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The low-frequency strong reflection of coal seams always makes the gas
detection of the adjacent gas reservoir difficult in a tight sandstone
reservoir. An adaptive decomposition processing approach is introduced
in this study to inspect the ability to target the weak seismic response of the
gas reservoirs interfered by the adjacent coal seams. The variational mode
decomposition (VMD)-based highlight volumes extraction approach is
used to better detect the weak seismic response of the gas reservoirs
concealed by the adjacent strong reflection of coal seams in a tight
sandstone reservoir. The amplitudes above the average and peak
frequency volumes are extracted from each intrinsic mode functions
after VMD for gas detection. Field data examples show that the VMD
highlights the weak seismic responses of the geological and stratigraphic
information and hydrocarbon-related contents. The results obtained from
the VMD-based highlight volumes extraction approach are in close
agreement with previous logging interpretations and the drilling
information of wells, and the lateral extent of hydrate-bearing strata is
estimated with increased accuracy. When the influence of the strong
reflection amplitudes caused by the coal seams is not suppressed, the
characterization of the weak seismic responses in the reservoirs would
prevent the detection of gas or overestimate the lateral distribution of the
gas strata. The adaptive decomposition processing methodology has the
ability to detect the weak seismic responses in reservoirs interfered or
concealed by adjacent coal seams and yields a better hydrocarbon-
related interpretation.
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Introduction

In seismic exploration, the coal seams which have the
characteristics of the low-frequency, strong reflection, similar
seismic response to the gas layers always shield the reflection
anomalies that reveal the geological characteristics of the
adjacent gas reservoir and seriously interferes with effective
prediction of the gas reservoir. The lateral resolution of
seismic reflection waves will also be reduced by the coal
seams. To address the problems of gas detection in weak
seismic responses of the target reflection interfered or
concealed by the coal seams, many methods and technologies,
including the deconvolution technique, inverse Q-filtering, and
multiple wavelet decomposition, have been traditionally adopted
to broaden the frequency band of the seismic data or exclude the
frequency band of the coal seams from the seismic data before the
application of the gas detection technologies (Guo and Wang,
2004; An, 2006a; An, 2006b; Zhao et al., 2007; Wang et al., 2015;
Liu et al.,, 2017). However, there are some limitations for the
adoption of these methods. For example, the deconvolution
methods always assume that the seismic wavelet that has the
minimum phase and reflection coefficient is a white noise
sequence, which is not always true for the actual seismic data.
Noise boosting always exists in the inverse Q-filtering and
accurate Q estimation is difficult for actual seismic data. The
multiple wavelet decomposition technology has poor lateral
continuity. The
procedure always hinders the subsequent gas detection with

limited and inaccurate pre-processing
high precision.

Spectral decomposition is a widely used effective method to
delineate the frequency response of reservoirs and subsurface
rocks with respect to time, and it highlights some seismic

responses buried in some special frequency bands by
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transforming the seismic data into the time-frequency domain
by time-frequency methods (Chakraborty and Okaya, 1995;
Castagna and SunSiegfried, 2003; Wu and Liu, 2009; Xue
et al, 2014; Xue et al, 2016b; Yuan et al.,, 2019). The strong
amplitude anomalies at low frequencies can always be detected by
employing spectral decomposition. This is mainly caused by the
fact that, compared with lower frequencies, higher frequencies
are attenuated more rapidly owing to the attenuation of seismic
waves in gas-prone sediments (Anderson and Hampton, 1980;
Xue et al., 2014).

The newly developed variational mode decomposition
(VMD) method, which is more suitable for handling non-
linear and non-stationary data, can decompose the seismic
data into a series of intrinsic mode functions (IMFs) with
narrow-band properties in an adaptive and quasi-orthogonal
way (Dragomiretskiy and Zosso, 2014). Each mode with different
frequency band may highlight different geological and
stratigraphic information. Compared to the empirical mode

decomposition and its derived algorithms, VMD is
theoretically ~well founded and has stronger local
decomposition ability. Furthermore, it has more noise

robustness owing to the Wiener filtering embedded in its
mode update process, which makes the IMFs to have more
physical meaning (Dragomiretskiy and Zosso, 2014; Xue et al.,
2016a). Compared to the other traditional time-frequency
methods, the VMD-based method with significantly higher
time and frequency resolution shows its advantages in
highlighting and the
hydrocarbon information while removing the noise (Xue
et al.,, 2016a; Liu et al., 2017; Xue et al., 2018).

