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Abstract To derive high‐resolution fault zone (FZ) structure of the Chenghai fault in Yunnan,
southwestern China, we deployed a linear dense array crossing the fault from January to February 2018.
The array consisted of 158 short‐period (5 s) three‐component instruments and spanned an aperture of
~8 kmwith average station spacing of 40–50 m. During the 1‐month deployment, 20 teleseismic earthquakes
with moment magnitudes larger than 5.5 and 41 local earthquakes were recorded. We first analyzed the
travel times of P and S waves from teleseismic earthquakes to determine the boundaries of the FZ. After
correcting the station‐event geometry effects, teleseismic travel time differences between the reference
station, and all other stations clearly marked a zone of 3.4 km in width with distinct travel time anomaly,
suggesting a low‐velocity zone (LVZ) surrounding the Chenghai fault. We then conducted ambient noise
tomography and found that the S wave velocity of the LVZ was reduced by 60% and 40% compared to the
northwest and southeast of the LVZ, respectively. Our ambient noise results suggested the LVZ extending to
~1.5 km in depth, consistent with the travel time anomalies of teleseismic earthquakes. Integrating ambient
noise tomography with teleseismic travel times in a dense array with such an aperture is an effective
approach for resolving FZ structure and depth extent.

Plain Language Summary High‐resolution fault zone (FZ) structure and evolution are critical to
understand earthquake physics. As the FZ width is usually on the order of 100 to 1,000 m, resolving the
structure requires dense seismic arrays with small interstation spacing. One of the difficulties is to robustly
constrain the depth extent by small‐aperture arrays. Here we demonstrate that deployment of a
large‐aperture (8 km) array across a fault can robustly resolve the FZ structure and depth extent. Using the
data acquired from a linear dense array crossing the Chenghai Fault in northwest Yunnan, China, we
show that the low‐velocity zone of the fault extends to 1.5 km from the results of ambient noise tomography,
which are consistent with observations of travel times of body waves from teleseismic earthquakes. Such
large‐aperture array is an effective tool that enables integration of a variety of methods to robustly constrain
high‐resolution FZ structure.

1. Introduction

Crustal fault zones (FZ) host earthquakes, which may produce permanent damage and generate a
low‐velocity zone (LVZ). The LVZ properties have profound impacts on earthquake nucleation and rupture
propagation (e.g., Ampuero et al., 2002; Ben‐Zion & Sammis, 2003; Harris & Day, 1997; Weng et al., 2016).
For instance, cracks and fluids in the damage zone may decrease the strength of faults (Caine et al., 1996;
Eberhart‐Phillips et al., 1995; Faulkner et al., 2010). If the fault is in the vicinity of industrial fluid injection,
hydraulic properties of the damage FZ are critical on the occurrence of induced earthquakes (Yehya
et al., 2018). Furthermore, it has been shown that the damage zone may lead to change of rupture mode
and transition of rupture speed into supershear (Huang & Ampuero, 2011; Huang et al., 2014; Pelties
et al., 2015). Moreover, dynamic rupture simulations suggest that the width and depth extent of the LVZ play
critical roles in final rupture extents and thus the earthquake size (Weng et al., 2016), as well as in estimating
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Key Points:
• We deployed a linear dense array of

8 km in length across the Chenghai
fault that is critical to constrain the
fault zone depth

• Based on teleseismic travel times
and ambient noise tomography, we
found a low‐velocity zone of 3.4 km
in width associated with the fault

• Ambient noise tomorgraphy showed
that the low‐velocity zone extends to
1.5 km in depth, consistent with
teleseismic travel times
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coseismic frictional properties from near fault ground deformation (Chen&Yang, 2020;Weng & Yang, 2018;
Yao & Yang, 2020). In addition, temporal changes of velocities in the damaged FZ have been used as proxy of
fault healing, which is significant to understand earthquake cycle and evolution of fault systems (Li
et al., 1998; Vidale & Li, 2003). Therefore, high‐resolution imaging of FZ structure will shed light on our
understanding of earthquake physics (e.g., Yang, 2015).

