 6.70
Model 20 5.10 5.40 5.70 6.00 6.30 6.60 6.90
Model 21 2.40 2.80 3.20 360 400 440 4.80
Model 22 2.60 3.00 3.40 380 420 460 5.00
Model 23 2.80 3.20 360 400 440 4.80 5.20
Model 24 3.00 3.40 380 420 460 5.00 5.40
Model 25 3.20 3.60 400 440 480 5.20 5.60
Model 26 3.40 3.80 420 460 5.00 5.40 5.80
Model 27 3.60 4.00 440 480 5.20 5.60 6.00
Model 28 3.80 4.20 4.60 5.00 5.40 5.80 6.20
Model 29 400 440 4.80 5.20 5.60 6.00 6.40
Model 30 420 460 5.00 5.40 5.80 6.20 6.60
Model 31 440 4.80 5.20 5.60 6.00 6.40 6.80
Model 32 4.60 5.00 5.40 5.80 6.20 6.60 7.00
Model 33 4.80 5.20 5.60 6.00 6.40 6.80 7.20
Model 34 5.00 5.40 5.80 6.20 6.60 7.00 7.40
Model 35 5.20 5.60 6.00 6.40 6.80 7.20 7.60

The depth is relative to sea level, and the unit of the model is km/s.

our images are shallower than that of the Zhoucheng array.
Generally, velocity images from the Qina, Pianjiao, and
Zhoucheng arrays reveal clear along-strike variations in LVZs
beneath the CHF in the Qina and Binchuan segments.

Discussion
Delay-time analyses of Binchuan airgun source
and teleseismic earthquake
As an active source similar to the methane source, the
Binchuan airgun source (blue star in Fig. 1b), consisting of four
2000 in® Bolt airguns, was established in 2011 at the Dayindian
reservoir and has been in operation for more than ten years by
means of fixed-point repeated excitation (Wang et al., 2012,
2020; Zhang et al., 2017; Luan et al., 2022). During the deploy-
ment of line 1 and line 2 dense arrays, intensive excitation (349
shots) was carried out. From stacked waveform of the airgun
source recorded on the line 2 dense array, we identify a zone of
travel-time delay that has a width of ~5.0 km (Fig. 9a). This is
consistent with the width obtained from body-wave tomogra-
phy using the methane source, providing independent
evidence of the shallow LVZ.

In addition to the airgun, we also conduct delay-time analy-
ses of teleseismic earthquakes following Yang et al. (2020).
Volume XX« Number XX
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Teleseismic waves can sample the structure beneath the array
with a nearly vertical incident angle, and thus the travel times
of P waves can be effective to reveal heterogeneous local struc-
ture (Cochran et al., 2009; Share et al., 2019; Yang et al., 2020,
2021). We filter the teleseismic waveforms from 0.05 to 1.5 Hz
and then manually pick all P-wave arrivals for 35 teleseismic
earthquakes (Fig. 1) with good SNR. The travel times of the
direct teleseismic P waves show clear variation across the array,
with an obvious delay in stations from —1 to 1 km in the profile
(Fig. 9b), which is completely consistent with the width
obtained from the body-wave tomography beneath the
line 1 dense array.

Overall, the body-wave tomography using the methane
source and delay-time analyses can both reflect heterogeneous
local structure beneath the dense arrays, and also depict the
similar width of the LVZ. However, high-resolution body-wave
tomography can also provide good constraints on the depth
and actual velocity structure of the LVZ.

Comparative analysis of geometric features in LVZ
The earth’s medium can produce stress accumulation and
deformation because of tectonic stress. The fault zone is a rel-
atively brittle area in the earth’s medium, with a low-velocity
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distribution, which is more likely to conceive and produce
earthquakes. The width of fault damage zones is usually on
the order of 100 m (Li et al, 1994, 2002, 2007; Peng et al.,
2003; Chester et al., 2005; Sagy and Brodsky, 2009; Yang
and Zhu, 2010; Ujiie et al., 2013; Yang, 2015). For example,
the width of LVZ beneath the Lavik lake fault for the 1999
M,, 7.1 Hector earthquake was about 75-100 m (Li et al.,
2002), and the 1992 M, 7.3 Landers earthquake produced
the LVZ of ~300 m width (Peng et al, 2003; Li et al,
2007). Some studies also showed much wider damage zones.
For example, Cochran et al. (2009) obtained LVZs greater than
1 km in width on the Calico fault in California, which is located
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Figure 6. (a,b) Horizontal grid distribution and (c,d) selection of
damping parameters during inversion for line 1 and line 2,
respectively. Points A and B are the reference points for the
horizontal coordinate (distance) in Figure 8.

between the damage zones of the 1992 Landers and 1999
Hector earthquakes.