Based on the previous studies, this study investigates a VMD-

subtle geologic structure features

based improved spectral decomposition approach for gas
detection in the area of the 8th section, Xiashihezi Formation,
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FIGURE 1

Seismic section intersecting well A. Note that the gas reservoir is marked by a pink rectangle. The horizon is marked by a black line.
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FIGURE 2
Seismic section intersecting well B. Note that the gas reservoir is marked by a pink rectangle. The horizon is marked by a black line.
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FIGURE 3
Seismic trace intersecting well A (A) and seismic trace intersecting well B (B). Note that the gas reservoir is marked by a pink ellipse.

and the 1st section, Shanxi Formation, where the seismic Here, we present the results from an attenuation study based on
responses of the main target gas layers are interfered or seismic data from the 8th section, Xiashihezi Formation, and the
concealed by the strong reflection of the adjacent coal seams. Ist section, Shanxi formation, in the Ordos Basin, China,
Frontiers in Earth Science 03
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FIGURE 4

Logging curves and interpretation of well A in the 8th sections of the Xiashihezi Formation.

that such

methodology has the ability to target the weak seismic

showing adaptive decomposition processing
response of the reservoirs interfered by the adjacent coal
seams. The proposed methodology will introduce new vitality
into gas detection when interfered or concealed by the strong

amplitude reflection caused by coal seams.

Materials and methods
Seismic data

The post-stack migrated seismic data from the gas field
located in the Ordos Basin, China is collected. The main gas-
bearing strata are distributed in the 8th section, Xiashihezi
Formation, and the 1st section, Shanxi Formation, of the
Upper The
reservoir, which has average porosity of less than 10% and

Permian, Paleozoic. effective  gas-bearing
permeability generally less than 1 x 107 pm?, is mainly a
tight sandstone reservoir. Previous studies on the geological

and geophysical characteristics of the Upper Paleozoic
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reservoir in the Ordos Basin show that the sandstone
reservoir is characterized by a strong heterogeneity, thin
thickness, largely-changed horizontal distribution, and
scattered vertical distribution (Zhu et al., 2008; Zou et al,,
2012; Xue et al., 2013; Ren et al., 2014). The thickness of the
single layer of the target sandstone is only more than 10 m.
Affected by the strong reflection of the adjacent coal seams in
the 1st section of the Shanxi Formation, the identification of
the weak seismic responses of the main gas-bearing strata is
further increasingly difficult.

Here, the post-stack migrated seismic data from the
Paleozoic target area of a 2D line (86.88 km) are analyzed.
The sampling frequency of the seismic data is 1,000 Hz. In
total, two typical gas-saturated wells, with the names of A and
B, respectively, are located in the 2D line. Well A is a less
prolific well when compared with well B. The seismic sections
passing through well A and well B from the original seismic
volume are, respectively, shown in Figures 1, 2. The study
areas are, respectively, indicated by a pink rectangle for the
seismic sections passing through well A and well B in Figures
1, 2. The horizon lines, which show the bottom of the 8th

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.872525

Wang and Xue

10.3389/feart.2022.872525

CR AC
30 APT 350 140 Bs/m 300
CAL CHL RT
Fa. | 15 e 35 | DEFTH | 7 % 100 | 2 [ORS § 200 | Payzone
sp DER
5 v 70 T s 2.75

3605

3610

3615

3620

3625

3630

3635

3640

3645

3650

3655

3660

3665

3670

3675

3680

2

5]

FIGURE 5

Logging curves and interpretation of well B in the 8th sections of the Xiashihezi Formation.

