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A B S T R A C T

Low-frequency signals have been widely found in the conventional oil/gas field and volcanic region as well as
during hydraulic fracturing of unconventional oil/gas reservoirs. Their generation mechanism has been ascribed
to the flow of gas/fluid in the fractures, which can induce the Krauklis wave around fractures and can further
excite low-frequency seismic body wave signals at diffraction points. Thus, it is theoretically feasible to determine
the gas/fluid enrichment areas and migration pathways by locating the low-frequency signals. Here we have
utilized a surface dense seismic array deployed above the Sijiazhuang coal mine in Shanxi province to detect and
locate such low-frequency signals that are dominant in the frequency range of 1.5–4.0 Hz. Waveform migration-
based location method is employed to locate these signals that have low signal to noise ratios. We further compare
the distribution of low-frequency signals and coalbed methane concentrations that are estimated based on
ambient noise tomography result with the same seismic array. The spatial consistency between low-frequency
signals and coalbed methane enrichment areas suggests that detecting and locating low-frequency signals with
a surface seismic array is an efficient way to identify gas enrichment areas and potential gas migration pathways.
1. Introduction

Identification of gas (CO2 and CH4) enrichment areas and migration
pathways can provide essential information for gas extraction [1], carbon
capture and storage [2,3], gas hydrate exploitation [4–6], and assessing
sub-seabed CO2 release mechanisms [7]. Therefore, it is of great signif-
icance to develop methods of identifying gas enrichment areas and gas
migration pathways. Nowadays, various technologies identifying gas
enrichment areas and gas migration pathways include but not limited to
time-domain reflectometry (TDR), ground-penetrating radar (GPR)
[8–11], frequency-domain electromagnetics (FDEM), electrical re-
sistivity tomography (ERT) [9,12], gas geochemistry measurements (An
et al., 2016; [1], electrical conductivity [13,14], seismic exploration [4,5,
7,10,15], combined geophysical monitoring methods [10,16,17], and
Infrared Thermography [18,19]. However, most of these techniques are
inefficient. For this reason, it is necessary to develop a quicker and easier
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way to detect and delineate the gas migration pathways.
Previous researches have detected low frequency signals in the oil and

gas reservoirs that could be related to fluid activity [11,20]. observed
narrow-band, low-frequency signals (1.5–4 Hz) on the surface over
different hydrocarbon reservoirs worldwide [21,22]. found coherent
low-frequency seismic signals related to oil and gas reservoirs, which
have been used as a new direct hydrocarbon indicator (DHI) for the gas
reservoir survey. Steiner et al. (2007) inferred that low-frequency
microtremor signals are originated from the reservoirs and can be used
to detect possible reservoirs [23]. observed low-frequency body wave
microtremors (1–4 Hz) correlated to oil reservoir, and they interpret
them originating from viscoelastic scattering due to poroelastic effects in
the partially saturated reservoir. However, the generation mechanism of
low-frequency signals is still not very clear, and at present there are
mainly two proposed causes. The first one is related to the resonant
amplification occurring at the pore scale within the reservoir, whereby
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seismic energy is trapped in a multiphase fluid system and then emitted
with detectable energy levels [23,24]. Secondly, at the macro scale,
resonant scattering due to complex impedance contrasts between
hydrocarbon-bearing reservoir and the surrounding medium modulates
the ambient seismic wavefield to become detectable at low frequencies
[22,25]. Either mechanism indicates that the generation of
low-frequency signals is closely related to the enrichment and migration
of hydrocarbons. Therefore, detecting and locating low-frequency signals
in a coal minee could provide a new way for characterizing gas enrich-
ment areas and migration pathways.