Several studies have also analyzed the velocity contrast
between the inner and outer sides of the LVZ. The results
of the fault zone trapped waves show that shear-wave velocities
in the LVZ can be reduced by up to 20%-50% relative to the
Volume XX« Number XX
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outside (Cochran et al., 2009). Measurements of differential
times and waveform modeling of head waves in the San
Andreas fault’s Bear Valley area also show a 20%-50% velocity
contrast of LVZ (McGuire and Ben-Zion, 2005). In addition to
the tens of percent velocity anomalies mentioned earlier, some
studies show that the difference is relatively small. For exam-
ple, Allam et al. (2014) and Yang et al. (2015) revealed a 3%-
8% and 5%-8% velocity contrast along the Hayward fault and
the 2010 M,, 6.9 Yushu earthquake ruptured zone, respectively,
through the analysis and arrival-time difference between the
head waves and direct P waves.

In the recent years, many studies have been conducted on
the depth of LVZs. However, it is still controversial whether it
extends to the base of the seismogenic zone or is only limited to
the shallow layer. For example, Li and Vernon (2001) showed
that the LVZ beneath the San Jacinto fault is as deep as 15-
20 km, whereas Lewis et al. (2005) estimated it to be only
3-5 km deep. With the development of large-aperture dense
arrays across faults, high-resolution imaging at Long Beach
and the San Jacinto fault showed that the depth of LVZ only
extends to the shallow part (Lin et al, 2013; Schmandt and
Clayton, 2013; Ben-Zion et al., 2015; Share et al., 2019).

Generally, seismic methods cannot distinguish whether the
velocity reduction across the fault is caused by shallow sedi-
ment, fault damage zones, or other influencing factors
(Yang et al., 2020). In our study area, the CHF has a complex
geological pattern and plays a significant role in controlling the
tectonic geomorphology, velocity structure, and basin deposi-
tion of the shallow surface. In addition, no major earthquake
has ever occurred in our dense array layout area (Fan et al,
Volume XX« Number XX
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Figure 7. Travel-time residuals before (using the 1D initial model)
and after (using the 3D model) tomographic inversion for the
(@) line 1 and (b) line 2, respectively.

2006; Luo et al., 2015; Huang et al, 2018, 2021). Yang et al.
(2020) used ambient noise tomography to obtain a distinct
~3.4 km wide and ~1.5 km depth LVZ (velocity reduced by
40%-60%) under the CHF beneath the Zhoucheng array,
and interpreted the LVZ as loose Binchuan basin sediments.
Therefore, we also interpreted the LVZ beneath the Qina
and Pianjiao arrays as the sedimentary material controlled
by the CHF, rather than the fault damaged zones that should
be on a smaller scale in width.

Relationship between velocity anomaly and
geomorphic distribution

The line 1 dense array was deployed along the Qina basin, where
Holocene fluvial facies and flood-basal facies, Pleistocene lacus-
trine and fluvial deposits in the basin interior, Permian basalt on
the west side of the basin, and Jurassic mudstone and sandstone
on the east side of the basin were found, forming a
high-low-high distribution trend of velocity anomalies (Fig. 8a).
According to the previous studies, the deepest sedimentary
thickness of the Qina basin can reach 700-800 m
(Institute of Geology, China Earthquake Administration and
Yunnan Earthquake Agency, 1990; Huang et al., 2021), which
is consistent with the distribution depth of low-velocity anoma-
lies obtained by our imaging result (Fig. 8a). Huang et al. (2018,
2021) showed that a water system dislocation phenomenon is
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related to Quaternary activities around the Qina basin, and the
cumulative left-lateral strike-slip displacement of the fault can
reach 5-6 km. Because of the azimuth of the array layout, the
width of the LVZ in this study is about 2 km.

