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Toward the Origin of Long-Period Long-
Duration Seismic Events during Hydraulic
Fracturing Treatment: A Case Study in the Shale
Play of Sichuan Basin, China
by Haichao Chen, Fenglin Niu, Youcai Tang, and Kai Tao

ABSTRACT

Long-period long-duration (LPLD) seismic events have been
recently observed over several unconventional reservoirs,
and are postulated to play a significant role in accommodating
deformation within the stimulation zone. However, the origin
of LPLD events is still under debate. In this study, we present
observations of tremor-like events during the multistage hy-
draulic fracturing treatment of a pilot horizontal well within
theWeiyuan Shale play in southwestern Sichuan basin, China.
These tremor-like signals recorded by the deep downhole mon-
itoring array (15 Hz geophones) resemble the previously re-
ported LPLD examples in terms of both duration and
frequency content. In this particular case, with the concurrent
records from the surface broadband array, we however confirm
that these signals are located well outside the treatment area,
and most probably originate from regional earthquakes that
occurred during the treatment course within 250 km radius
of the treatment well, instead of local sources directly related
to the hydraulic stimulation. This study implies that the
attenuated signals of regional seismicity may constitute a par-
ticularly deceptive pitfall for identifying and misinterpreting
LPLD events during hydraulic fracturing, especially in seismi-
cally active regions. Our results also highlight the importance
of surface broadband array in monitoring hydraulic fracturing
activities.

Electronic Supplement: Seismograms, spectrograms, and map of
low-frequency stacked energy.

INTRODUCTION

Long-period long-duration (LPLD) seismic events are low-fre-
quency tremor-like signals that have been recently observed
during hydraulic fracturing treatments over unconventional
reservoirs (Das and Zoback, 2013a,b; Eaton et al., 2013).

These events typically persist up to one minute without clear
impulsive arrivals and are rich in relatively low-frequency en-
ergy (10–80 Hz). Owing to their similar signal features with
tectonic tremors in the subduction zone, LPLD events are also
commonly interpreted in terms of fluid-driven process. In
particular, they are presumed to be associated with slowly
cascading rupture process along pre-existing fractures or faults
that are unfavorably oriented for reactivation with respect to
the present-day stress field, due to high fluid pressure or high
clay content (Zoback et al., 2012; Das and Zoback, 2013b; Hu
et al., 2017). In addition, Kanamori and Hauksson (1992)
documented a clear example of a slow earthquake near Santa
Maria, California, on 31 January 1991, which occurred a few
hours after hydraulic fracturing operation and was likely asso-
ciated with fluid injection. Tary, van der Bann, and Eaton
(2014) and Tary, van der Bann, Sutherland, et al. (2014) also
reported another type of LPLD events related to hydraulic
fracturing, which are interpreted as resonance of fluid-filled
cracks. Because of their long duration, the cumulative energy
released by LPLD events is significantly higher than that of
commonly observed microearthquakes (Das and Zoback,
2013a). As a consequence, LPLD events are postulated to play
a crucial or even dominant role in accommodating deforma-
tion within the stimulation zone and contribute substantially
to the permeability enhancement in extremely tight reservoirs.

However, the origin and nature of LPLD events remain
controversial. First, in contrast to microseismic events that are
generally inherent to hydraulic stimulation, LPLD events are
not widespread over unconventional reservoirs and only doc-
umented in a handful of shale gas plays, including Barnett
Shale in Texas (Das and Zoback, 2013a), Marcellus Shale in
Green County, Pennsylvania (Kumar et al., 2017), Eagle Ford
Shale in northeast Mexico (Hu et al., 2017). Moreover, the
occurrence of these tremor-like events appear to be sporadic,
without obvious temporal correlation with pumping activities,
neither with the occurrence of microseismic events. Recently,
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Caffagni et al. (2015) suggested that regional seismicity
recorded by 15 Hz downhole geophones share the same signal
features of LPLD events in terms of both frequency content
(< 100 Hz) and duration (∼1min), and thus may act as a
potential pitfall for identifying LPLD events. With the wide
spatial coverage of USArray, Zecevic et al. (2016) located all
of the LPLD events documented in the Barnett Data 2 by Das
and Zoback (2013a) well outside the treatment well area, and
thereby concluded that the LPLD events are probably weak-
ened records of small earthquakes that lie beneath the detection
threshold of the regional network, rather than locally sourced
events related to the hydraulic stimulation process.

