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SUMMARY

Hydraulic fracturing (HF) often stimulates the local earthquake productivity which provides
a unique opportunity to characterize the crustal heterogeneities, reservoir properties and fluid
injection effects. However, the velocity models acquired solely based on the arrival time records
are often undermined due to the seismic network coverage and interpolation techniques.
Instead, we adopt the waveform-based approach to apprehend; (1) structural heterogeneities,
(2) reservoir distribution and (3) signatures of the injected fluid in the Weiyuan shale gas
field. We categorize the waveforms into dominant high and low frequencies based on the
qualitative inspection and frequency index analysis of the seismic waveforms. We first inspect
the waveform to access the potential controlling mechanisms (source, site and path effects) at
both single and multiple stations in different azimuthal orientations. As a result, we find the
path effect as a dominant factor to influence the waveform characteristics, for example S-wave
amplitude, and frequency. Subsequently, to localize the path effect, we conduct an in-depth
examination of events within 10 km of each seismic station and classify the waveform records
using their frequency indices. Notably, certain stations record a significant proportion of low-
frequency waveforms (LFWs, up to 20 per cent), while others have limited occurrences (~1 per
cent) indicating suspected anomalous zones. Afterward, we identify two suspected anomalous
zones based on LFWs intensity and ray tracing map. Both zones are in close proximity to
fault zones and preserved reservoirs with no HF activities, where fault damage zones or the
fluid-rich reservoir may contribute to our observed LFWs.

Key words: Body waves; Induced seismicity; Wave propagation.

substantial number of intense earthquakes (M) > 4) have been doc-

I INTRODUCTION umented in shale gas blocks in Western Canada Sedimentary Basin

In recent years, there has been a significant increase in exploitation
activities targeting unconventional low-permeability reservoirs with
advanced techniques, for example horizontal drilling and hydraulic
fracturing (HF). During the HF process, a large volume of high-
pressure fluid is used to create the fractures to enhance reservoir
production at an economical scale. This permeability-enhancing
technique has the capability to induce damaging earthquakes by a
variety of mechanisms, including increased pore pressure due to
fluid diffusion, poroelasticity effect, Coulomb stress transfer due
to both earthquakes and aseismic slip (Ellsworth 2013; Eyre et al.
2019; Ge & Saar 2022; Yang et al. 2023). For instance, felt earth-
quakes associated with HF have been reported worldwide, for ex-
ample in Canada (Wang ef al. 2020a), the United Kingdom (Clarke
et al. 2014), and China (Lei et al. 2017; Yang et al. 2020; Wong
et al. 2021; Zi et al. 2023). Among the aforementioned regions, a

(Mahani et al. 2017; Wang et al. 2017; Atkinson et al. 2020), South
Texas, USA (Fasola et al. 2019) and the Sichuan basin, Southwest-
ern China (Lei et al. 2020; Yi et al. 2020).

Although disastrous from a hazard point of view, such intense
seismic activities provide excellent opportunities to study the crustal
structure, including fractures and faults distribution (Barthwal &
van der Baan 2019; Long et al. 2020; Zhang et al. 2020), reser-
voir properties (Saenger et al. 2009; Zhang et al. 2009; Tselentis
et al. 2011), and possible effects of HF activities, including fracture
growth and fluid accumulation (Tan ef al. 2023; Zi et al. 2023).
For this purpose, seismic tomography methods, as powerful tools in
revealing subsurface structures, have been widely adopted in pre-
ceding studies. However, the resolution of acquired results is often
undermined by the limited coverage of seismic network and linear
interpolation techniques (Miyazawa & Kato 2004; Liu & Gu 2012).
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Figure 1. Schematic diagram representing the ray paths after an earthquake.
Dotted lines represent the ray paths that encounter the low-velocity zones.
The black and red triangles refer to stations with normal and attenuated
waveforms, respectively.

Consequently, the resulting resolution (i.e. 5-10 km and 2-3 km in
the horizontal and vertical directions, respectively) is insufficient
to distinguish localized anomalous bodies such as fault damage
zones, injected fluids or thin reservoir layers that may be up to a few
hundred metres.