The line 2 dense array is located in the Binchuan basin,
slightly north of the BB’ profile in Luo et al. (2015), and
the shallow velocity distribution is very consistent with the
Quaternary sediments (Fig. 8c). The Dongshan Mountain is
located on the east side of the Binchuan fault (F3-4), and it has
a lithology of sandstone and mudstone dated in Triassic and
Jurassic sandstone. The west side of the Hequ-Shangying fault
(F3-2) is composed of Triassic sandstone and mudstone, as
well as Permian basalt. These two areas above have relatively
high velocities. Between the Hequ-Binju fault (F3-3) and the
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Figure 8. (a,c) Results of the P-wave velocity structure and (b,

d) checkerboard resolution test beneath the line 1 (Qina) dense
array (0.3 km x 0.3 km x 0.25 km) and line 2 (Pianjiao) dense
array (0.5 km x 0.5 km x 0.25 km). The altitude of the vertical axis
is relative to sea level. The distance of the horizontal axis is the
relative distance along the line 1 and line 2 to point A and point B
in Figure 6, respectively. The black stars and gray dots represent
the location of methane sources and dense array, respectively.
The thick, solid line represents the contour line at 2.5 km/s to

delineate the range of the P-wave low-velocity zone (LVZ). F2-1,
Qina fault; F2-2, Jinjiang fault; F3-2, Hequ-Shangying fault; F3-3,
Hequ-Binju fault; and F3-4, Binchuan fault.
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Figure 9. P-wave delay-time analyses of Binchuan airgun source (a, blue star in Fig. 1) and one
teleseismic earthquake (b, purple dots in Fig. 1). The red dots represent the manually picked travel
times. The waveforms are uniformly normalized across the array. Y axis shows the length of the
array profile from southwest (SW) to northeast (NE). The blue shaded areas indicate the interpreted
LVZs according to travel-time delays and waveform changes.

Binchuan fault (F3-4), there are Holocene fluvial and flood-
based facies deposits showing a low-velocity anomaly. The area
between the Hequ-Shangying fault (F3-2) and the Hequ-Binju
fault (F3-3) is composed of Pleistocene lacustrine and fluvial
deposits. These two faults also sandwich the Sheshan
Formation block uplift, which is consistent with the low-
high-low velocity distribution trend below the fault zone. In
addition, several groups of imbricate-like small normal faults
are also developed in these Early Pleistocene Sheshan
Formation strata (Luo et al, 2015). The imaging results con-
tinue to show low velocity, because some Pleistocene lacustrine
and fluvial deposits still exist on the west side of the
Hequ-Shangying fault (F3-2). Generally, the LVZ beneath
line 2 gradually shallows on the west side and sharply decreases
on the east side (Fig. 8¢).
The line 2 dense array is mainly located in Pianjiao Street
(Fig. 1) on the north side of the Lijiao deposition center. In
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geomorphology, the Binchuan
fault (F3-4) affects the develop-
ment of the Dongshan high
mountains and multilevel pied-
mont large alluvial and prolu-
vial fans, and controls the
Lijiao  deposition  center
together with the Hequ-Binju
fault (F3-3) (Figs. 1 and 8c).
The existing study (Institute
of Geology, China Earthquake
Administration and Yunnan
Earthquake Agency, 1990; Luo
et al, 2015) shows that the
maximum sedimentary thick-
ness is about 500 m, which is
consistent with the distribution
depth of LVZ beneath line 2 in
this study. The width of the
LVZ beneath line 2 is about
5 km, which is slightly larger
than the 34 km wide LVZ
obtained by Yang et al
(2020), with a wider spread of
sediments.

Formation mechanism
and fault activity in the
Qina and Binchuan
basins

The distribution and shape
characteristics of the basins in
the NYRZ are related to the
properties of fault structures
(Huang et al, 2014). The
Qina basin is a long-axis near

north-south-trending diamond-shaped rift basin formed by
the tensile stress of a series of strike-slip faults, and the boundary
faults on the northwest and southwest sides of the basin are
small normal faults (Fig. 10a). The Binchuan basin is a
crescent-shaped and jagged rift basin controlled by the
Shangcang-Yupeng fault (F3-1) with obvious strike-slip proper-
ties on the west side and the Binchuan fault (F3-4) with obvious
normal fault properties on the east side (Fig. 10a).