Numerous efforts had been conducted to image FZs (Yang, 2015). For crustal faults, the most efficient meth-
ods were seismological investigations of data recorded on dense across‐fault arrays. Travel times of body
waves from local and teleseismic earthquakes had been proven efficient to determine the FZ boundaries
(Li et al., 2007; Share et al., 2017; Yang et al., 2011; Yang et al., 2014). Waveform modeling of FZ trapped
waves and FZ‐reflected body waves had also been widely used to derive FZ structure (Cochran et al., 2009;
Li et al., 1990; Peng et al., 2003; Yang & Zhu, 2010). As dense arrays have rapidly grown, travel time tomo-
graphy and ambient noise tomography were also applied in imaging the FZs (Allam et al., 2014; Hillers
et al., 2014; Lin et al., 2013; Zigone et al., 2014, 2019). Despite the recent progress in deriving FZ width
and velocity contrast to the host rock, it was still challenging to robustly constrain the depth extent of the
LVZ (Yang, 2015), as shown in previous investigations based on FZ trapped waves (Fohrmann et al., 2004;
Lewis et al., 2005; Li & Vernon, 2001). By modeling the diffracted S waves around the edges of LVZ, Yang
and Zhu (2010) were able to constrain the LVZ depth of the San Jacinto Fault. However, such approach
highly depended on data quality, that is, available diffracted phases recorded by the small‐aperture across‐
fault arrays.

In the early days, most across‐fault arrays were deployed in a relatively small aperture, for example, a few
hundreds of meters (Ben‐Zion & Sammis, 2003; Li et al., 1990, 1994, 2004; Li & Vernon, 2001). The small
aperture may lead to ambiguities in determining the LVZ width and depth based on travel times (Li
et al., 2007; Yang et al., 2014). In 2004, a 4.5‐km‐long array was deployed across the Calico fault, enabling
better constraints on the LVZ depth extent using travel times and waveforms (Cochran et al., 2009; Yang
et al., 2011). It also allowed determination of a 1.3–1.5‐km‐wide LVZ, which exceeded the apertures of most
other arrays. The results partly inspired deployment of dense across‐fault arrays with larger aperture, for
example, a 2‐km‐long profile across the northwest portion of the San Jacinto Fault (Share et al., 2019).
Furthermore, FZ arrays were usually composed of high‐frequency (4.5 Hz) geophones or short‐period
(2 Hz) instruments. Despite that long‐period surface waves of large earthquakes were quite clear on these
instruments (e.g., Wang et al., 2019), the frequency range of data to image the FZ was limited. Although a
shallow structure of a few hundreds of meters in depth can be derived by high‐frequency ambient noise
tomography (Zigone et al., 2019), FZ structure at greater depth demanded longer‐aperture arrays and
lower‐frequency waveforms.

In January 2018, we deployed a dense array crossing the Chenghai Fault in Yunnan, southwest China
(Figure 1). The array consisted of 158 short‐period (5 s) three‐component instruments and spanned an aper-
ture of ~8 km with average station spacing of 40–50 m. The instruments operated in the field for 1 month,
from January to February 2018. To our best knowledge, this was the longest across‐fault array with such fre-
quency range, allowing us to derive high‐resolution images of the FZ structure and its depth extent. In this
study, we conducted ambient noise tomography to image the LVZ structure, with depth resolved down to
~2 km. The ambient noise tomographic images corroborated the results of teleseismic travel times and wave-
forms, indicating a 3.4 km LVZ associated with the Chenghai fault extending to a depth of 1.5 km.