On the other hand, waveform attributes, including amplitude,
phase, arrival time and frequency content are more sensitive to
lithology, rock texture, pore fluid and temperature (Simm et al.
2014; Fawad et al. 2020) and are considered to be direct indicators of
structural heterogeneities and different rock properties than velocity
(Kita et al. 2014). Therefore, extracting such valuable information
from the seismic waveforms could provide critical insights into sub-
surface structures, temporal velocity variation in fault zones (Baisch
& Bokelmann 2001; Yang & Zhu 2010; Hung et al. 2022; Luan et al.
2022), and the characterization of hydrocarbon reservoirs (Shapiro
et al. 2004; Maxwell & Urbancic 2005). For example, diffracted S
waves and the delay time of P- and S-wave arrivals have been used to
analyse the narrow low-velocity fault zone structures (~150-200 m
width) along the San Jacinto Fault Zone (SJFZ) in Southern Cali-
fornia (Yang & Zhu 2010; Yang et al. 2014). Similarly, the observed
amplification of seismic waveforms was found to be well correlated
with known crustal structures and sedimentary basins across USAr-
ray (Bowden et al. 2017). Such amplified ground motion features
also helped to delineate the low-velocity zone (LVZ) with high reso-
lution across the Chenghai Fault Zone, Binchuan, Yunnan Province,
China (Song & Yang 2022). Yang et al. (2018) noted distinct tempo-
ral variations in seismic velocity (5-20 per cent) that are consistent
with groundwater level and reflect subtle stress changes near the
Xiaojiang Fault Zone in Xundian County, Yunnan Province, China.
In addition, waveforms inspection becomes a reliable and quick tool
to verify the clock status on seismic stations using local and teleseis-
mic events (Zhu et al. 2019; Abbas et al. 2023). Fig. 1 illustrates the
possible impact of a fractured zone and a low-velocity body on the
recorded waveforms in terms of decay in amplitude and frequency
components.

The Sichuan basin has complex patterns of sedimentary forma-
tions with numerous shallow faults due to its multistage tectonic
history and resultant structural deformations (Liu ez al. 2021a; Fan
et al. 2022). In recent years, it has experienced an abrupt increase
in seismicity near hydraulic fracturing sites, accompanied by a
rise in seismic hazards due to their shallow depth. For instance,
the Weiyuan shale gas field (WSGF), located in the southwestern

Sichuan Basin, has experienced 8 earthquakes with M,, > 4 since
2015. Among them, six events are located near the Molin fault
at shallow depths, which is one of the major reasons why these
earthquakes are so destructive (Yang & Yao 2021). To infer which
seismogenic mechanisms and responsible faults could have trig-
gered earthquakes, high-resolution subsurface structural informa-
tion is indispensable. Several studies have been done in the WSGF
to better delineate the crustal structures using seismic tomography
(Zeng et al. 2020; Zi et al. 2023) but encountered limited resolution
as mentioned above. Therefore, analysis of seismic attributes is of
great significance in terms of studying the subsurface structures
and their traces (e.g. faults and fractures) and the characterization
of hydrocarbon reservoirs.

In addition, such complex deformation with extensive fractures
is suitable for accumulating the injected fluid during HF operations.
Recent studies show that a substantial amount of the injected fluid
volume is retained (up to 75 per cent) in fractured shale reservoirs
or hosted by nearby fractures (Makhanov et al. 2014) which poses
significant economic, technical, and environmental concerns, in-
cluding delayed triggering earthquakes on basement faults or water
contamination in the future. Yet tracking the injected fluids un-
derground remains challenging for the assessment of associated
seismic risks because of the aforementioned limitations of seis-
mic tomography. Therefore, it is important to track the mobility of
injected fluid and inspect any temporal and spatial signatures of
fluid on the waveform data near HF sites in addition to structural
heterogeneities.

In this study, we examine the newly published seismic catalogue
with good temporal and spatial coverage from the 23 permanent
stations and 50 short-period temporary stations in the WSGF (Zi
et al. 2023). This catalogue provides a unique opportunity to char-
acterize crustal heterogeneities, reservoir properties and possible
fluid injection effects based on qualitative (waveform inspection)
and quantitative analysis (frequency index method). We first eval-
uate the waveforms to assess the potential controlling mechanisms
(source, site and path effects) that significantly affect the wave-
form’s attributes including amplitude and frequency content. This
assessment covers both individual and multiple stations oriented at
different azimuths. Subsequently, we conduct an in-depth examina-
tion of events and classify the waveform record into low and high
frequencies using the frequency index method. Finally, we identify
two suspected low-velocity anomalous zones surrounded by local
fault structures and HF pads based on the ray path density. In ad-
dition, this study emphasizes the importance of waveform analysis
using dense seismicity to comprehend the underlying controlling
mechanisms and variations in local structures.

2 DATA DESCRIPTION

The WSGF is one of China’s national demonstration areas for shale
gas development in the Sichuan Basin (Fig. 2a). A prominent geo-
logical feature in this area is the Weiyuan anticline, a dome structure
that extends in the northeast-to-southwest direction. On the north
flank, numerous mapped faults trend towards the northeast, while
the south flank features several faults, including the Molin fault,
which trends southeastward (Yang et al. 2020; Liu et al. 2023).
Before mid-2015, this region was considered to be stable in terms
of low seismicity (Lei et al. 2020) with a total of 33 wells in the
Changning—Weiyuan area (Tian ez al. 2015). From then on, to raise
the production of shale gas in the WSGF, more than 400 horizontal
wells were deployed by the end of October 2020 (Liu et al. 2021b),
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Figure 2. (a) Permanent seismic stations and relocated seismicity from March 2019 to February 2021 in the Weiyuan shale gas field (WSGF). Black triangles
and white hexagons refer to seismic stations and HF platforms, respectively. Focal mechanisms of M|, > 4 in the catalogue are drawn (Zi et al. 2023). The inset
shows the location of the Sichuan basin while WSGF is shown in blue rectangles. Black and blue stars refer to events, used in Figs 4 and 5, respectively. (b)
The magnitude of daily earthquakes. Red stars and black circles refer to events with magnitudes greater than four and three, respectively. (c) Total number of

daily events in the current catalogue after 1 January 2019.