Typically, LPLD events are recorded by a linear downhole
geophone array. It is noted that we still refer to the tremor-like
signals during hydraulic stimulation as LPLD events. The lo-
cations of LPLD events are usually poorly constrained, partly
ascribed to lack of clear phase arrivals and limited aperture of
the monitoring array (Das and Zoback, 2013b). Thus, most
previous studies generally focused on the waveform character-
istics of LPLD events. Besides, the records from bandlimited
geophones only provide a glimpse into LPLD events. Although
the temporal coincidence suggests that the LPLD events might
originate from weakened signals of regional seismicity, it is still
difficult to distinguish LPLD events from the regional earth-
quakes. Hence, the nature and origin of LPLD events remain
to be explored.

In this study, we report a case study of LPLD events during
the hydraulic fracturing treatment of a pilot horizontal well

within theWeiyuan Shale play in southwestern Sichuan basin,
China (Fig. 1). The treatment was monitored using a deliber-
ately designed hybrid monitoring array, which consisted of a
deep downhole geophone array and a temporary surface broad-
band array. A total of 12 LPLD seismic events were identified
during the whole treatment course. We first give an overview
of the signal characteristics of the observed LPLD events,
which are characterized by low frequencies of 5–40 Hz and
long durations of 30–60 s, similar to the previously reported
LPLD examples in other regions. Then, we display beamform-
ing analysis and source scanning results using the LPLD
records from the surface broadband array, which provide
unambiguous evidence that all the LPLD events correspond
to regional earthquakes within 250 km of the treatment well.

LPLD EVENTS

Monitoring Array
Weiyuan area has been one of the major shale gas reservoirs in
China. The complex tectonic history in this area resulted in
very complex structures with extensive folding and faulting
(Liang et al., 2015). Multiscale natural fractures and strike-slip
faults are commonly observed with strike directions predomi-
nantly in the N40°–60°E range (Chen et al., 2017). A massive
multistage hydraulic fracturing treatment was performed
during the period from 28 October to 10 November 2014 to
enhance the production of a pilot horizontal well in the
Weiyuan Shale play. There are 19 treatment stages along the
1900-m-long horizontal section of the treatment well (Fig. 2a),
with each treatment stage lasting ∼3 hrs. A hybrid seismic
array, consisting of a deep downhole geophone array and a
surface broadband array, was deployed to continuously monitor
the fracturing process over the whole course of the treatment.
The downhole array consisted of 20 levels of triaxial 15 Hz
geophones, which was deployed in a nearby vertical monitoring
well at a depth from 2120 to 2405 m, with a sensor spacing of
15 m and a sampling rate of 2000 Hz (Fig. 2a). The broadband
array was composed of 22 temporary broadband seismic sta-
tions, forming two rings with aperture ∼1 and ∼3 km, respec-
tively (Fig. 2b). Güralp CMG-3Tand CMG-40Tseismometers
were used, which have a flat velocity response between 0.03 and
50 Hz, with a very high sensitivity of 2400 m=�V=s�.

Signal Features of LPLD Events
Motivated by the recently reported class of LPLD events, we
visually inspected the spectrogram of the 15-day-long continu-
ous downhole dataset to search for similar LPLD events. A
total of 12 well-recorded long-duration tremor events were
identified during the whole treatment course, among which
5 events occurred during the injection period and 7 events dur-
ing the postinjection period, showing no obvious temporal cor-
relation with the injection activities. There were no LPLD
events observed before the pumping, because the downhole
records only started shortly before the onset of injection.
Compared to typical microseismic events (less than 1 s), these
signals feature long duration ranging from 30 to 60 s, without
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▴ Figure 1. The inset map shows the location of the study area
in China, and the main map presents the spatial distribution of the
regional earthquakes (gray circles) that occurred during the hy-
draulic stimulation and corresponds to the 12 observed long-
period long-duration (LPLD) events in this study, based on the
national earthquake catalog maintained by China Earthquake Data
Center (see Data and Resources). The two typical LPLD events
(events A and B) used in this study are marked with red circles.
The open square denotes the location of the treatment well. The
faults in the study area are marked with black lines.
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impulsive phase arrivals. Figure 3a,b presents the filtered
vertical seismograms (0.5–100 Hz) of two typical tremor-like
events recorded by the deepest geophone, as well as the corre-
sponding spectrograms. In addition to the relatively long
duration, the waveforms are dominated by frequencies in the
5–40 Hz range, slightly lower than the LPLD events in Barnett
Shale (Das and Zoback, 2013a). There is a persistent signal at
∼33 Hz in the spectrograms of both events, which is likely to
be local resonances due to interactions between the injected
fluid and the wellbore (Tary, van der Bann, and Eaton, 2014).
Besides, it is obvious that the event in Figure 3a features longer
duration and lower frequency content than the one in
Figure 3b. Hereafter, we refer to these two typical events as
events A and B, respectively. Figure 4a displays the vertical
waveforms of event A recorded by several downhole receiver
levels. Interestingly, the waveforms show a low-frequency and
low-amplitude precursor, followed by a relatively high-
amplitude main event. The enlargement of a short time win-
dow within the precursor (Fig. 4b) and the main event (Fig. 4c)
shows obvious moveout across the downhole array, with appar-
ent velocity of 6.88 and 3:75 km=s, respectively. This implies
that the precursor signal travels at compressional wavespeed,
whereas the main event propagates at shear wavespeed. Das
and Zoback (2013a) also reported discrete phases of LPLD
events with similar apparent velocities, which were sub-
sequently used to estimate the incidence angles of the signals.
Generally, the LPLD events, when recorded by the downhole
geophones, are remarkably similar to the previously docu-
mented ones in terms of both duration and frequency content.