The length-to-minor axis ratio (LMAX) of the basin can
reflect the intensity of fault activity. In addition, the height dif-
ference between the basin and the surrounding mountain
(HDBM) can indicate the intensity of the fault vertical activity
(Huang et al., 2014). The basin is more likely to develop along
the fault strike for the faults with strong activity, whereas the
basin is more likely to widen because of the external dynamic
action for the faults with weak activity. The LMAX and HDBM
of the Qina basin affected by the strike-slip pull-out extension
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Figure 10. (a) Fault distribution and (b) formation mechanism of the Qina and Binchuan basins. The
brownish areas represent the distribution range of Binchuan and Qina basins (Huang et al., 2014).
Panel (b) is modified from Wu et al. (2009). F2-1, Qina fault; F2-2, Jinjiang fault; F3-1, Shangcang-
Yupeng fault; F3-2, Hequ-Shangying fault; F3-3, Hequ-Binju fault; and F3-4, Binchuan fault.

as early as in the Middle
Pleistocene, and sedimentation
controlled by the normal fault
and the clockwise rotation of
the fault may occur simultane-
ously. In addition, the left-lat-

are 1.13 and 1441 m, whereas the LMAX and HDBM of the
Binchuan composite faulted basin controlled by both strike-
slip and normal faults are 1.91 and 1888 m, respectively
(Huang et al., 2014). Based on the dislocation of the water sys-
tem and the HDBM, Huang et al. (2018) obtained the fault
activity rate, and indicated that the vertical activity rate and
strike-slip activity rate of the Qina (F2-1) and Jinjiang faults
(F2-2) near the Qina basin are 0.41-0.45 mm/yr and 0.21-
0.66 mm/yr since 5.0 Ma, respectively. In addition, the vertical
activity rate of the northern segment of the Binchuan fault
(F3-4) on the eastern boundary of the Binchuan basin is
0.51 mm/yr, and the strike-slip activity rate of the Shangcang-
Yupeng fault (F3-1) on the western boundary is less than
0.36 mm/yr. In summary, the Quaternary activity of the CHF
has obvious segmentation and spatial differences. The activity
in the Binchuan basin is stronger than that in the Qina basin;
however, the overall horizontal strike-slip activity decreases
from north to south.

The active tectonic mechanism in the Qina and Binchuan
basins is closely related to the movement pattern of the NYRZ
(Wu et al.,, 2009; Cheng et al., 2012; Li et al., 2012; Luo et al.,
2015). The Zhongdian fault zone, Longpan-Qiachou fault zone,
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eral strike-slip action near the

Binchuan basin is superimposed
with the clockwise rotation action, forming a unique tectonic
stress model in the region. A series of secondary depositional
centers developed on the southcentral side of the basin, with
a gradual increase in the distance between the Shangcang-
Yupeng (F3-1) and Binchuan faults (F3-4) and the transition
of the F3-4 fault to the northeast direction.

Generally, complex active tectonic systems in the Qina and
Binchuan basins controlled by the CHF were formed under the
combined action of the regional near east-west-trending
extension and the clockwise rotation of microblocks, reflecting
the left-lateral pull-apart movement pattern of the NYRZ
under the overall clockwise rotation of the Qinghai-Tibet
Plateau (Luo et al., 2015).

Conclusions
In this study, we performed body-wave tomography based on
the methane source signals recorded by the Qina and Pianjiao
dense across-fault arrays beneath the CHF in Yunnan, China,
and obtained the high-resolution shallow V) structure beneath
the arrays. Our tomographic results show that LVZs beneath
the CHF have clear along-strike variations. The LVZs have
widths of ~2 and ~5 km beneath the Qina and Pianjiao arrays,
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respectively, and the velocity contrasts along the interface of
the LVZ can reach 20%-50%. The LVZs extend to ~500 m
in depth and are consistent with the Quaternary sediments,
which were formed by the combined action of the regional
near-east-west stretching and the clockwise rotation of the
microblocks, controlled by the regional fault activity. Our
results show that the high-resolution shallow velocity structure
of the fault zone can be obtained using the sparse excitation of
methane sources and short-period dense array observation.

Data and Resources

Waveform data and P-wave travel times of the methane sources used
in this study are available at doi: 10.6084/m9.figshare.21090031.v2.
Figures in this study were produced using the Generic Mapping
Tools (GMT) software package (Wessel et al., 2013).
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