which boosted the gas volume to a total of 53.87 x 10% m® On the
other hand, it leads to a drastic increase in seismicity with a few
damaging events (Fig. 2), including two events with M, 4.3 and 5.2
in February and September 2019, respectively, which led to four fa-
talities, 75 injuries and an estimated economic loss of ~10 million
U.S. dollars (Yang et al. 2020; Yi et al. 2020; Wang et al. 2020b;
Sheng et al. 2022). A recent study by Zi et al. (2023) reported a

catalogue of ~32 000 well-located events within a period of 2 yr
in the WSGEF. Zhang et al. (2024) investigated the stress drop of
nearly 12 000 earthquakes and found significant spatial heterogene-
ity across the WSGE.

To monitor the seismic activities and conduct a comprehensive
seismic hazard assessment, a network of 23 permanent seismic sta-
tions was deployed by the Sichuan Earthquake Agency (SEA) with
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an average interstation distance of 10 km. Each station was equipped
with a velocity-type seismograph that was set with a sampling rate
of 100 Hz. In this study, we utilize 17 permanent stations and the
aforementioned relocated earthquake catalogue (~32 000 events)
from March 2019 to February 2021 with a magnitude range of My
0to My 5.6 (~Mw 5; Zi et al. 2023) as shown in Fig. 2.

The new catalogue was obtained by double-difference tomogra-
phy using travel times recorded at permanent stations and a dense
temporal network (Zi et al. 2023). Besides differential times of man-
ually picked P and S arrivals, additional waveform cross-correlation
differential times of P waves (0.05 s before and 0.65 s after) and
S waves (0.1 s before and 1.9 s after) are included in the reloca-
tion, which largely enhances the catalogue accuracy. A bootstrap
test, which relocates events 100 times with randomly resampled
differential times, gives an estimated mean horizontal and vertical
location standard deviation of 50 and 80 m, respectively. Temporal
variations in seismicity and recorded event magnitudes are shown
in Figs 2(b) and (c). This data set was chosen for its comprehen-
sive coverage, high-resolution relocations and reliable magnitude
estimations, which allowed us to conduct our analysis with high
accuracy and confidence.

3 METHODOLOGY

3.1 A qualitative approach: waveforms inspection

It is a major challenge to separate the site, source, and path effects
on seismic wavefields (Ferreira & Woodhouse 2007). The term ‘site
effect’ refers to the amplification of seismic waves due to geologi-
cal conditions, such as shallow sedimentary rocks or fault damage
zones, a phenomenon that necessitates only a single seismic station
for evaluation (Sebastiano et al. 2019). One method for quantify-
ing site effects is to examine the consistency of the waveforms at
a selected station across multiple events. If site effects have a sig-
nificant impact on the waveform amplitude, one would anticipate
highly correlated signals at a particular station. In order to examine
the signature of each contributor in the seismic data, we specifically
choose the station ‘BXC’ to investigate the event waveforms within
a 10-km epicentral distance range. This station selection is based
on its proximity to the Molin fault and the anticipation of observing
potential site effects associated with the fault damage zone. The
implementation of a 10 km threshold (an average interstation dis-
tance in the SEA network) allows for more precise localization of
any suspected anomalies across the station. We select one month of
data spanning from May to June 2020 based on the higher number
of events per day and the availability of essential information from
HF operations (e.g. active well location, fracturing time, amount of
injected fluid, etc.) during this time. Such a cautious selection of
data sets aids in distinguishing the potential impacts of any hetero-
geneities along the path (e.g. crustal structure, reservoirs or injected
fluid) on the seismic waveforms.