2. Tectonic Setting and Dense Array Data

Due to the collision between the India and Eurasia plates, numerous faults were formed in the southeastern
margin of the Tibetan Plateau, producing damaging earthquakes throughout Yunnan province. The
Chenghai Fault (CHF) located in western Yunnan, oriented nearly N‐S, extended ~200 km from
Yongsheng in the north and intersected with the NW‐SE trending Red River Fault (RRF) in the south
(Figure 1). According to measurements of across‐fault leveling and baseline, recent slip rates of the CHF
were estimated to be ~4–10 mm/yr (Zhang & Liu, 2016). The largest earthquake that occurred on the
CHF was the 1,515 M73/4 Yongsheng earthquake (Wang et al., 2015; Zhou et al., 2004).
Paleo‐seismological records suggested more than 1,500 years of recurrence interval of M7 earthquakes on
the CHF (Yu et al., 2005). In 2001, an M6 earthquake occurred in the north portion of the CHF. The
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southern portion of the CHF had been suggested to be a seismic gap, capable of hosting earthquakes with
magnitudes around 7 (e.g., Huang et al., 2018).

Besides the CHF, lots of other faults in the region were very active. There were at least four earthquakes with
magnitudes greater than 7 in the past 500 years, with the most recent one being the 1996 Lijiang M7 earth-
quake (Zhou et al., 2004). The northern portion of the RRF and neighboring faults accommodated regional
E‐W crustal extension and N‐S shortening due to the India‐Eurasia collision (Allen et al., 1984) and had
experienced strong earthquakes including the 1925 Dali M7 earthquake (Zhou et al., 2004). Because of fre-
quent intermediate and large earthquakes in the region, seismic network had been rapidly growing in the
past decade. Permanent stations were in the region with average spacing of ~60 km (blue triangles in
Figure 1). To investigate temporal variations of crustal structure, an air gun source that can suddenly release
large‐volume compressed air and repeat in a short time was constructed in the Binchuan basin since April
2011 (red star in Figure 1). During 2013, thousands of air gun shots were conducted in Binchuan, Yunnan,
with an average number of 30 per day. Signals of the air gun shots were nearly identical with
cross‐correlation coefficients larger than 0.99 (Chen et al., 2017), providing an unprecedented opportunity
to continuously monitor the temporal variation of subsurface structure. For instance, clear diurnal and

Figure 1. Location and faults (black lines) in the study region. Cyan dots represent earthquakes with magnitudes larger
than 3.5 since 1970. Beach balls show moment tensor solutions from the GCMT database. Triangles show temporary
(black) and permanent (blue) seismic stations. Red star denotes the location of the Binchuan airgun source. Dashed black
box bounds the region that is shown in Figure 2. Locations of teleseismic earthquakes with magnitudes larger than 5.5
are shown in the inset map. Waveforms of three earthquakes (red) are shown in Figure 3. Fault location is from the
database of active faults in China (Deng, 2004).
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semidiurnal P and S wave velocity changes with amplitudes of 10−4

to 10−3 were derived from a 1‐week data set of the air gun source in
Binchuan (Wang et al., 2020).

After the air gun source was constructed in Binchuan, 40
intermediate‐period seismic stations (Guralp CMG‐40 T) had been
deployed to complement the present Yunnan permanent seismic net-
work (Figure 1). These stations had a sample rate of 100 points per
second. We performed a systematic analysis of the waveform data
recorded in 2013 to investigate the subsurface changes along the
paths from the Binchuan air gun source to seismic stations (Luan
et al., 2016). The results showed that four stations near the southern
portion of the CHF had shown signatures of structural variation
(Figure 2). We then selected this portion of the CHF and deployed a
dense across fault array. The array was perpendicular to the fault
orientation, crossed the geologically inferred fault trace, and spanned
an aperture of ~8 km with average station spacing of 40–50 m. The
array consisted of 158 EPS instruments, which had a corner fre-
quency of 5 s for all three components. The instrument had a
built‐in battery and data logger and thus was very convenient to
deploy in a large number. Sampling rates were set as 200 sample/s
for all stations. During the 1‐month deployment, 20 teleseismic earth-
quakes with magnitudes larger than 5.5, as well as 41 local earth-
quakes were recorded.