section of the Xiashihezi Formation and the top of the 1st
section of the Shanxi Formation, are also marked by a black
line for the seismic sections passing through well A and well
B. A strong reflection amplitude caused by the coal seams can
be found around the horizon line for both seismic sections
passing through well A and well B, respectively. Figures 3A,B
show the seismic traces passing through well A and well B,
respectively. Note that the gas reservoir is indicated by a pink
ellipse in Figure 3. The logging curves and the corresponding
interpretation of well A and well B in the 8th section, Xiashihezi
Formation, and the top of the 1st section, Shanxi Formation, are
respectively given in Figures 4, 5. From Figure 4, we can find that
there are five scattered gas reservoirs distributed in the study
formations and their cumulative thickness is 11.58 m. As shown in
Figure 5, there are three scattered gas reservoirs distributed in the
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study formations and their cumulative thickness is 12.6 m. In the
seismic scale, we can find that the responses of the gas reservoirs
for both well A and well B are submerged within one wavelength of
the strong amplitude responses caused by the coal seams
(Figure 3).

We first carried out a model test for evaluating the
effectiveness of the VMD-based highlight volumes extraction
method. Then a seismic section passing through the less prolific
gas-saturated well A is used for an in-depth analysis to
demonstrate how well the VMD-based method works with the
weak seismic responses of the reservoir concealed by the strong
amplitude reflections caused by the coal seams. A seismic section
passing through the prolific gas-saturated well B is used for
further validation of the VMD-based method in highlighting the
gas-related contents effectively.
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Model test. (A) Geology parameters of the model, (B) seismic response of the model, (C) IMF1 section of the model, (D) IMF2 section of the
model, (E) PA above average section extracted by IMF2, (F) PA above average section generated by the traditional STFT for the model.

Variational mode decomposition—based
highlight volumes extraction method

VMD combined with the Hilbert transform (HT) analysis
is used as a new time-frequency method for seismic data with
non-linear and non-stationary properties. It shows obvious
advantages over any other conventional time-frequency
methods, which mainly work with linear and stationary
data or non-stationary data such as the short-time Fourier

transform (STFT) and wavelet transform (Xue et al., 2016a;
Liu et al.,, 2017).

In the VMD combined with the HT approach, a
seismic signal x(t) is first decomposed by VMD to obtain
several narrow-band IMFs ¢, with a specific sparsity
property

. The theory of VMD can be found in Supplementary
Appendix A. After a VMD procedure, the original signal x (t)
is represented as the sum of all the IMFs ¢ (k=1 ~ n):

TABLE 1 Rock properties for geological model. Note that { is the diffusion coefficient and 7 is the viscous coefficient.

Layer number Vp(m-s™) p(g-cm™)
® 4,636 2.525
@ 4734 2.590
©) 2,719 1.612
® 4,670 2,646
® 4,147 2535
® 4,841 2614
o) 4,957 2,693
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x(t) = Y () = ) Re[Ac(Dexp (jy (D)), M
k=1 k=1

where the phase ¢, of ¢ is a non-decreasing function and the
D

d
dr
the envelope Ay of ¢k is non-negative and both Ay and wy vary

instantaneous angular frequency wy = gb,; = —* is non-negative;
much slower than ¢,. Second, HT carries out the corresponding
spectral analysis to each mode ¢, and the instantaneous
amplitude Ay, instantaneous phase ¢,, and the instantaneous
frequency f are obtained:

A =cg + Yo
¢, = arctan (yi/c), 2
1.
fe=7%
in which y; = %P.[iooo 7dr, and P is the Cauchy principal
value.
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Generally, we use the following equation to calculate the
instantaneous frequency for avoiding ambiguities due to phase
unwrapping in Eq. 2:

fk =Lck}/;—c;{yk
2n i+ i

Thereafter, the joint time—frequency distribution of the signal is
generalized by defining a three-dimensional space [t, f, A] and
turning the two variables function H ( f,¢) into a three variables

[t) f)H(f> t)]) which

A=H(f,t)= Re{zzzlAkei -[ Z”fkdt}, where Re is an operator for
taking the real part. [t, f,H(f,t)] is the final generated joint
time—frequency distribution of the signal.