3.2 A quantitative approach: frequency index analysis

Although our waveform inspection can show the distinct low-
frequency S waves, manual assessment is time-consuming, prone to
human errors and becomes particularly challenging with large data
sets. To overcome this, it is imperative to utilize other techniques
using waveform amplitude and frequency contents. An effective and
viable approach in this context entails the automated classification
of individual waveforms, employing a frequency metric known as

the frequency index (FI; Buurman et al. 2006). FI has been exten-
sively applied in numerous studies, especially in volcano regions
to classify waveform types and describe their characteristics based
on frequency content (Buurman ez al. 2006; Greenfield ez al. 2019;
Song et al. 2023). This method utilizes the ratio of energy in high-
and low-frequency windows. FI can be defined as:

Aupper
FI = log)o <pp> . 1)

lower

where Aypper and Ajoner refer to spectral energies across selected
windows of upper and lower frequencies, respectively (Fig. 5). A
negative value of FI suggests the waveform is dominant by low-
frequency energy, while a positive FI reflects more energy in the
high-frequency window. Waveforms with comparable energy in
upper and lower-frequency windows will have a value close to
Zero.

4 RESULTS

4.1 A qualitative approach: waveforms inspection

We first analyse several event waveforms (Fig. S1) on station
BXC, considering different magnitudes. After initial data process-
ing which involves removing the mean and trend and applying
band-pass filtering (0.5-20 Hz), we normalize the waveforms by
their maximum value and align them with respect to the epicentral
distance (Fig. 3). It appears that most of the waveforms manifest
anticipated characteristics, including high frequency and short coda
duration within the first 6 km (Fig. S2). In contrast, some events
located within an epicentre distance of 8.5-10 km show a distinct
change in § waves with dominant low frequency and longer coda
compared to P waves (Fig. 3b). Meanwhile, at the same epicen-
tral distance, other events exhibit very regular signals without any
attenuated features (Fig. 3a). In addition, we do not observe any
obvious magnitude dependence for both low and high-frequency
waveforms.

To further investigate the possibility of site effects, we examine
the event waveforms within the same period as BXC at two nearby
stations: WGC and WXC. These stations are located at different
azimuthal locations (Fig. 2). We find that WXC exhibits similar
signatures of low-frequency waveforms (LFWs) at certain distances
as BXC (Fig. S3). Since the waveforms are recorded at the same
station, the waveform attenuation at specific distances should not be
attributed to site effect. Instead, it should be associated with either
the source effects or ray paths. Conversely, WGC does not record
any LFWs within 10 km (Fig. S4).

To investigate the source effects, we analyse the waveforms from
one earthquake that were recorded on all stations within the 10-
km radius (Fig. 4). If the earthquake source plays a primary role,
the attenuation impacts on waveforms should be nearly identical
across all stations. However, the recorded waveforms manifest dis-
tinct dominant frequencies, with certain stations displaying low-
frequency waveforms (LFWs) characterized by an extended S-wave
coda, while others exhibit high-frequency waveforms (HFWs). For
example, despite having similar epicentral distances, station BXC
exhibits a dominant low-frequency component and a prolonged
coda, while station GSZ evinces an impulsive waveform without a
significant low-frequency signature. As such, we can exclude the
source effects and thus believe that the frequency variations in S
waves are caused by structures along their ray paths.
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Figure 3. Recorded waveforms on station BXC within an epicentre range of 10 km. Black and red waveforms refer to events dominant with high and
low frequency, respectively. Waveforms are aligned with respect to the P wave at 1 s. Numbers refer to the magnitude of each event recorded on this

station.

4.2 A quantitative approach: frequency index analysis

We first analyse the two nearby events with M| 2.6 (black stars
in Fig. 2), recorded at a permanent station ‘WXC’ to set the FI
threshold. The first event has a hypocentre depth of 3.29 km and
is dominant with high-frequency components up to ~12 Hz, while
the second event, with a hypocentre depth of 3.75 km, manifests
a significant attenuation of energy while propagating through the
subsurface medium, with the prominent frequency content below
4 Hz (Fig. 5). These events exhibit qualitative similarities during the
initial phases of P waves, but significant differences during S waves
(Figs 5a and b). Based on the observed waveform’s attributes, we
select a 2.5-s window of S waves, including 0.5 s before and 2 s
after their arrival (Fig. S5). S waves are chosen for their exceptional
sensitivity to fluid and path effects, whereas the high velocity of
P waves within a 10 km range renders them less optimal. How-
ever, combining the P and S waves window will also not influence
significantly, but only P waves will present some biased results.
Subsequently, we compute the FI for each waveform using eq. (1)
with 0.5-3 Hz and 4-7 Hz as Ajewer and Aypper, respectively. These
specific frequency ranges have been identified as the most suitable
for effectively distinguishing between LFWs and HFWs as shown
in Figs 5(e) and (f).