Because the resonance frequency of the typ-
ical downhole geophone is 15 Hz, useful infor-
mation down to a few Hz is likely to go
unnoticed because of limited bandwidth. Fortu-
nately, in this study, these tremor-like signals were
also concurrently recorded by the surface broad-
band array. Figure 3c,d shows the vertical seismo-
grams of events A and B recorded by a three-
component (3C) broadband station located near
the wellhead of the treatment well, as well as the
corresponding spectrograms. The spectrograms
of the two horizontal seismograms of event A
are also exhibited in Ⓔ Figure S1 (available in
the electronic supplement to this article). It is
obvious that there is abundant low-frequency en-
ergy down to 1 Hz, which was not recorded by
the downhole geophone array. Moreover, impul-
sive seismic phases (both P and S waves) are
clearly observed in the band-pass-filtered 3C
waveforms (0.5–2 Hz, see Ⓔ Fig. S2).

EVIDENCE OF REGIONAL
EARTHQUAKES

Regional Earthquake Catalog
Based on the national earthquake catalog main-

tained by China Earthquake Data Center, there are tens of
earthquakes within 250 km radius of the treatment well during
the timeframe of the reservoir stimulation operation, which
have known locations, local magnitudes, and origin times. Sim-
ilar to Caffagni et al. (2015), we first carefully checked the ob-
served LPLD events against the national earthquake catalog
and found that there is temporal overlap (within 10 s) between
the arrival time of each individual LPLD event and the ex-
pected arrival time of one of these regional earthquakes, using
the simple IASP91 reference velocity model. These regional
earthquakes, which correspond to the LPLD seismic events, are
shown in Figure 1 and also listed in Table 1. Particularly, both
events A and B in Figure 3 correspond to regional earthquakes
ofML 2.3 (red circles in Fig. 1; events 8 and 9 in Table 1), with
epicentral distance from the treatment well of 87.4 and
215.5 km, respectively. The fracking operation also induced
one seismic event with local magnitude greater than 2. Given
that the adjacent area is quite seismically active, the temporal
coincidence strongly indicates that the observed sporadic
LPLD seismic events probably originate from the regional tec-
tonic events.

Beamforming and SSA Analysis
In this section, we first performed beamforming analysis to
determine the source direction of the observed LPLD events.
We applied plane-wave frequency domain beamforming to the
vertical records from the surface broadband array, generally
following the methodology of Gerstoft and Tanimoto (2007).
We formed beams and determined the azimuth and slowness
of the waves propagating through the array as a function of
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▴ Figure 2. (a) The 3D view of the downhole monitoring array. The wellhead of the
monitoring well (gray line) is laterally separated from that of the treatment well
(black line) by about 60 m. The downhole monitoring array consists of 20 levels
of triaxial 15 Hz geophones (black triangles) at a depth from 2120 to 2405 m with
sensor spacing of 15 m, about 300 m above the perforation shots of the treatment
stages (black ellipsoids). (b) Map view of the surface monitoring array, which was
composed of 22 temporary broadband stations (black triangles), forming two rings
with aperture ∼1 and ∼3 km, respectively (gray circles). The solid black square
denotes the wellhead of the treatment well. The perforation shots of 19 treatment
stages along the 1900-m-long horizontal section of the treatment well (black line)
are marked by solid black ellipsoids.
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frequency. As an example, Figure 5a exhibits the beamform out-
put of event A at a relatively low-frequency band (1–3 Hz).
There are two distinct signals in the direction of ∼316 (white