Compared with other survey methods, low-frequency passive seismic
surveys enjoy significant environmental, logistical and cost-effective
advantages over conventional active seismic and electromagnetic
methods that require a powerful artificial source. In our study, the dense
seismic array was adopted to capture low-frequency signals in a coal
mine and the waveform migration-based location method was used to
detect and locate low-frequency signals. We further studied the rela-
tionship between the distribution of low-frequency signals and coalbed
methane enrichment areas and migration pathways. Finally, we attempt
to establish a method for quickly identifying fluid/gas enrichment areas
and possible migration pathways based on a dense seismic array.
Fig. 1. (a) A schematic diagram illustrating how the waveform migration-based locat
the true location of the low-frequency signal, and no low-frequency signal occurs at
typical teardrop-shaped low-frequency signals, shown near stations, have high simil
comparison, there are no significant similar waveforms at the predicted arrival time
describing the main steps in the detection and location method.
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2. Method

As shown in Fig. 1a, the low-frequency signal envelope is similar to a
drop shape. Compared with typical microseismic events caused by shear
slip along fractures, the dominant frequency of these low-frequency
signals is much lower and generally around 3 Hz. The signal lasts for
~5 s and looks like a micro-tremor. In many cases, these low-frequency
signals are almost buried in the background noise and have no obvious
phase arrivals, which makes it challenging to detect and locate them by
the conventional methods. In this study, we aim at using the waveform
migration-based location method to detect and locate these low-
frequency signals, which avoids picking arrival times.

The concept of waveform migration-based location method is bor-
rowed from Kirchhoff migration method widely used in exploration
seismology, which involves backpropagating the received wavefields at
different receivers to the medium [26]. When backpropagating seismic
records upon the seismic source excitation time, they will be focused
around the source location. Compared with conventional arrival-based
location method, waveform migration-based location methods avoid
picking phase arrivals and are more suitable to locate low-frequency
seismic signals with low signal to noise ratios [27–29,67,68]. For
waveform migration-based location methods, they stack different
ion method identifies and locates the low-frequency signals. Source 1 (red star) is
Source 2 (grey star). ti;j represents the arrival time of Source j at Station i. The
arity at the predicted arrival times from the true source location (Source 1). In
s from Source 2 (grey star), resulting in low semblance value. (b) A workflow
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waveform attributes that are corrected by the corresponding travel times
from potential sources to different receivers [26]. The trial location
associated with the maximum stacking value is assumed to be the
hypocenter.

In this study, we use the waveform migration-based location method
with semblance imaging condition [30,31] to detect and locate
low-frequency signals. Compared to time reverse modeling method for
locating microtremors [32,33,67,68], the waveform migration-based
location method with semblance imaging condition is more efficient. A
schematic diagram for this method is shown in Fig. 1, involving the
following steps.

(1) Firstly, discretize the imaging region by regular grids and choose
appropriate regional velocity model. Many previous studies have
demonstrated that the envelopes of low-frequency signals propa-
gated at S-wave velocity [27,34–36]. Therefore, we used the
S-wave velocity to locate the low-frequency signals.

(2) Secondly, each potential grid node was scanned, and the travel
times between each potential grid node (x, y, z) and different re-
ceivers were calculated.

(3) Thirdly, the waveforms at different receivers were corrected and
shifted based on the precalculated travel times.

(4) Fourthly, calculate the semblance among the shifted waveforms
received by different receivers.

If the point is the true source location, the waveforms will be aligned
well according to the calculated travel times and the semblance would be
largest. Otherwise, the semblance value would be relatively small
because of the unalignment of the waveforms. The ‘bright’ value bv was
used to measure the semblance value. A threshold value can be deter-
mined based on the signal to noise ratio (SNR) of the waveform and it was
used to judge whether the position with the largest ‘bright’ value is the
real position of a low-frequency signal. The point with bv higher than the
threshold is treated as the true source. The semblance of a potential point
s at origin time τ can be calculated by Eq. (1),

Sðτ; sÞ ¼
PτþΔ

t¼τ

�PN
i¼1

uiðt þ ttravÞ�2

N
PτþΔ

t¼τ

PN
i¼1

u2i ðt þ ttravÞ
(1)

whereΔ is the length of time window andN is the number of receivers. ui
represents the preprocessed data and ttrav is pre-calculated travel time.
The ‘bright’ value bv can be calculated by Eq. (2),

bvðτ; xÞ ¼ Sðτ; xÞ* Sðτ; xÞ�Pn
i¼1

Sðτ; iÞ
��

n
(2)

where n is the number of searching grid nodes.
The full waveform migration-based method above can be used to

quickly detect and locate low-frequency signals. Based on the detection
and location results, we can analyze the relationship between the dis-
tribution of low-frequency signals and the gas enrichment areas and
potential migration pathways.