On the manual comparison of the waveform’s frequency spec-
trum and associated FI value (Figs S6 and S7), a criterion has been
devised to accurately discern various earthquake waveforms, as il-
lustrated in Fig. 6. For instance, we notice that waveforms with
a dominant high-frequency content (above 5 Hz) consistently ex-
hibit an FI value above 0.1, accounting for a significant proportion
of all waveforms (70273 waveforms, 79.35 per cent). Conversely,
waveforms with a dominant low-frequency content (up to 4 Hz) ex-
hibit FI value below —0.2, accounting for only 3.78 per cent (3344
waveforms) of the total waveforms. Furthermore, waveforms with
uniform energy distribution or the absence of distinct frequency
components have FI values between —0.2 and 0.1 (14 946 wave-
forms, 16.88 per cent). These waveforms pose a challenge in terms
of their classification as either LFWs or HFWs, so we typically
specify them as hybrid waveforms. All waveforms consistently ad-
here to the FI standard mentioned earlier, providing us with greater
confidence in the reliability of these classifications for further anal-
ysis. In order to better constrain the regions responsible for LFWs,
we first analyse the percentage of LFWs to HFWs at each station
within a 10 km radius. Subsequently, we conduct an assessment of
the cumulative count of LFWs and HFWs associated with each event
to ascertain the predominant region exhibiting a higher prevalence
of LFWs. This investigation aims to discern whether the observed

¥202 Iudy GZ uo sesn Buoy BuoH jo Ansiealun essulyd Aq 8G£G85//601/1/.£Z/e101e/IB/wod dno-olwepeoe//:sdiy woli pepeojumoq


art/ggae032_f3.eps
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae032#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae032#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggae032#supplementary-data

114 A. Abbas, H. Yang and J. Zi

le6

(@)

Statign: WGC BAZ: 156.31° Dist: 3.99 Km

LIS O B R R B O

le6

(c)

Station: WXC BAZ: 219.85° Dist: 5.33 Km|

LIS O B R R B O

le6

(e)

Station: BXC BAZ: 181.71° Dist: 8.32 Km|

LA L I IO B

leb

Amplitude (counts)

(9)

Station: GSZ BAZ: 87.16° Dist: 8.32 Km

L LA L L L L L L L

leb

(i)

Station: QSC BAZ: 207.12° Dist: 8.98 Km|

LIS O B R R B O

1 2 3 4 5 6 7 8

Time (s)

N
o

=
o

Frequency (Hz)

o

20

10

1 2 3 4 5 6 7 8
Time (s)
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LFWs exclusively arise from path effects or if any of the events are
influenced by source mechanics.

4.2.1 FI analysis on each station

The cumulative number of observed LFWs and HF W varies across
each station in the study area (Table. S1). To comprehensively as-
sess their distribution, we examine the percentage of total LFWs
to HFWs at each station. These calculations unveil significant vari-
ations in the LFW/HFW percentage among stations, suggesting
notable discrepancies in the influence of local geological factors
from one station to another. For instance, some stations either do

not record any LFW or have negligible LFW/HFW percentages
(e.g. HIG, WGC). On the other hand, some stations record a high
percentage (>10 per cent) of LFW, e.g. WXC and GSZ as shown in
Fig. 7.

Notably, the station WXC is one of the prominent stations with
the highest number of LFWs (up to 20 per cent), located on the
south section of the Molin fault. We have conducted a detailed
comparative analysis of the LFWs and HFWs recorded at WXC
and have examined their temporal and spatial distribution. Based
on our analysis, we identify three distinct zones within a 10 km
radius of the epicentre, each of which is characterized by either
predominantly low or high frequencies waveforms as illustrated in
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Fig. 8 (black circle and rectangle represent the dominant HFWs and
LFWs zones, respectively). It is worth noting that areas displaying
predominant LFWSs are characterized by a conspicuous absence
of HFWs within the same region, and conversely, regions with a
substantial presence of HFWs exhibit a notable scarcity of LFWs.
Our results consistently show the occurrence of both HFWs and
LFWs, independent of spatial or temporal factors, indicating the
existence of an enduring anomalous zone (Figs 8c and d).

4.2.2 FI analysis of each event

Considering the substantial number of LFWs at any station (e.g.
WXC), itis a plausible assumption that local geology or other factors
near the station may have a strong influence. For instance, if an event
has only one associated LFW, it is difficult to distinguish whether
it is due to local site effects or path effects. On the other hand, it
is postulated that if multiple stations with wide azimuthal coverage
record the LFWs from a single event, then the anomalous source
is either in close proximity to the epicentre or has a widespread
distribution in the study area.

To mitigate the potential influence of these localized factors, we
examine each event and categorize them based on their associated
LFWs. We find that events recorded on a minimum of one station
within 10 km are uniformly distributed in the WSGF (Fig. 9a). Con-
sequently, discerning the most prominent zone and comprehend-
ing the underlying controlling mechanism becomes challenging. In
contrast, events associated with at least two LFWs are relatively
infrequent, accounting for only 16 per cent of the total events with
LFWs (2048) as illustrated in Fig. 9(b). This scarcity, instead of di-
minishing the significance, accentuates the presence of two distinct
prominent zones with the highest occurrence (zone A and B). In
zone A, the occurrence of LFWs is notably high, while in zone B,
it is comparatively lower. Nevertheless, it is worth noting that two
stations in Zone B, when compared to other stations in the WSGE,
have recorded a percentage above 5 per cent, which is statistically
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Figure 9. Location of low-frequency event waveforms recorded on different numbers of stations. (a) Any event depicts the low-frequency waveforms on any
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LFW.

significant. Remarkably, within the observed events, only a few
events demonstrate the utmost occurrence of five associated LFWs
(Fig. 9, zoom view).