3. Data Analysis
3.1. Teleseismic Travel Times

Teleseismic waves sampled the structure beneath the array with a nearly vertical incident angle and thus the
travel times of P and Swaves were effective to reveal heterogeneous local structure (e.g., Cochran et al., 2009;
Qiu et al., 2017; Share et al., 2019). We first manually picked all P wave arrivals for 14 teleseismic earth-
quakes with good signal‐to‐noise ratio (SNR) after filtering the waveform from 0.05 to 1.5 Hz. To remove
the effects of station geometry, we calculated theoretical travel times using the 1‐D IASP91 model
(Kennett & Engdahl, 1991). Compared with the epicentral distances, our array aperture was very small so
the theoretical travel times only slightly changed across the array (blue lines in Figure 3), depending on their
back azimuths. Due to the imperfect 1‐D velocity model, they were either advanced or delayed compared
with our observations. Although the altitude changes across our array were minor (less than 150 m), our sta-
tions were located on elevations of ~1.5 km. We then corrected the topographic effects on the P wave theo-

retical travel times using
hj
vref

, where hjwere elevations of individual stations, and vref = 2 km/s is the average

Pwave velocity of the shallow layer according to the tomography results using a few explosion sources in the
region (Chen et al., 2016). After correction, the theoretical travel times were delayed a bit from the predic-
tions by IASP91 (green lines in Figure 3), but were still different than our observations, reflecting heteroge-
neous local structure beneath the array. For instance, travel times of the direct P waves from an Mw7.9
Alaska earthquake showed clear variation across the array, with an obvious delay in observations at stations
from −1 to 2.4 km in the profile (Figure 3a).

To focus on the local velocity structure, we derived the relative differential times across the array by the fol-
lowing two steps. We first subtracted the theoretical travel times from the observations on each station. Then
we selected one reference station and further deducted the travel times between theoretical travel times and
observations. As such, we can group all teleseismic earthquakes together (Figure 4a). Because we derived
their relative delay times comparing with the reference station, the choice of reference stations did not
change the results (Figure 4a). For instance, we had used three different reference stations, one in the north-
west end, one in the center, and one in the southeast end of the array. The across‐array delay patterns were
identical, with only difference in values that were determined by the choice of the reference station.

Figure 2. A map showing the location of local seismic stations (black triangles)
and the airgun (star). Purple triangles show our dense array stations with
average spacing of 40–50 m. Cyan colored triangles denote stations that show
temporal variation in subsurface structure (Luan et al., 2016).
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Similar to what were reported for local earthquakes (Li et al., 2007; Yang et al., 2011, 2014), the across‐array
travel time differences qualitatively marked a distinct LVZ beneath the array, starting from ~1 km in the
northwest and having a width of ~3.4 km (Figure 4a). The arrivals systematically advanced from northwest
to southeast across the profile. However, such advancing trend was interrupted near the station at ~1 km
northwest to the geologically inferred fault trace (zero line for offset), and a reverse trend lasted until the

Figure 3. Waveforms of (a–c) three teleseismic earthquakes (locations shown in Figure 1) with theoretical (blue) and topography‐corrected (green) travel times of
P waves using the IASP91 model. Red dots represent our manually picked travel times. The waveforms are uniformly normalized across the array. Y axis
shows the length of the array profile from northwest (NW) to southeast (SE), with 0 corresponding to inferred fault trace on surface (Deng, 2004). Gray area
indicates the interpreted low‐velocity zone according to travel time delays and waveform changes.
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station at ~2.4 km in the southeast (Figure 4a). In the southeast stations, the differential times become
advanced again.

