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corresponding geophysical characteristics of different reflection types of
coal-bearing strata are analyzed, and then the favorable sedimentary facies
zones for reservoir development are predicted. On this basis, combined with
seismic properties, the coal-bearing reservoir is quantitatively characterized
by seismic inversion. The above research shows that the Taiyuan formation in
LS block of Ordos Basin is affected by coals and forms three or two peaks in
different locations. The reservoir plane sedimentary facies zone is effectively
characterized by seismic reflection structure. Based on the characteristics of
sedimentary facies belt and petrophysical analysis, the reservoir is semi quan-
titatively characterized by attribute analysis and waveform indication, and
quantitatively characterized by pre stack geostatistical inversion. Based on the
forward analysis of coal measure strata, this technology characterizes the re-
servoir facies belt through seismic reflection characteristics, and describes
coal measure reservoirs step by step. It effectively guides the exploration of LS
block in Ordos Basin, and has achieved good practical application effect.

Keywords

Coal-Bearing Reservoir, Seismic Reflection Characteristics, Waveform
Indication Inversion, Geostatistics Inversion

DOI: 10.4236/gep.2024.126017 Jun. 28, 2024 279 Journal of Geoscience and Environment Protection


https://www.scirp.org/journal/gep
https://doi.org/10.4236/gep.2024.126017
https://www.scirp.org/
https://doi.org/10.4236/gep.2024.126017

H. Zhang et al.

1. Introduction

Strong amplitude characteristics are common in seismic data. Widely distributed
caprocks, turbidite development areas, calcareous strata, and stable coal seam
development zones all exhibit strong amplitude characteristics in seismic data.
Due to the shielding characteristics of strong reflections, reservoir prediction is
very difficult (Wu, 2019; Lai et al., 2015; Liang et al., 2019). Generally speaking,
compared with other clastic rocks, coal seams are interlayers with low-speed and
low-density characteristics, and their wave impedance differs significantly from
that of surrounding rocks. The reflected waves formed are stable, have strong
energy, and have good continuity, making them easy to track on seismic data
(Gao et al,, 2002; Zhang et al., 2016; Du et al., 2016). The top and bottom inter-
faces of a single coal seam will form strong reflection interfaces. Due to the limi-
tations of coal seam thickness and seismic vertical resolution, the top and bot-
tom waves of a single coal seam are generally indistinguishable, ultimately
forming composite reflection characteristics (Du et al., 2016; Zhang, 2016).
Due to the shielding effect of coal seams, seismic data in the middle and lower
parts of coal seams have weak energy and poor continuity, making it difficult
to solve geological problems such as reservoir prediction under and between
coal seams.

A large amount of research has been conducted on the seismic reflection cha-
racteristics and effectiveness of coal seams by previous researchers. Gochioco
defined coal seam reflection as a strong thin layer reflection (Gochioco, 2012);
Widess studied the vertical resolution of seismic data and transformed the defi-
nition of thin layers from qualitative to quantitative, defining thin layers as me-
dia thickness less than 1/4 of the main wavelength (Widess, 1973); Koefoed used
forward modeling to analyze the relationship between thin layers and composite
waves (Koefoed & De Voogd, 1980); Farr defined the detectability of coal seam
earthquakes (Farr, 1977); Tang Wenbang and others believe that the key to
whether a thin layer (single coal seam) can be detected is whether its reflected
waves can be distinguished from the background reflection (Tang et al., 2012).
Many scholars at home and abroad study the characterization of sand bodies
under strong coal seam reflection by weakening the amplitude of coal seam ref-
lection. Mallat and others apply matching tracking algorithms to adaptively de-
compose seismic signals, match coal seam reflection signals, and retain their ef-
fective reflections (Mallat & Zhang, 1993). Many domestic scholars use methods
such as wavelet decomposition and reconstruction, matching tracking, wavelet
transform, generalized S-transform, and compression sensing signal decomposi-
tion and reconstruction to peel off and weaken strong reflections in coal seams
(Li et al., 2014b; Zhang et al., 2012; Li et al., 2014a; He et al,, 2019; Chen et al,,
2016). Meanwhile, previous researchers have attempted to strip and weaken
strong coal seams using different methods, but most of them rely mainly on
mathematical algorithms, making it difficult to prove the geophysical reliability
of residual reflection amplitudes, thus limiting the application and promotion of
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many methods (Wu, 2019).