To verify the different number of LFWs associated with collo-
cated events with FI values, we select three events within a grid size
of 0.01° x 0.01° (Fig. 9b) and inspect the waveforms (Fig. 10). It
shows that small spatial variation in hypocentres can lead to sig-
nificant changes in the waveforms. Despite the variations in LFW
distribution, no event emerges as dominant with low frequency
across all stations, thereby indicating the absence of a singular low-
frequency event within the given criteria. These waveforms are not
limited to a single zone but are distributed throughout the WSGF
(Figs S8-11).

To better visualize the spatial distribution of LFWs and HFWs,
we evaluate the ray path coverage and analyse the ray hit count
in grid size of 0.0125° x 0.00875° (Fig. 11). Distinct patterns in
ray density of LFWs become evident (Figs 11a and b), identifying
two regions with a higher concentration of ray paths similar to
Fig. 9. In contrast, the ray density of HFW appeared to exhibit a
relatively homogeneous distribution throughout the study region,
suggesting a more uniform propagation behavior of high-frequency
wave energy (Figs 11c and d). While there is an overlap in the ray
paths depicted on the map view, it is important to acknowledge that
collocated events exhibit distinct frequency responses due to slight
depth variations as shown in Figs S8—11. It shows that these depth
differences could contribute to discernible discrepancies, potentially
explaining the possibility of observed anomalies.

5 DISCUSSION

5.1 Site and source effects

It is a growing approach to utilize the dense array seismic network to
understand the seismic site response (Song & Yang 2022), estima-
tion of fault damage zone (Zhang et al. 2022) and shallow velocity
structures (She et al. 2022) but it requires extensive computational
resources and data processing tools. The application of waveform
analysis based on single stations can be an expeditious and cost-
effective method for rapid assessment. The waveforms data set from

the WSGF enables us to distinctly separate the possibility of site,
source, and path effects using individual stations (WGC, BXC and
WXC). The presence of attenuated waveforms at a certain distance
supports the notion that site effects do not appear to be the leading
physical mechanism driving the trends in our observations (Fig. 3).
Furthermore, establishing a maximum distance threshold for event
observation (set at 10 km in this study) aids us in the focused anal-
ysis of specific zones at predetermined distances. This approach
reduces uncertainty by narrowing our examination to these targeted
areas, rather than the entire study region.

Besides the typical HF-induced seismicity, Hybrid-frequency
earthquakes have been reported as a new type of waveform that
exhibits broader (long-period) body wave pulses and lower fre-
quency coda on all stations (Bame & Fehler 1986; Hu et al. 2017;
Yu et al. 2021). It is well established that if LFWs are cognate
with the seismic rupture process (slower rupture speeds and lower
stress drop values) (Niyogi et al. 2023), their low-frequency radi-
ation pattern should be consistent on all stations. However, in this
study, waveforms at different azimuths show considerable varia-
tions in seismic attributes, especially in amplitude and frequency.
For instance, three out of five stations confined within a narrow
azimuth range (180-220°), are deficits of high-frequency seismic
radiation but prolonged coda waves. In contrast, the other two sta-
tions (WGC and GSZ) are considered to be normally induced events
with high-frequency and less attenuated waveforms (Fig. 4). Con-
trary to reported low-frequency earthquakes in northeast British
Columbia, Canada (Yu et al. 2021), such variations in dominant
frequencies among the stations highlight the pronounced influence
of azimuth and contradict source effects as the primary cause of
LFWs. After excluding the site and source effects, such signatures
provide robust evidence to further trace out any geological variation
including the presence of low-velocity zones in the study area.