In addition to travel times, amplitudes of the direct P waves systematically changed across the array
(Figure 3). Within the LVZ, the P wave amplitudes slightly increased compared with those at stations out-
side. As the direct teleseismic P waves are very clear and similar at each station, we cross correlated the
waveforms in a 4‐s time window (0.5 s before and 3.5 s after manually picked arrivals) around the P waves
between each station and the reference station in the northwest end of the array. Cross‐correlation coeffi-
cients (CC) were ~0.95 for stations in the northwestern side of the LVZ, reduced to 0.9 for stations inside

Figure 4. (a) Across‐array delay times of P waves for all Mw > 5.5 teleseismic earthquakes after correcting event‐station geometry and station elevations. Colors
correspond to three different reference stations, one in the center and others in the two ends of the array. Error bars represent 1 standard deviation.
(b) Cross‐correlation coefficients of waveforms in a 4‐s window using the reference station in the southwest end of the array.
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the LVZ, and slightly increased again for stations in the southeastern side of the LVZ (Figure 4b). The
variation in the CC also marked the boundaries of the LVZ, consistent with travel time delays (Figure 4a).

Similar to the P waves, travel times of S waves exhibited the same delay pattern (Figure 5a), although S
waves are less clear than P waves. We manually picked the S arrivals for six events with good SNR and per-
formed the same station geometry and elevation correction (assuming Vs = 1.2 km/s) of travel times. The
corrected travel times of S waves also showed large delays in stations inside the LVZ, with the same width

Figure 5. (a) and (b) Similar to Figure 3, except for S wave delay time analysis for two teleseismic events. (a) Red dots show the manually picked S wave arrivals.
Theoretical arrivals before (blue) and after (green) correcting topography effects. Purple lines denote travel time predictions from the shear wave model
obtained from ambient noise tomography. Gray shadows indicate the location of the low‐velocity zone. (c) Observed (red) relative delay time of S arrivals after
correcting station‐event geometry and station elevation. Purple dots denote predicted S arrivals from the noise tomography model.
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and location as marked by P waves (Figure 5b). In addition, the amplitudes of S wave train inside the LVZ
are much larger than those outside. Next we inspected and calculated the average travel time delays for S
waves of the six teleseismic earthquakes with the reference station in the northwest end of the array.
Error bars for S waves were larger than those of P waves, (Figure 5c). However, the distinct feature was
the existence of a LVZ of ~3.4 km in width.

3.2. Ambient Noise Tomography

Next we quantified the FZ velocity structure by conducting ambient noise tomography to obtain the S wave
velocity model. The data processing procedures were similar to the standard noise cross‐correlation proces-
sing (Bensen et al., 2007; Shapiro et al., 2005; Yang et al., 2010; Yao et al., 2006). We first cut the data into
half‐hour segment, then decimated the sampling rate to 20 Hz. After detrending and removing the instru-
ment response, we filtered the data in the period band from 0.5 to 5 s. In order to reduce the effect of earth-
quake signals and the peak in the frequency domain, temporal normalization and spectral whitening were
adopted. Using the processed waveforms, we performed cross correlations for all station pairs and stacked
the positive and negative lags to improve the SNR. Figure 6(left) showed an example of stacked cross corre-
lagrams with respect to the reference station in the northwest end of the array. Clear signals were observed
with move outs corresponding to wave velocities of 0.5–1 km/s (Figure 6, left).

Rayleigh wave group velocity dispersion curves were measured by frequency‐time analysis (FTAN) from the
cross correlagrams (Yao et al., 2006). Since the station spacings were small, we cannot distinguish the phase
velocity dispersion curve. In order to obtain a reliable tomography result, the following data quality control
criteria were applied to identify and reject bad measurements. First of all, we deleted the dispersion curves
with interstation spacing less than 1.5 wavelengths at each period. The period‐dependent SNR was regarded
as the peak in a signal window divided by the root‐mean‐square of the trailing noise. We only kept the dis-
persion measurements whose SNRs were larger than 6. As such, we obtained ~1,500–3,000 dispersion mea-
surements for periods ranging from 0.5 to 3.0 s (Figure 6, right). We then derived the subsurface structure
using a direct 3‐D surface‐wave tomography method, which skipped intermediate steps of inversion for

Figure 6. (left) Record section of ambient noise cross correlations between the northwestmost station with all other stations. Red and yellow lines indicate arrivals
of wave velocities in 0.5 and 1.0 km/s, respectively. (right) Number of paths in different periods after quality control used for the ambient noise tomography.
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phase‐ or group‐velocity maps and considered ray bending effects on surface‐wave tomography in a complex
medium (Fang et al., 2015; Li et al., 2016).