Based on the development characteristics of coal seams and reservoir dis-
tribution in the LS block of Ordos, this article establishes forward models for
vertical combinations of different coal bearing strata, analyzes the spatial dis-
tribution characteristics of different reflection types in coal bearing strata, and
predicts the spatial distribution types of reservoirs; On this basis, combining
seismic inversion and seismic attribute analysis, classify and quantitatively
characterize coal bearing reservoirs. The reservoir prediction method based on
coal seam seismic reflection formed by this achievement has guided the opti-
mization and target evaluation of favorable areas in the LS block of the Ordos
Basin, providing a large amount of evidence for well deployment and adjust-

ment.

2. Regional Geological Overview

The Ordos Basin is known as a “full basin of gas and half basin of oil” and is an
important large-scale oil and gas basin in China. Multiple large gas fields have
been discovered in the basin, such as Sulige, Daniudi, Yulin, Wushenqj, etc. Sig-
nificant breakthroughs and progress have been made in the exploration of un-
conventional oil and gas fields such as tight gas and tight oil, and there is still
great exploration potential (Mi & Zhu, 2021). The Ordos Basin is a cratonic ba-
sin consisting of a Paleozoic platform and marginal depression, as well as a Me-
sozoic and Cenozoic intra platform depression (Du et al., 2021). It covers an area
of approximately 24 x 10* km? and can be further divided into six primary
structural units: the Yimeng Uplift, the Shaanbei Slope, the Jinxi Fold Belt, the
western margin thrust fault zone, the Tianhuan Depression, and the Weibei Up-
lift (Figure 1). The LS block is located at the junction of the Yishan Slope and
the Jinxi Fold Belt. The strata mainly develop from old to new, including the
Ordovician, Carboniferous, Permian, Triassic, Jurassic, Cretaceous, Neogene,
and Quaternary (Cao et al., 2018). The Taiyuan Formation is distributed
throughout the entire basin, mainly consisting of gray white medium to coarse
grained quartz sandstone and deep gray coarse grained lithic quartz sandstone.
A stable and highly continuous thick coal seam with a thickness of about 3-10m
is developed at the bottom, and several sets of thin coal seams with uneven
thickness and weak continuity are developed in the middle. This article mainly
focuses on the quantitative characterization of reservoir classification under
the influence of coal seams in the Taiyuan Formation of the Permian (Figure
2). Based on the geological and sedimentary understanding of LS area, im-
prove the reasonable geophysical prediction methods and ideas for coal bear-
ing reservoirs.

The Taiyuan Formation is a key production layer of tight gas in the LS block,
and the quantitative characterization of its coal bearing reservoirs is a crucial is-
sue that must be taken seriously in the exploration and development of this area.
The Taiyuan Formation mainly develops two sets of coal seams, and there are

strong reflection characteristics caused by coal seams during earthquakes, which
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Figure 2. Stratigraphic correlation of Taiyuan formation of LS block.
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mask the relevant information of reservoirs between and under coal. Research
on geophysical reservoir prediction and geological interpretation also needs fur-
ther improvement. The Taiyuan Formation in the LS block has strong reflection
amplitude energy and continuity, and the seismic coaxial axis exhibits lateral bi-
furcation and merging phenomena. The number of reflections also varies, mani-
fested as different reflection characteristics of bimodal or triple peaks (Figure 3).
Without amplitude decomposition and weakening, the thickness of sandstone
and coal seams, as well as the spacing between two sets of coal seams in the log-
ging interpretation results, are statistically analyzed to identify the geological
reasons for seismic co axial bifurcation and merging of typical reflection charac-
teristics. By utilizing the sand coal combination relationship with different ref-
lection characteristics, favorable sedimentary facies zones are predicted through
seismic structural analysis. Based on the characteristics of sedimentary facies
zones and rock physical analysis, coal bearing reservoirs are classified and quan-

titatively characterized through seismic inversion and other methods.