3. Application to a coal mine

The waveform migration-based detection and location method has
been applied to Sijiazhuang Coal Mine, which is located in Xiyang
County, Shanxi Province, China, on the northeast edge of Qinshui Coal
Field. The coal-bearing strata in this region are the Lower Permian Shanxi
Formation and the Upper Carboniferous Taiyuan Formation, containing a
total of 18 coal layers. The Shanxi Formation of the Lower Permian
System and the Taiyuan Formation of the Upper Carboniferous System
are mainly located in the depth range of 300 m–600 m below the surface.
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The gas content of each coal seam in this coal field is approximately
5.73–13.58 m3/t, with the gas pressure of 0.25–2.20 MPa and the
porosity of 2.96–5.05%. The gas permeability coefficient of the coal seam
is ~0.175–0.331 so that the gas can be drained from the coal seam.

A dense surface seismic array consisting of 96 short-period (5s-200
Hz) seismic stations were deployed in the study region with interstation
spacing of about 0.5 km (Fig. 2a). This array covered the area of 5 km by
5 km and continued recording for about one month with the sampling
rate of 100 Hz. Each seismometer is simply installed in a shallow hole
that is about 40 cm deep [37]. have determined local shear wave velocity
structure by the ambient noise tomography method [38]. And the dis-
tribution of gas content of coal seam for the region is estimated based on
the empirical relationship between gas concentrations and velocity
anomalies (Fig. 2b), which is verified by gas concentration measurements
from boreholes. This seismic array has detected low-frequency signals,
similar to those observed in oil/gas fields (Fig. 3). This gives us an op-
portunity to link low-frequency signals with the distribution of coalbed
methane enrichment areas and migration pathways.

3.1. Spatial distribution characteristics of low-frequency signals

In order to remove the effect of the ocean waves that have frequencies
around 0.08 Hz and 0.15Hz [39,40], 1 Hz high-pass filtering was applied
to the data recorded by the seismic array (Fig. 4a). It is clear that fre-
quency spectra at most of the stations have consistent low-frequency
spectral components (1.5 Hz~4 Hz). Fig. 4b shows the typical spectra
at two stations with and without low-frequency signals. There is a clear
difference between the two spectra in the low-frequency domain (1.5
Hz~4 Hz). In order to quantitatively characterize the low-frequency
component around 3 Hz at each station, we have defined the abnor-
mality degree by Eq. (3).

Ei ¼ 2Ai;max

ðBi þ CiÞ (3)

where Ei is the abnormality degree referring to low-frequency spectral
anomaly value at i th station, Ai;max is the spectrum amplitude peak be-
tween 1.5 Hz and 4 Hz, and Bi, Ci are the spectrum amplitude at 1.5 Hz
and 4 Hz, respectively.

The abnormality degree at each station is calculated for waveform
records from March 15, 2019 to April 23, 2019 by Eq. (3). As shown in
Fig. 4c, there are mainly six anomaly areas (anomaly area I to anomaly
area VI) in the region covered by the seismic array. Among the six
anomaly areas, areas I to III are located in the middle part of the study
region, and areas IV to VI are located around boundaries of the study
region. It can be found that anomaly areas I to III are roughly spatially
consistent with high gas concentration zones, indicating that the gener-
ation of the low-frequency signals may be related to the gas enrichment
and migration (Figs. 2 and 4c). It is noted that abnormality degree is
calculated using frequency spectra of waveforms at each station and only
reflects the existence of low frequency signals not far from stations.
Therefore, it is reasonable that the distributions of gas enrichment and
abnormality degree are not completely consistent with each other.

3.2. Locating low-frequency signals

To more quantitatively determine the distribution of low-frequency
signals, we selected those stations with spectrum anomalies to locate
them using above-mentioned waveform migration-based location
method. To minimize the impact of ambient noise on the location results,
we first performed 1.5–4 Hz bandpass filtering on the waveforms
recorded by seismic array. Secondly, we discretize the region covered by
seismic array with a grid interval of 0.1 km in three directions. The one-
dimensional (1D) S-wave velocity model (Fig. 5a) is constructed by
averaging three-dimensional S-wave velocity model from ambient noise
tomography by Ref. [37]. Thirdly, the search domain for locating



Fig. 2. (a) The distribution of seismic stations (black triangles) deployed in the coal mine. The background map is the elevations. (b) The distribution of predicted gas
concentrations in the coal seam at the depth of 0.5 km from Ref. [37]. Red rectangles represent the roadways.