function among

The spectral decomposition can be carried out based on the
obtained joint time-frequency distribution. For more clearly
highlighting the hydrocarbon-related contents and reducing the
needed number of series of common frequency volumes used in
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Spectra of IMFs after VMD for the seismic trace intersecting
well A.

the spectral decomposition, we use highlight volumes which
include the peak amplitude (PA) above the average volume
and the peak frequency (PF) volume instead of the common
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frequency volumes (Blumentritt, 2008). These two attributes are
shown to be more effective in highlighting the geological features
of the layer of interest. The PA above the average volume is
extracted as the maximum amplitude subtracting the average
amplitude in the spectra of samples in the time-frequency
domain. This attribute highlights more easily the amplitude
anomalies. Large values indicate strong amplitude anomalies,
and vice versa. The PF volume is extracted as the frequency at the
maximum amplitude in the spectra of samples in the
time-frequency domain. It is always related to the reservoir
thickness. Small values indicate a thicker reservoir of the layer
of interest, and vice versa. For VMD-based highlight volumes, we
get the PA above the average volume Amp of a seismic trace as
follows:

Amp = max(Ampck) = max Zn:iH(t]—,f) , (3)

k=1j=1

in which Amp,, denotes the PA above the average volume of an
IMF ci. m is the length of time samples.
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Time—-frequency distribution of the seismic trace intersecting well A using the different methods. (A) VMD combined with HT. A 5 x 5 Gaussian
smoothing is used on the joint time—frequency distribution for display purpose. (B) CWT. A Morlet wavelet is used. (C) STFT. A Hamming window with

a length of 61 is used. (D) SSWT.
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IMFs after VMD for the seismic section intersecting well A. (A) First IMF (IMF1), (B) second IMF (IMF2), (C) third IMF (IMF3).

The PF volume F, is

Fy = f| (4)

H (t,f)=Amp’
These two attributes are all extracted sample-by-sample for
each IMF of each trace in the time-frequency domain.

Results and discussion

Model test

For evaluating the effectiveness of the proposed workflow
for the VMD-based PA above average volume extraction, a
model test is carried out by using the diffusive-viscous wave
equation, which embodies the diffusion and viscosity of the
fluid-bearing porous media (Korneev et al.,2004). The
geological model (Figure 6A) is designed based on the
reservoir logging parameters of well A and the seismic
data from the seismic section intersecting well A. The
parameters of the seven layers are shown in Table 1. The
data is sampled at 1 ms. The frequency of the wavelet is 30 Hz.
The layer marked ® with the thickness of 60 m denotes a coal
seam layer. The layer marked ® with the thickness of 20 m is
a gas-bearing reservoir, whereas the adjoining layer marked
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@ is a dry layer. The seismic response of the model is shown
in Figure 6B. We can find that the response of the gas
reservoir is submerged in the strong amplitudes because of
the coal seam. After VMD, two IMF sections are generated.
We can find that section IMF1 (Figure 6C) mainly reflects the
information of the coal seam. The gas-bearing information
and other formation information are reflected more in
section IMF2 (Figure 6D). Therefore, we applied the
VMD-based PA above average volume extraction method
to section IMF2. The result (Figure 6E) targets the gas
reservoir well compared with the traditional STFT-based
PA above average volume (Figure 6F), which is unable to
detect the gas reservoir because of the influence of the coal
seam. Model test results show that the VMD-based PA above
average volume extraction method works well with the gas
detection concealed by the coal seam.

Local features revealed by the VMD

First, the seismic trace intersecting well A is taken for
analysis. As a non-linear and non-stationary decomposition
tool, VMD decomposes the seismic trace intersecting well A
7B-D). IMF1
(Figure 7B), which has a lower frequency band (Figure 8),

into three narrow-band IMFs (Figures
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IMFs after VMD for the seismic section intersecting well B. (A) First IMF (IMF1), (B) second IMF (IMF2), (C) third IMF (IMF3).

shows a larger time-scale seismic response. The strong
amplitudes in the gas reservoir marked by a pink rectangle
in IMF1 mainly reveal the coal seams. IMF2 and IMF3
(Figures 7C,D), which have relatively higher frequency
bands (Figure 8), show smaller time-scale seismic responses
and they mainly reflect geological and stratigraphic
information and hydrocarbon-related contents.