T | Seismic

40000
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Figure 3. Seismic profile of LS block in Ordos basin.

3. Forward Simulation of Coal Bearing Reservoirs

Structural movement, reflection of special lithological bodies, and changes in li-
thology can all cause changes in seismic co axial bifurcation and merging (Chen
& Chen, 2019). The occurrence of the Carboniferous and Permian strata in the
LS block of the Ordos Basin is stable, and the dip angle of the strata changes rel-
atively little. Structural movement and special lithological bodies are not the
main factors causing changes in seismic reflection characteristics. The imped-
ance difference between tight sandstone and mudstone in the LS block is small,
and can be considered as a unified surrounding rock background compared to
coal seams. The tuning effect between the continuously developed coal seams at
the bottom of the Taiyuan Formation and the internal coal seams of the Taiyuan

Formation can cause changes in the seismic coaxial axis. This wave group cha-
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racteristic is manifested as a three peak or two peak feature on the seismic profile
(Figure 3). In order to study the relationship between the seismic response cha-
racteristics of coal bearing reservoirs and the development of coal seams, this
study will select the thickness of the bottom coal seam of the Taiyuan Forma-
tion, the thickness of the middle coal seam of the Taiyuan Formation, and the
distance between these two sets of coal seams for intersection. Analysis shows
that the bimodal and three peak seismic reflection characteristics are closely re-
lated to the spacing between coal seams.

In order to study the relationship between the reflection characteristics of coal
bearing reservoirs and coal seams, combined with previous research results (Wu,
2019), a forward model was established based on logging data and seismic data
(Figure 4). The forward model includes the following parameters: the overall
thickness of the Taiyuan Formation is about 90 - 110 meters, there are two sets
of coal seams in the Taiyuan Formation, and a stable and thick coal seam at the
bottom of the Taiyuan Formation, about 6 - 14 meters; According to the actual
situation, set up the second set of coal seams in the middle of Taiyuan Forma-
tion, with a thickness of about 3 - 11 meters, and the distance between the two
sets of coal seams varies between 5 - 20 meters; The coal seam velocity is set at
2375 m/s and the density is 1.35 g/cm?; According to the average elastic parame-
ters of the selected typical wells, the velocity of the Benxi Formation is 4900 m/s
and the density is 2.589 g/cm’; The velocity of the Taiyuan Formation is 4424
m/s with a density of 2.576 g/cm’, while the velocity of the Shanxi Formation is
4293 m/s with a density of 2.478 g/cm?® According to the frequency spectrum
analysis of seismic data, the wavelet is set as a positive polarity Ricker wavelet at
27 Hz. From the seismic response corresponding to the forward model (Figure
4), it can be seen that when the distance between the coal seams inside the
Taiyuan Formation and the bottom coal seam is large, a three peak reflection
feature will appear, while when the distance between the coal seams is small, a
two peak reflection feature will appear. At the same time, we can see that the re-
lationship between the seismic reflection feature and the thickness of the coal
seams in this area is relatively small, and overall, it is greatly affected by the dis-

tance between the coal seams.