Fig. 3. Typical low-frequency signals (enclosed by the red box) recorded by the
seismic array in the Sijiazhuang coal mine.
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low-frequency signals is set with the range of [463, 470] km in X, [4161,
4167] km in Y, and [0.3, 0.7] km in Z with a grid interval of 0.1 km. For
the origin time τ, it is searched with an interval of 0.2 s. The travel times
between each potential grid node and different receivers are calculated to
construct the travel time tables for all receivers. The waveforms recorded
by different receivers are then shifted based on the travel time table.
Fourthly, the semblance among the shifted waveforms and the ‘bright’
value bv are calculated. The window length of calculating semblance Δ is
5s. Since the noise levels vary every day, the daily threshold is 1.15 times
the daily average bv value to declare the valid detection and location of a
low-frequency signal.

By using the waveform migration-based location method, the low-
frequency signals from March 22 to March 31, 2019 are located. As
shown in Fig. 5c, most of the low-frequency events are detected in the
early morning and evening. The reason for this phenomenon is because of
lower ambient noise levels due to fewer human activities in the early
morning and evening, which makes it easier to extract low-frequency
signals from the noise. Figs. 5b, 6a and 6b show the spatial distribu-
tions of detected low-frequency signals on March 22, 30 and 31, 2019,
respectively. It can be seen that the distribution patterns of low-
frequency signals vary day by day. For the spatial distribution of low-
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frequency signals shown in Fig. 5b, d and 6, it can be found that low-
frequency events are not exactly spatially consistent with the gas
enrichment areas determined by Ref. [37]; which are also located around
boundaries of the gas enrichment areas. This indicates that the genera-
tion of low-frequency signals is not only related to the enrichment of
coalbed methane, but also likely related to the migration of coalbed
methane. Due to the mining and tunneling activities in #1 Panel and #2
Panel, the coalbed methane in the gas enrichment area will inevitably
migrate to the #1 Panel and #2 Panel roadways and zones near the goafs
due to stress perturbations. Combining the low-frequency signal location
results on March 30, 2019 (as shown by black dots in Fig. 5b), on March
22 and 31, 2019 (as shown by black dots in Fig. 6), and fromMarch 22 to
March 31, 2019 (as shown by black contours in Fig. 5d) with spatial
distribution of gas enrichment areas, we can roughly determine some
likely gas migration pathways. The first is the gas migration pathway
between the gas enrichment area I and the gas enrichment area II. The
second is the gas migration pathway from the gas enrichment area II to
#1 Panel. The third is the gas migration pathway from the gas enrich-
ment area II to #2 Panel. The fourth is the gas migration pathway from
the gas enrichment area III to #2 Panel. By determining the spatial dis-
tribution of these gas migration pathways, it is of great significance for
coal mine gas drainage and mine safety production.

4. Discussion

Low-frequency signals were often detected by seismic sensors above
the oil reservoir [21,22]. proposed there are three possible generation
mechanisms including standing wave resonance, selective wave attenu-
ation and resonant amplification. For shale or tight-sand gas/oil reser-
voirs that require hydraulic fracturing, low-frequency signals have also
been detected by Ref. [41–44]. Similar low-frequency signals were also
detected in the volcanic areas, such as short duration monochromatic
events by Refs. [45–49]. It is proposed that the generation of
low-frequency signals may be related to the resonance of the fluids
within a conduit [50–56]. Laboratory experiments further validated that
the fluid movement can trigger low-frequency signals around fractures
[57–59]. Because similar low-frequency signals have been detected in
different settings, it can be inferred that these signals are mainly caused
by the resonance induced by the flow of fluid or gas in fractures.