The time-frequency distribution of the seismic trace
passing through well A using the different methods is
shown in Figure 9. Here, we compare the VMD combined
with HT method with the two traditional time-frequency
methods, the STFT and the continuous wavelet transform
(CWT), and one high-resolution time-frequency method, the
synchrosqueezed wavelet transform (SSWT). From Figure 9,
one can find that the VMD combined with HT method and
the SSWT show the highest time-frequency resolution and
present the more detailed temporal and spatial distributions
of the oscillation modes buried in the seismic data. The VMD
combined with HT method and the SSWT (Figures 9A,D)
mainly show three similar oscillations. These two techniques,
which produce very close results based on completely
different further that  these

oscillations are indeed correct. Some rapid frequency

algorithms, illustrate
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modulations, especially the spectral lines around 50 Hz, are
missing in the CWT and the STFT (Figures 9B,C) owing to
the fact that these conventional techniques cannot achieve a
high localization in both time and frequency.

The IMFs generated by the VMD for the seismic section
passing through well A are displayed in Figure 10. The strong
amplitudes related to the coal seams are mainly revealed in
the IMF1 section, in which only strong amplitudes reflections
are found in the study area marked by a pink rectangle
(Figure 10A). Further details are reflected in section IMF2,
which are related to the geology and stratum that are
underneath the concealment of the seismic responses of
the coal seams in the original seismic section. We can find
that there are some strong amplitudes around the horizon in
the study area (Figure 10B) but these features are not revealed
in the original seismic section in Figure 1. Section IMF3
(Figure 10C), which has the highest frequency bands,
embodies additional minor details that may be caused by
some subtle changes in the geological or fluid contents. Note
that there are some very small amplitudes for some traces.
These small amplitudes seem to create the discontinuity of
the lateral distribution. However, this illustrates the fact that

VMD has the ability to reveal different time-scale
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information and mirror the subtle changes that cannot be
identified in the traditional The
characteristics are found in the IMFs after the VMD for

methods. same
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the seismic section passing through well B (Figure 11).
Therefore, in the following gas detection, we mainly use
the IMF2 and IMF3 components.
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A comparison study of the VMD-based
spectral decomposition and the
conventional spectral decomposition
methods

In this section, we compare the PA above average volumes
generated by the high-resolution VMD-based method and the
conventional STFT and CWT methods. The comparison shows
the superiority of the high-resolution VMD-based method in
addressing subtle changes in the amplitude anomaly distribution
and its effectiveness in targeting the weak seismic responses in
the reservoir concealed by the coal seams.

When the whole seismic data is involved in the calculation,
the extracted PA above average volumes by the different methods
are shown in Figures 12B-D. We can find that the VMD
combined with HT method (Figure 12B) generates similar
results to those obtained with the STFT (Figure 12C) and
CWT (Figure 12D). The VMD combined with HT method
(Figure 12B) shows more detailed changes in amplitude
anomalies, especially in the right part of the PA above average
volume, than the STFT (Figure 12C) and CWT (Figure 12D).
However, none of the results can detect the amplitude anomalies
around well A. Only some of the strongest amplitude anomalies
in the right part of the study area and some strong amplitude
anomalies in the left part of the study area are shown. The fact
that all the other results cannot target the gas reservoir is mainly
caused by the equivalent Q-filtering effect generated by the
interference effect of sequential reflectivity spikes with short
two-way travel time (Yuan et al, 2017). Therefore, the
traditional workflow of these methods is unable to detect the
gas reservoir because of the influence of coal seam.

Considering the analysis of the VMD features in the previous
section, we use the IMF2 and IMF3 sections, which mainly reflect
the geological and stratigraphic information and hydrocarbon-
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related contents, and reduce the strong amplitude responses of
the coal seams for further gas detection. Figure 12A shows the PA
above average volumes generated by the VMD combined with
HT approach using sections IMF2 and IMF3. The violent
amplitude anomalies are obviously detected in the reservoir
marked by a pink rectangle. Compared with the other results
in Figures 12B-D, Figure 12A provides a better hydrocarbon-
related interpretation. This comparison shows that VMD can
detect the weak seismic responses of the reservoir concealed by
the strong amplitude reflections of the coal seams. Further gas
detection using the IMFs, except those mainly reflecting the
strong amplitude reflections of the coal seams, can provide an
improved and better hydrocarbon-related interpretation, more
consistent with the interpretation of the logging data.