4. Quantitative Characterization of Coal Bearing Reservoir
Classification

According to the forward modeling results above, the seismic waveform charac-
teristics are related to the coal seam spacing, and the coal seam spacing in the
three peak area is relatively large. The terrain of the coal swamp is generally gen-
tle, and the distance between the two main coal seams increases, indicating that
there is a geological subsidence process after the sedimentation of the lower coal
seams, which is more likely to form sedimentary microfacies with tidal channels,
river channels, and other sand bodies. Based on this, the number of seismic ref-
lection waves is counted to characterize the sedimentary characteristics of the LS

block in the Ordos Basin. According to Figure 4, it can be seen that the reservoir
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Figure 4. Forward modeling and results of LS block.

classification method based on seismic reflection structure has good adaptability
to the sand bodies developed in the central part of the study area, and can pro-
vide a preliminary description of the distribution of coal bearing reservoirs. On

this basis, based on the seismic response logging forward modeling and rock
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physics analysis of reservoir thickness, the feasibility of reservoir inversion is
demonstrated, indicating that elastic parameters such as longitudinal and trans-
verse wave velocity ratio and longitudinal wave impedance have certain resolu-
tion ability for tight reservoirs in this area. Based on the advantages of different
reservoir prediction methods integrated into tight coal bearing reservoirs, a
comprehensive classification and quantitative judgment of the spatial distribu-
tion characteristics of reservoirs is carried out.

The characteristics of seismic waveforms can often reflect changes in the re-
servoir. Under the strong reflection influence of coal seams, subtle changes in
waveforms that cannot be directly recognized can also be caused by changes in
coal seams and reservoirs below coal seams. Especially in areas with stable strata
and relatively stable coal seam development, these subtle waveform changes can
also indicate changes in reservoirs (Chen et al., 2020; Yue & Qian, 2020; Wang,
2019). The dip angle of the LS block is relatively small, and the development of
coal seams in the lower part of the Taiyuan Formation is relatively stable.
Through waveform inversion, the lateral variation characteristics of earthquakes
can be fully utilized to semi quantitatively characterize coal bearing reservoirs.
Through the above research, a qualitative and semi quantitative understanding
of the development characteristics of the LS block reservoir has been obtained.
Based on this, the advantage of high-resolution logging data is considered, and
the geostatistical inversion based on Markov chain Monte Carlo algorithm is
used (Yuan et al., 2016; Haas & Dubrule, 1994; Dubrule et al., 1998; Cooke &
Schneider, 1983; Li et al., 2020). Combined with the lateral resolution of seismic
data, the vertical resolution is improved to quantitatively predict coal bearing
reservoirs (Figure 5).

The unconventional tight sandstone reservoir prediction technology formed
through research has been applied in the preliminary research and drilling
process of reservoirs in the Linxing Shenfu gas fields. Good results have been
achieved in the actual drilling process. Among them, the X-H well has com-
pleted drilling at a depth of 3167.00 m (measured depth)/2172.57m (vertical
depth), and encountered a horizontal section length of 640 meters. According to
logging data, this well has encountered a total of 316.5 m/11 gas layers, 85m/6
poor gas layers, and 238.5 m/11 dry layers, The cumulative length of sandstone
drilling is 640 m, with a drilling rate of 62.7% for gas layers and poor gas layers,
and a drilling rate of 100% for sandstone. After pressing, there is no obstruction

of 90,000 cubic meters per day.

5. Conclusion

1) This study establishes seismic response characteristics of forward modeling,
analyzes the constructive effect of the relationship between coal bearing reser-
voir sand bodies and coal seams on seismic waveforms, and characterizes favor-
able sedimentary facies zones; On this basis, the waveform characteristics of

earthquakes are used for semi quantitative reservoir prediction, and then
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Figure 5. Plane characterization of coal measures reservoir of LS block.
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Figure 6. Comparison diagram of drilling and inversion of X-H well.

combined with high-resolution logging and geostatistical inversion methods, the
reservoir is quantitatively characterized. The application in the LS block of the
Ordos Basin has achieved good results.

2) The LS block in the Ordos Basin is affected by strong coal seam reflections,
making it difficult to predict coal bearing reservoirs and may not achieve the
expected results during well deployment. The application of classification and
quantitative characterization technology for tight coal bearing reservoirs in the
LS block has achieved a prediction accuracy rate of over 80%, significantly im-
proving the accuracy of coal bearing reservoir prediction. At the same time, the
deployment of well locations has better daily gas production, improving the

productivity and efficiency of coal bearing reservoirs.
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