crosses), in agreement with the back azimuth of the correspond-
ing regional earthquake (black dashed line). The two signals have
apparent velocity of 6.1 and 3:3 km=s, respectively, which
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▴ Figure 3. The filtered vertical seismograms (0.5–100 Hz) and the corresponding spectrograms of two typical tremor-like events (events
A and B) recorded by (a,b) the deepest geophone and (c,d) a surface broadband station located near the wellhead of the treatment well.
Note that the normalized spectral amplitude of the spectrogram is plotted on a logarithmic scale.
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possibly correspond to the precursor (P wave) and main event
(S wave) in Figure 4 and Ⓔ Figure S2. As expected, the
beamforming output in the low-frequency band clearly indicates
that the energy comes from outside the treatment region, and
originates dominantly from the back-azimuthal direction of the
corresponding regional earthquake.

Because of the limited downhole array geom-
etry, Das and Zoback (2013b) can only estimate
the arrival angle of the LPLD events with respect
to the array from the moveout across the array,
and then choose the most likely location based
on the site of the current treatment stage. One
of the most commonly used methods for locating
tremor-like signals is the source scanning algo-
rithm (SSA; Kao and Shan, 2004), which has also
been modified to detect and locate microseismic
events induced by hydraulic stimulation (Drew
et al., 2013). In this study, we adapted the SSA
to search the potential location of the observed
LPLD events within a restricted region in the
neighborhood of the treatment well, using verti-
cal records from the surface broadband array. We
briefly outline the procedures here. First,we band-
pass filter the waveform within the frequency
band of interest and calculate the waveform
envelope. Then, we set up a meshed 3D region
around the treatment well, and stack all the am-
plitude envelopes over themonitoring array along
the differential moveout of each grid node within
the search volume, to obtain the 3D stacked en-
ergy image.Ⓔ Figure S3 displays the map view of
the contour map of the stacked energy at a depth
of ∼2700 m for event B in a relatively low-fre-
quency band (0.5–2 Hz). The stacked energy ap-
pears to be dominated by a coherent source. The
grid node of maximum energy is located on the
southwestern boundary of the searching volume,
consistent with the back azimuth of the corre-
sponding region earthquake (gray arrows), imply-
ing that the actual source is located well outside
the searching volume. Conversely, in the case of
high-frequency range (10–30Hz), the stacked en-
ergy is dominated by highly diffusive wavefield
(Fig. 5b), probably originating from several scat-
tered sources. The stacked energy image of the
other LPLD events generally exhibit similar pat-
tern. The spatial distribution of themicroseismic-
ity is also shown for reference (magenta circles). In
spite of nearly identical treatment strategy across
all the 19 treatment stages, the seismic response is
highly variable (Chen et al., 2017), with most mi-
croseismic events located in several clusters
around both the heel and toe regions (red ellip-
soids in Fig. 5b). It appears that these scattered
energy patches are roughly coincident with the
clustered distribution of microseismicity.

DISCUSSION

The Origin of LPLD Events
When recorded by typical 15 Hz downhole geophones, the
observed LPLD events are remarkably similar to previously
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▴ Figure 4. (a) The vertical waveforms of event A recorded by several downhole
receiver levels, which shows a low-frequency and low-amplitude precursor (left
gray shadow), followed by a relatively high-amplitude main event (right gray
shadow). The enlargement of a short time window within (b) the precursor and
(c) the main event show obvious moveout across the downhole array, with appar-
ent velocity of 6.88 and 3.75 km/s, respectively.
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reported LPLD examples in terms of duration, frequency con-
tent, and waveform characteristics (Das and Zoback, 2013a,b;
Kumar et al., 2017). Hu et al. (2017) claimed that their LPLD
events are different from previously described LPLD events by
virtue of frequency spectra, which have peaks at several isolated
frequencies. This argument is not so convincing because their
spectral amplitude is presented on a linear scale, instead of a
logarithmic scale. After checking the LPLD events against the
national earthquake catalog, we found that the LPLD events
are temporally coincident with the regional earthquakes at dis-
tance within 250 km radius of the treatment well. With the
concurrent records from the surface broadband array, we fur-
ther provide compelling evidence that these observed LPLD
events located well outside the treatment region, and most
probably originate from regional seismicity, instead of locally
source events directly related to the induced reservoir deforma-
tion associated with the hydraulic stimulation. The weakened
signals of regional earthquakes are characterized by complex
waveform, due to strong scattering from crustal heterogeneities
along the source–receiver path. Therefore, the partially over-
lapped coda of P and S waves might lead to a continuous long-
duration signal, especially when recorded by a 15-Hz downhole
geophone. Besides, the waveforms of regional earthquakes may
be different, depending on the epicentral distance with respect
to the treatment well (Fig. 3a,b).