In the final shear‐wave velocity image (Figure 7b), we found a clear LVZ that was well captured by the dense
array (Figure 7a), centering around the geologically inferred fault trace. The velocity was faster in the north-
western side of the LVZ than that in the southeast. Within the LVZ, Vs was ~600 m/s extending to 1 km,
reduced by ~60% and ~40% compared with the host rock in the northwestern and southeastern side of the
LVZ. If we tracked the velocity contour of 600 m/s, the LVZ width was ~3.7 km (Figure 7b), slightly larger
than what was inferred from teleseismic P waves (3.4 km). The LVZ extended to ~1.5 km in depth, with
the bottom Vs of 1.2 km/s. We also derived depth sensitivity kernels for Rayleigh wave group velocities at five
periods 0.5, 1.0, 1.7, 2.3, and 3.0 s (Figure 8), using the 1‐D average velocity model across the entire array
(Figure 8a). Apparently, longer period Rayleigh waves were sensitive to structure at greater depth.
Short‐period data of 0.5 s were most sensitive to subsurface ~100 m in depth. At ~3.0 s, our dispersion data
showed good sensitivity to structures ~2.0 km in depth (Figure 8c). In comparison, the kernels showed that
within the LVZ the sensitivity was only good to depths no more than 1 km (Figure 8d).

3.3. Comparison With Travel Times of Teleseismic S Waves

Although our depth sensitivity kernels confirmed that we can resolve the subsurface structure down to 2 km,
we cannot rule out that the LVZ might extend to greater depth, beyond what we can resolve. To verify, we
compared theoretical travel times of teleseismic S waves by incorporating the 2‐D model on top of the
IASP91 model. Here we focused on the differential times of direct S arrivals across the array so we derived
a 1‐D Vs model beneath each station at the top 2 km and then calculated the travel times. After obtaining
the theoretical travel times of S waves, we corrected their array geometry effects and topography effects fol-
lowing the same process that was applied on the data. Eventually, we obtained the across‐array differential
times using the reference station in the northwest end of the array.

The across‐array differential times of S waves after incorporating the 2‐D model showed nearly constant in
the northwest (Figures 5a and 5b), abruptly delayed starting from the profile at −1 km, and bounced back at
the profile of 2.5 km. Such delay time patterns of Swaves coincided with the boundaries that were indicated
from Pwave travel times (Figure 3). We then compared the average across‐array differential times of Swaves
for the six teleseismic events with observations (Figure 5c). In both sides of the array outside the LVZ, the
theoretical differential times matched well with observations. However, the theoretical differential times
within the LVZ overpredicted the across‐fault delay.

Figure 7. The top panel shows the station altitudes and locations from northwest to southeast. Black bar marks the low‐velocity zone inferred from teleseismic P
waves. The bottom panel shows shear wave velocity model beneath the array derived from ambient noise tomography.
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Such overprediction may stem from a few factors. First, the teleseismic S waves were pretty noisy compared
with Pwaves. Although the amplitudes of the Swave train were larger within the LVZ than those on stations
outside, hand‐picked direct S wave arrivals may contain considerable uncertainties that were reflected by
the error bars (Figure 5c). Second, our LVZ model was derived from ambient noise tomography, a surface
wave method, which might lead to differences in body wave predictions although the first‐order feature kept
the same. On the other hand, the overpredicted delay times of Swaves provided independent and robust con-
straints on the LVZ depth, which should be nomore than 2 km beneath the CHF. Otherwise, the travel times
of teleseismic Swaves should be further delayed. Such overprediction of S arrivals may also be caused by the
fact that the LVZ structure at depth was affected by the smearing effects, as implied by the sensitivity kernels
within the LVZ (Figure 8d). As such, the LVZ might be even shallower than 1.5 km.