5.2 Possible source of low-velocity zone

The observed variations in percentiles of LFWs across stations,
including those with near-zero LFW recordings, highlight the com-
plex interplay of geological factors (Fig. 7). Similar LFWs behavior
has been reported in several environments including coal mining
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(Yu et al. 2022), HF activities (Yu et al. 2021), subduction zones
(Gong & McGuire 2022), and volcanic regions (Harrington & Brod-
sky 2007) where either fluids or path effects account for such LFWs
signatures. Likewise, our findings reiterate that distinct structural
or other factors along the path in close proximity to the station
govern the occurrence and characteristics of LWFs. For instance,
the absence of an anomalous zone in the immediate vicinity of
certain stations (HIG and WGC) may account for the nearly zero
LFWs recordings and it further helps us to exclude such regions.
On the other hand, several other stations show significant dominant
LFWs (>2 per cent), particularly concentrated near the Molin Fault
and in the northeastern part of WSGFE. We suggest that localized
structure deformation might be responsible for the high occurrence
of LFWs along the Molin fault, especially at station WXC, which
is located at the junction of the Molin fault and rift boundary. In
addition, there is a notable contrast in the intensity of HF activ-
ities between the eastern and western zones of the Molin fault,
indicating the preservation of the reservoir in a non-fracking zone.
This observation becomes particularly evident in Fig. 8, where the
absence of HF activities (preserved reservoir) between the station
and two zones with dominant LFWs contributes to a higher per-
centage of LFWs recorded. The presence of highly attenuated S
waves, further emphasizes the role of such preserved reservoirs in
the occurrence of LFWs (Figs 3, S2 and S3). Our findings support
that continuous detections of LFWs are highly attributed to pre-
served shale gas reservoirs or/and geological structures, notably
the Molin fault. It is difficult to distinguish these two control-
ling factors because of the current network coverage with large
interstation distance and limited information about the ongoing HF
activities.

In the northeast of WSGF, four stations are closely located within
an average interstation distance of 10 km. Among them, RHZ and
QJC record >5 per cent of LFWs while the other two stations
are confined to 2 and 1 per cent (Fig. 7). Contrary to associated
LFWs near the Molin fault, we do not find any record of mapped
fault structure in this zone. But this region witnessed two intense
earthquakes with M| 5.6 (~M,, 5.0) and M| 5.4 (~M, 4.9)in 2019
(Lei et al. 2020; Yi et al. 2020), which highlights the complex
deformation including the existence of critically stressed faults.
Similar to the western zone of the Molin fault, a ‘seismicity gap’
between station JTS and QJC is prominent where no HF wells
and associated seismicity are recorded throughout the catalogue
which refers to no production from the reservoir. Thus, the existence
of a preserved reservoir is a common feature that may affect the
waveforms significantly (Fig. 2).

5.3 Possible location of low-velocity zone

Event locations and their associated LFWSs on nearby stations using
FI are able to provide more constraints about the suspected anoma-
lous zone. For instance, when one event is observed as LFW on
several stations (Figs 4 and 10), two viable scenarios can account
for significant attenuation on a broad azimuth range:

1.The source of LFWs is widely distributed in the region.
2.The source of LFWs is in close proximity to the epicentre.

However, recent tomography results do not support the existence
of velocity variations on such a scale and mainly document the
velocity variations along the Molin and basement rift faults (Zi
et al. 2023). Consequently, their impact is anticipated to be confined
to specific azimuths rather than exerting a widespread influence on
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waveforms across a broad azimuthal range. Instead, we infer that the
anomalous zone is located close to the event epicentre if recorded on
a wide azimuth scale (Fig. S12). To accurately pinpoint the location
of the anomalous zone, a thorough analysis of events with multiple
LFWs over a broad azimuth is crucial. However, it is challenging
to analyse each event individually. Therefore, the distribution of
events (Fig. 9) and ray-count density (Fig. 11) for both LFWs and
HFWs provides a comprehensive overview of the possible location
of such anomalous zones. These two anomalous zones are well
supported by the existence of structural deformation and preserved
reservoir. By conducting such analysis, we can infer that these LFWs
signatures are not solely influenced by structural variations but are
also potentially associated with anomalous bodies (gas packets or
injected fluid) near the event epicentres in highlighted zones with
dense LFW paths.

5.4 Significance of further investigations and proposed
methodology

In this study, we use seismic attributes analysis to unveil subsurface
anomalous zones that often elude detection by conventional seis-
mic tomography models. However, a comprehensive analysis in-
corporating precise localization and characterization of these zones
is indispensable for discerning the complex interplay of subsur-
face structures, preserved reservoirs, and HF activities. The current
seismic network is hindered by its limited number of stations and
extensive interstation distances, rendering it insufficient to accom-
plish this objective. Typically, within a 10 km radius, one would
find a maximum of five stations with non-uniform deployment, re-
sulting in clustering along specific azimuths. Simultaneously, the
non-uniform distribution of seismic events in the study area can
lead to unequal ray counts within grid cells, potentially affecting
the accuracy and reliability of identified anomalous zones. To ad-
dress this inherent limitation, we have deployed a dense seismic
array comprising around ~500 stations with an average interstation
distance of ~2 km. The resulting dense array configuration will fa-
cilitate enhanced spatial resolution and improved delineation of the
anomalous zones, thereby providing invaluable insights into their
geological characteristics and potential as hydrocarbon reservoirs.