It is very appealing that LPLD events might accommodate
most of the deformation within the stimulation zone, and
thereby, imaging this type of LPLD events can potentially
map fluid flow and tensile fracture development during hy-
draulic fracturing (e.g., Hu et al., 2017). Moreover, laboratory
frictional experiments of shale samples under in situ pressure
and temperature indicate that slow slip along pre-existing weak
planes may exist within clay-bearing sedimentary rock (Zoback

et al., 2012; Kohli and Zoback, 2013; Bonnelye et al., 2017).
However, it should be kept in mind that LPLD events do not
universally exist in response to hydraulic stimulation, and are
only observed in a handful of shale gas plays. Although it is not
clear whether the previously documented LPLD events also
originate from regional seismicity, it is undoubted that the
attenuated signals of regional earthquakes could be easily mis-
taken as being slow-slip events induced by the fracturing treat-
ment and thus act as a particularly deceptive pitfall for
misinterpretation of LPLD events during hydraulic fracturing,
especially in seismically active regions (Caffagni et al., 2015).
Moreover, anthropogenic activities may also generate similar
LPLD signals. For instance, Li et al. (2017) recently revealed
that the long-duration tremor-like signals recorded during the
Oklahoma wavefield experiment are most likely originating
from nearby trains. It would be prudent to understand the ori-
gin of the observed LPLD events before interpreting LPLD
events as being related to reservoir deformation process, espe-
cially when downhole geophone array is the only viable mon-
itoring configuration.

It would be important to check the identified LPLD
events against a regional earthquake catalog to enable discrimi-
nation based on timing to avoid misinterpretation of LPLD
events. Nevertheless, it is possible that regional earthquakes lie
below the detection threshold of permanent regional seismic
network, and thus are missing from the regional earthquake
catalog. In this scenario, independent seismic dataset acquired
from surface monitoring array may play a vital role in distin-
guishing LPLD events related to hydraulic fracturing from
weakened signals of regional earthquakes (e.g., Eaton et al.,
2013). Hence, we suggest install a few broadband seismic
stations, as a useful complement to the downhole array, to
monitoring future hydraulic fracturing activities. Because the

Table 1
Catalog of Regional Earthquakes That Occurred During the Hydraulic Stimulation and Correspond to the 12 Observed Long-

Period Long-Duration (LPLD) Events in This Study

Event ID Origin time (UTC)
(yyyy/mm/dd hh:mm:ss)

LPLD Arrival Time (UTC)
(yyyy/mm/dd hh:mm:ss)

Longitude
(E)

Latitude
(N)

Depth
(km)

M L Distance
(km)

01 2014/10/29 10:32:03 2014/10/29 10:32:32 103.66 28.62 8 2.6 166.6
02 2014/11/02 15:44:13 2014/11/02 15:44:13 104.89 29.66 15 2.3 3.0
03 2014/11/02 17:12:59 2014/11/02 17:13:49 103.31 27.10 10 3.9 322.7
04 2014/11/05 01:40:57 2014/11/05 01:41:35 103.51 31.26 18 2.3 224.2
05 2014/11/05 10:40:44 2014/11/05 10:41:19 104.25 31.56 6 2.0 221.7
06 2014/11/05 11:18:09 2014/11/05 11:18:43 105.14 31.46 18 2.1 202.4
07 2014/11/06 03:18:14 2014/11/06 03:18:49 103.90 31.49 20 2.2 226.6
08 2014/11/06 15:26:50 2014/11/06 15:27:10 104.03 29.49 7 2.3 87.4
09 2014/11/07 03:03:19 2014/11/07 03:03:59 103.32 31.01 19 2.3 215.5
10 2014/11/07 22:28:21 2014/11/07 22:28:57 102.56 29.82 25 2.2 228.6
11 2014/11/09 10:39:13 2014/11/09 10:39:55 104.19 31.76 5 2.1 244.6
12 2014/11/09 11:00:26 2014/11/09 11:01:05 104.17 31.74 11 2.0 243.0