Figure 8. (a) Average shear wave velocity model within the low‐velocity zone (red) and across the entire array (black) on top of the PREM model. (b) Group
velocities from 0.5 to 3.5 s for the two averaged velocity models in panel (a). Depth sensitivity kernels for group velocities at five periods: 0.5 s (red line), 1.0 s
(yellow line), 1.7 s (green line), 2.3 s (blue line), and 3.0 s (purple line) for the average shear wave model beneath the entire array (c) and within the low velocity
zone (d).
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4. Discussion
4.1. Width of the LVZ

Using travel times of teleseismic earthquakes and ambient noise tomography based on the dense array data,
we found a ~3.4‐km‐wide LVZ associated with the Chenghai fault. To our best knowledge, such width of the
LVZ was the largest among FZs that had been investigated by dense arrays. Usually fault damage zones were
on the order of 100 m (e.g., Yang, 2015), especially those associated with recent ruptures. For instance, the
LVZ on the ruptured fault of the 1992Mw7.3 Landers earthquake was ~300 m in width (Li et al., 1994, 2007;
Peng et al., 2003). TheMw7.1 Hector Mine earthquake produced a damage zone of 75–100 m in width along
the Lavic Lake fault (Li et al., 2002). Such 100‐m scale damage zones were also found by drilling projects on
the San Andreas Fault near Parkfield (Li & Malin, 2008) and the Longmenshan Fault after the 2008
Wenchuan earthquake (Li et al., 2013). A LVZ wider than 1 km was rare, except the one along the Calico
fault in the Eastern California Shear Zone, in between the 1992 Landers and 1999 Hector earthquake rup-
tured zones (Cochran et al., 2009; Yang et al., 2011). Since the Calico fault had not experienced large earth-
quakes in the past thousands of years, it had been interpreted as long‐lived fault damages (Cochran
et al., 2009).

However, seismic methods cannot distinguish fault damage zones or shallow sedimentary material, or other
factors leading to a reduction in wave velocities near fault. Indeed, the CHF in the region was the controlling
factor of Binchuan basin, which was formed during Quaternary. Beneath the array were mostly sediments
from Quaternary alluvial fan deposits with mixture of sandstone (Huang et al., 2018). The CHF had an obli-
que motion with normal faulting and left‐lateral strike‐slip components, with estimated long‐term slip rate
of <1 mm/a. Despite the rather small slip rate, there had been a number of earthquakes with moderate to
large magnitudes along the CHF. The largest earthquake was the 1515 M73/4 earthquake in the northern
portion of the CHF. In 1992, there were two earthquakes with magnitude of 5.1 and 5.4, respectively, in
the nearby region. In the south, the largest one was the 1803 M61/4 earthquake near the southern edge of
the Binchuan basin. However, there were no evidences of historical earthquakes in the portion of the
CHF where our dense array was deployed, so as to leave a seismic gap in the region (Huang et al., 2018).
Therefore, we interpreted that the LVZ was the sediment controlled by the CHF, instead of fault damage
zones.

Indeed, the entire Binchuan basin was mostly composing of lake source and river source deposits (Luo
et al., 2015). Although our array was deployed primarily within the basin, sitting on the sediments, our tomo-
graphic images clearly showed lateral variation in the extent of subsurface sediment. Furthermore, there
were along‐strike variation in the LVZ structure within the basin, as revealed by teleseismic travel time
anomalies that were sampled by a larger aperture 2‐D array with average station spacing of ~2 km (Yang
& Duan, 2019). To the north of our array, the LVZ signature was not that prominent (Yang &
Duan, 2019). Such heterogeneous distribution of LVZ was probably attributed to the fluid dynamics, sedi-
ment source, and fault motion at different geological times. Regardless of the mechanism of its formation,
such a ~3.4‐km‐wide LVZ would be significant for ground shaking during future earthquakes, considering
the population in the Binchuan county (>340,000).