Besides, studies have shown that changes in the physical state
of rocks including fluid saturation (Murphy 1982; Yin et al. 1992;
Muller et al. 2010) and the presence of fractures (Zhu et al. 2007,
Chichinina et al. 2009) have a stronger effect on seismic attenu-
ation than velocity. In the case of the HF experiment, Zhai et al.
(2017) observed that the alteration of physical properties in host
rock (Longmaxi shale) is not sufficient to affect the body-waves
arrival times than seismic attenuation. Thereby, we suggest a crit-
ical improvement in current velocity tomography methods, which
traditionally rely solely on arrival time information and do not uti-
lize amplitude and frequency data. To refine the subsurface struc-
tural analysis, it is advantageous to incorporate both arrival times
and frequency information, particularly through the utilization of
the frequency index method. By embracing these approaches, our
study contributes to a more comprehensive and accurate assessment
of subsurface properties and anomalies.

5.5 Limitations

The current findings, based on the available data set, convincingly
reveal the suspected low-velocity zones that were not evident in the
present 3-D velocity model (Zi et al. 2023). However, it is essential
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to acknowledge certain limitations inherent in the FI method em-
ployed. One notable constraint lies in the method’s dependency on
user-defined upper and lower frequency thresholds. This introduces
a degree of subjectivity, particularly when applying the FI method
to data sets originating from diverse study areas. Therefore, it is im-
portant to define an acceptable criterion to ensure the consistency
and precision of the measurements derived from the FI method.

6 CONCLUSION

In this study, we demonstrate the effectiveness of waveform analysis
to understand the subsurface structure and reservoir characteristics
through induced seismicity. Distinct LFWs appear to be indepen-
dent of source and site effects in the WSGF through qualitative
waveform analysis. Our results highlight the two potential anoma-
lous low-velocity zones, as determined by frequency index analysis
and ray count map. These zones are in close proximity to the Molin
fault and preserved reservoirs with no fracking so we infer that these
LFWs are not solely affected by the reservoir but may also be asso-
ciated with fault damage zones that exist along the ray path. Due to
high sensitivity to fluid and structure variations, inspecting the seis-
mic waveforms is expected to provide important constraints on the
subsurface structures and reservoir heterogenies. However, precise
identification and localization of the factors controlling such LFWs
remain challenging due to the significant interstation distances. The
construction of a dense seismic network is recommended to refine
the spatial resolution of the suspected zones with less uncertainty.
This study suggests the joint inversion in tomography models by
utilizing both arrival times and frequency information for better
structural constraints.
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Figure S1. Location of recorded low and high frequency waveforms
on station BXC.

Figure S2. Recorded waveforms with good SNR on station BXC
within an epicentre range of 10 km. Black and red waveforms
refer to events dominant with high and low frequency, respectively.
Waveforms are aligned with respect to the P wave at 1 s.

Figure S3. Recorded waveforms with good SNR on station
WXC within an epicentre range of 10 km. Black and red wave-
forms refer to events dominant with high and low frequency, re-
spectively. Waveforms are aligned with respect to the P wave
atls.

Figure S4. Recorded waveforms with good SNR on station
WGC within an epicentre range of 10 km. Black and red wave-
forms refer to events dominant with high and low frequency, re-
spectively. Waveforms are aligned with respect to the P wave
atls.

Figure S5. Events comparison using (a and b) seismic waveform
and (c and d) frequency spectrum of selected S-wave windows for
a typical high-frequency (Event 1) and low-frequency event (Event
2). Arrows highlight the selected range of the upper and lower
frequency windows for frequency index analysis.

Figure S6. Normalized frequency spectrum and corresponding fre-
quency index value of three events from northeastern Weiyuan
(Events location are marked with stars in Fig. S8).

Figure S7. Normalized frequency spectrum and corresponding fre-
quency index value of three events from northeastern Weiyuan
(Events location are marked with stars in Fig. S8).

Figure S8. Selection of three group of events from different parts
of WSGF. Numbers of stars refer to events number from each group
in Figs S9, 10 and 11.

Figure S9. Selection of three collocated events from southwest of
Molin Fault. Title of each subplot refers to ‘event number: event ID
(Depth)’. While station name and corresponding frequency index
(FT) are mentioned for each waveform.

Figure S10. Selection of three collocated events from East of Molin
Fault. While station name and corresponding frequency index (FI)
are mentioned for each waveform.

Figure S11. Selection of three collocated events from northeast
of WSGF. Title of each subplot refers to ‘event number: event 1D
(Depth)’. While station name and corresponding frequency index
(FT) are mentioned for each waveform.

Figure S12. Schematic diagram of possible location of suspected
anomalous zone with respect to different number of LFWs associ-
ated with each event and station location. Dotted lines represent the
ray paths that encounter the low-velocity zones. The black and red
triangles refer to stations with normal and attenuated waveforms,
respectively.

Table S1. Total number of recorded high, low and mixed frequency
waveforms and their percentage (out of total recorded waveforms)
on each station.
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