Gas detection

Given that there is mainly sandstone in the study formations and
the lateral distribution is stable, the amplitude anomalies are mainly
caused by hydrocarbon-related contents. For the less prolific gas well
A, the stronger amplitude anomalies are detected in the study area
marked by a pink rectangle (Figure 12A) and it yields a hydrocarbon-
related interpretation. The result is consistent with the logging
interpretation and drilling information of well A. Figure 13 shows
the amplitude above average volumes generated by the VMD
combined with HT wusing the IMF2 and IMF3 sections
intersecting well B (Figure 13A) and the STFT using the original
seismic section (Figure 13B). One can find that the strongest
amplitude anomalies are found in Figure 13A, and the
conventional method is unable to detect the amplitude anomalies
especially in the traces around well B. The consistency of the result
suggested by Figure 13A and the logging interpretation and drilling
information of well B further illustrate that the VMD effectively
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detects the weak seismic responses of the reservoir concealed by the
coal seams. Moreover, the spectral decomposition using the VMD
combined with HT yields an enhanced hydrocarbon-related
interpretation. Both the PF volumes (Figure 14) for the sections
intersecting well A and well B show larger frequencies that are
distributed in the study area and indicate that the reservoir is thin.

Future works

Aiming at the weak seismic response of the gas reservoirs
concealed by the adjacent strong reflection of coal seams in tight
sandstone reservoirs, the VMD-based highlight volumes extraction
approach is introduced in this paper. Model test is first used to
evaluate the effectiveness of the proposed method. Then the VMD-
based highlight volumes extraction approach is applied to the seismic
sections intersecting the gas wells. By comparing with the traditional
STFT and CWT based methods, we show the superiority of the
proposed method. We also give the characteristics comparison
between the whole seismic data used and the selected IMFs used.
Model test results and field data application show that the VMD-
based highlight volumes extraction approach using the selected IMFs
can effectively detect the weak response of the gas reservoirs
concealed by the adjacent strong reflection of coal seams for tight
sandstone reservoirs.

The limitation of the proposed method is that the VMD-based
highlight volumes extraction approach is carried out trace-by-trace.
Therefore, there exists some lateral consistency problems in the
results. Further research on improving the lateral consistency and
applications of the proposed method in other tight sandstone
reservoirs may provide more practical understanding of this method.

Conclusion

The characteristics of seismic responses related to coal seams, the
geological and stratigraphic information, and the hydrocarbon-related
contents covering different frequency bands are analyzed using VMD.
The application of VMD-based highlight volumes extraction
approach in the seismic sections intersecting well A and well B
from a 2D line (86.88km) in the China
demonstrates that the characterization of the weak seismic

Ordos Basin,

responses in the reservoir concealed by the coal seams are
mirrored to a significant extent. The comparison of the amplitude
above average volumes generated by the VMD combined with HT
and the conventional STFT and CWT using the whole data set shows
that the highly precise VMD-based highlight volumes extraction
approach targets the amplitude anomalies with temporal and
spatial changes in more detail. The amplitude above average
volumes generated by the VMD combined with HT using the
selected IMFs, which remove the main information of the coal
seams, yield a better hydrocarbon-related interpretation. The
VMD-based highlight volumes extraction approach is adaptive and
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easy to perform, and its effectiveness is significant. Such adaptive
decomposition processing methodology will introduce new vitality to
the gas detection interfered or concealed by adjacent coal seams or
other source rocks for tight sandstone reservoirs. The characterization
of weak seismic responses in reservoirs concealed by coal seams that
does not suppress the influence of the strong reflection amplitudes
caused by the coal seams would often fail to detect the gas reservoirs or
overestimate the lateral distribution of the gas strata.
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