4.2. Constraining Depth Extent of the LVZ

It had long been in debate whether the fault damage zone extended to the base of the seismogenic zone (Li
et al., 1997; Li & Vernon, 2001; Wu et al., 2010) or was limited to shallow depths, for example, a few kms
below the surface (Allam et al., 2014; Lewis et al., 2005; Yang et al., 2011; Yang & Zhu, 2010; Zigone
et al., 2014). Across‐fault arrays in the early stage were mostly deployed in a small aperture, for example, less
than 1–2 km in length, limiting techniques that were used to derive the subsurface structure. The most com-
mon one was the FZ trapped waves (Ben‐Zion & Sammis, 2003; Li et al., 1990, 1994), which however led to
controversial conclusions in depth extents of fault damage zones (Lewis et al., 2005; Li & Vernon, 2001; Wu
et al., 2010). As more dense across‐fault arrays became available in larger aperture and a large number of
sensors, such as the Long Beach array (e.g., Lin et al., 2013; Schmandt & Clayton, 2013) and the 2‐D San
Jacinto Fault array (Ben‐Zion et al., 2015), detailed FZ images had been obtained in high resolution, which
mostly resolved LVZs extending to shallow depths only (e.g., Share et al., 2019).
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Benefiting from our large aperture (>8 km) of the linear array across the CHF, we here constrained the LVZ
depth from both ambient noise tomography and teleseismic travel times. Similar approach was conducted to
derive internal structure of the San Jacinto fault zone at Blackburn Saddle, where a 2‐km‐long dense array
was deployed (Share et al., 2019). Based on our S wave model derived from noise, there was a slight differ-
ence in Vs between the northwestern and southeastern sides of the CHF at the top 2 km. If such velocity dif-
ference continued to seismogenic depths, the bimaterial contrast might be important for future rupture
propagation (Ampuero & Ben‐Zion, 2008). Although our constrained LVZ was shallow, it would be able
to modulate rupture propagation of future earthquakes (Weng et al., 2016), as did by other heterogeneities
on faults, for example, seismogenic width (Chen & Yang, 2020; Weng & Yang, 2017), fault geometry
(Yang et al., 2013; Yu et al., 2018), and heterogeneous stress distribution (Weng et al., 2015; Yang et al., 2012;
Yang, Yao, He, & Newman, 2019; Yang, Yao, He, Newman, & Weng, 2019).

Besides constraining the shallow subsurface structure, coherent waveforms of teleseismic earthquakes also
indicated a rather homogeneous crustal structure beneath our array at greater depths. Although our array
was primarily targeting at imaging FZ structure, the data can be used to derive crustal structure. For
instance, Moho interface can be delineated by autocorrelation and cross correlation of ambient noise across
the array (She et al., 2019). Given the rapid growth of large N array, detailed crustal structure including FZs
with well‐resolved depth extents can be derived from such dense array data.

5. Conclusions

Using the waveform data recorded by a dense array we deployed across the southern portion of the Chenghai
Fault in Yunnan, China, we derived high‐resolution subsurface structure beneath the array. Our ambient
noise tomographic results showed a distinct LVZ with a width of 3.4 km across the CHF. The LVZ extended
to 1.5 km in depth and likely represents nonuniform distribution of sediments during the formation and evo-
lution of Binchuan basin, to which the CHF was one of the controlling factors. Considering the large popu-
lation in the Binchuan basin, the newly discovered wide LVZ associated with the CHF could be an important
factor for seismic hazard assessment, as it may amplify ground motion in future earthquakes.

Data Availability Statement

Waveform data used in this study are available from Data Management Centre of China Seismic
Experimental Site (http://www.cses.ac.cn).
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