The arrival time of the corresponding LPLD event on a broadband station near the wellhead of the treatment well is also given for
reference.
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resonance frequency of broadband seismometers is far below
1 Hz, they can avoid magnitude saturation. More importantly,
they may enable us to determine the propagation direction of
the low-frequency signals and thereby discriminate the regional
earthquakes from potential true LPLD events. Furthermore,
they can record the earthquake signals before the onset of in-
jection and allow us to evaluate the background seismicity level
in the target area. In this case study, the surface broadband
array was deployed about one week before pumping began.
Similar LPLD signals were also recorded before the injection,
which were obviously not related to the pumping activities.

Scattering of High-Frequency Energy
Apparently, these attenuated records of regional earthquakes are
not physically related to the stimulation process. Yet, it is inter-
esting that the high-frequency energy patches are spatially
coincident with the clustered distribution of microseismicity
(Fig. 5b). Microseismic events are typically caused by brittle fail-
ure of pre-existing fractures. Consequently, the spatial clustering

of microseismicity is probably strongly controlled by the pre-
existing natural faults or fractures (Chen et al., 2017). Thus,
it is reasonable to speculate that the region with high natural
fracture density may act as strong acoustic energy scatters (Ze-
cevic et al., 2016), which can generate a weak secondary wave-
field that will be present in the recordings, when regional
earthquakes illuminate the target reservoir. As a result, these en-
ergy patches are likely to be regarded as the source locations of
the LPLD events, if searching the locations of LPLD events
within a restricted volume by maximizing the stacked energy.
For instance, Das and Zoback (2013b) located a subset of 10
large LPLD events in a cluster within a limited region of the
reservoir, regardless of the stage that was being injected. On
one hand, it may lead to the artifact that the LPLD events
and the microseismicity share a common source. On the other
hand, this also suggests that the scattered signals from regional
seismicity can give some clues to the scattering properties of the
target formation.
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▴ Figure 5. (a) Beamform output of event A in the 1–3 Hz frequency band, using the vertical records from the surface broadband array.
The black dashed line marks the back azimuth of the corresponding regional earthquake with respect to the treatment well. The two
distinct signals at azimuth of ∼316 (white crosses) have apparent velocity of 6.1 and 3.3 km/s, respectively. Note that the amplitude has
been normalized by the maximum beamforming energy and are presented on a logarithmic scale. (b) Map view of the contour maps of the
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CONCLUSION

A total of 12 tremor-like seismic events were observed during
the hydraulic fracturing treatment of a pilot horizontal well in
the Weiyuan Shale play. We show that these LPLD events,
when recorded by typical 15 Hz downhole geophones, are
notably similar to previously reported LPLD examples in terms
of duration, frequency content, and waveform characteristics.
With the concurrent records from the surface broadband array,
we however provide compelling evidence that these LPLD
events most probably originate from regional earthquakes
within 250 km radius of the treatment well. In addition to
the temporal coincidence, the beamforming and source scan-
ning analysis show that the propagation directions of these
signals are consistent with the back azimuth of their corre-
sponding earthquakes, which strongly indicates that these
tremor-like signals are weakened signals of the regional seismic-
ity, rather than local slow-slip events directly related to fluid
presence and migration during hydraulic stimulation. This case
study implies that the attenuated signals of regional seismicity
may constitute a particularly deceptive pitfall for identifying
and misinterpreting LPLD events during hydraulic fracturing,
especially in seismically active regions. Moreover, the region of
high natural fracture density may act as strong acoustic energy
scatterers, which can generate a high-frequency secondary
wavefield and thus potentially give some clues to the scattering
properties of the target formation. This study also highlights
the importance of surface broadband array in monitoring
hydraulic fracturing operations.

DATA AND RESOURCES

The China Earthquake Data Center was searched using
data.earthquake.cn (last accessed September 2017). All the
plots were made using the Generic Mapping Tools v.5.3.1
(http://gmt.soest.hawaii.edu, last accessed February 2017;
Wessel et al., 2013). The waveforms used in this study were
collected as part of the hydraulic fracturing monitoring experi-
ment in Weiyuan Shale play. Data are available from the cor-
responding author upon request.
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