The flow of fluid or gas in the fractures can induce a special type of
surface wave known as the Krauklis wave around fractures [60,61].
Because the Krauklis wave decays exponentially, it is difficult to be
detected at a relatively short distance away from the fracture. However,
the Krauklis wave can further excite the body wave by scattering,
diffraction and mode conversion at the fracture tip and other diffraction



Fig. 4. (a) Fourier amplitude spectra of one low-frequency signal recorded at 96 stations. Black dashed lines outline low-frequency domain. (b) Comparison of Fourier
amplitude spectra for waveforms with (blue line) and without (red line) low-frequency signals on two stations. Black dashed lines outline low-frequency domain. (c)
The distribution of abnormality degrees calculated for each station. Red rectangles represent the roadways and purple dotted ellipses denote anomaly areas.
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points [62]. In comparison, the body wave can transmit a much longer
distance and can thus be monitored by surface seismic stations. It is also
shown that the spectral characteristics of the body wave can effectively
reflect the fluid properties and fracture geometry [63–65].

So far, this is the first time that low-frequency signals have been
detected by a seismic array above a coal mine. Based on the above
analysis, it is most likely that the detected low-frequency signals are
caused by the flow of coalbed methane within conduits such as fractures
or faults in the gas enrichment areas. Therefore, it is feasible to determine
the gas enrichment region and the likely migration pathways by detect-
ing and locating the low-frequency events. Because of low signal to noise
ratios of these low-frequency signals, we have adopted a waveform
migration-based location method to locate them. From the actual data
recorded by a dense seismic array over a coal mine that is known to have
high coalbed methane concentration, it is clear that these low-frequency
events are associated with gas enrichment areas based on the fact that
they are spatially consistent with the gas enrichment areas. It is also
noted that some low-frequency events are located in the boundary zones
around the gas enrichment areas, which indicates that these signals
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reflect gas migration processes not only within gas enrichment areas but
also around them.

By using the same dense seismic array [37], first used the ambient
noise tomography method to determine velocity variations around the
coal seam. Then based on the empirical relationship between gas con-
centration and velocity anomaly, the distribution of gas concentration for
the target coal seam can be estimated. In this study, it can be seen that the
distribution of low-frequency signals is roughly overlapped with high gas
concentration areas estimated by the ambient noise tomography method.
This indicates that both methods can be used to estimate the distribution
of coalbed methane concentrations for a coal mine.

5. Conclusions

In this study, by using a dense seismic array deployed above the
Sijiazhuang Coal Mine in the Shanxi Province, we have detected some
low-frequency signals in the frequency range of 1.5 Hz–4 Hz. Based on
previous studies, we suggest that these signals are caused by the flow of
coalbed methane in the fractures or conduits, which induces the Krauklis



Fig. 5. (a) One-dimensional S-wave velocity model used in travel time table calculation. (b) The distribution of detected low-frequency events (black dots) on March
30, 2019. Red rectangles represent the roadways. Purple arrows indicate the likely gas migration directions. (c) Histogram of low-frequency signal occurrence time in
each day. (d) Comparison of low-frequency event-prone region (black contours represent bv calculated by the location method) during the period from March 22nd to
March 31st, 2019 and gas content distribution. The red color represents the gas enrichment area and blue color indicates areas with less gas content. Red rectangles
represent the roadways. Purple arrows indicate the likely gas migration directions.

Fig. 6. The distribution of detected low-frequency events (black dots) on (a) March 22, 2019 and (b) March 31, 2019, respectively. Red rectangles represent
the roadways.
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wave around fractures that further excites the body wave at the fracture
tip and other diffraction points. The waveform migration-based location
91
method was used to detect and locate these low-frequency signals. It is
found that they are located in the areas where coalbed methane



S. Miao et al. Geohazard Mechanics 1 (2023) 86–93
concentrations are high, which were estimated based on ambient noise
tomography result using the same seismic array. The spatial coincidence
between low-frequency signals and high coalbed methane enrichment
areas indicates these signals can be used to delineate the gas enrichment
areas.

Therefore, our study provides an efficient way to determine gas
concentration areas and likely gas migration pathways by detecting and
locating low-frequency signals based on a dense seismic array in a coal
mine. For efficiently exploring coalbed methane enrichment areas in a
coal mine, we suggest deploying a surface seismic array covering the coal
mine and using the waveform migration-based location method to detect
and locate low-frequency signals, whose distributions can be used as a
proxy for delineating coalbed methane enrichment areas. This is much
more efficient than the traditional drilling-based measurements for large
scale coalbed methane exploration.
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