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a b s t r a c t

AVO (Amplitude variation with offset) technology is widely used in gas hydrate research. BSR (Bottom
simulating reflector), caused by the huge difference in wave impedance between the hydrate reservoir
and the underlying free gas reservoir, is the bottom boundary mark of the hydrate reservoir. Analyzing
the AVO attributes of BSR can evaluate hydrate reservoirs. However, the Zoeppritz equation which is the
theoretical basis of conventional AVO technology has inherent problems: the Zoeppritz equation does
not consider the influence of thin layer thickness on reflection coefficients; the approximation of the
Zoeppritz equation assumes that the difference of wave impedance between the two sides of the
interface is small. These assumptions are not consistent with the occurrence characteristics of natural gas
hydrate. The Brekhovskikh equation, which is more suitable for thin-layer reflection coefficient calcu-
lation, is used as the theoretical basis for AVO analysis. The reflection coefficients calculated by the
Brekhovskikh equation are complex numbers with phase angles. Therefore, attributes of the reflection
coefficient and its phase angle changing with offset are used to analyze the hydrate reservoir's porosity,
saturation, and thickness. Finally, the random forest algorithm is used to predict the reservoir porosity,
hydrate saturation, and thickness of the hydrate reservoir. In the synthetic data, the inversion results
based on the four attributes of the Brekhovskikh equation are better than the conventional inversion
results based on the two attributes of Zoeppritz, and the thickness can be accurately predicted. The
proposed method also achieves good results in the application of Blake Ridge data. According to the
method proposed in this paper, the hydrate reservoir in the area has a high porosity (more than 50%), and
a medium saturation (between 10% and 20%). The thickness is mainly between 200m and 300m. It is
consistent with the previous results obtained by velocity analysis.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

At present, the exploration and identification of gas hydrate are
mainly based on BSR identification, impedance inversion, velocity
anomaly zone, and AVO analysis methods. Among them, AVO
analysis has been widely used in the research of hydrate reservoir
identification and internal structure analysis and has achieved good
results. Ecker et al. (1998) predicted three variations on BSR by the
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Zoeppritz equation based on the single-phase medium theory.
Mallick et al. (2000) combined AVO analysis with mixed pre-stack
and post-stack inversion to realize elastic impedance inversion of
the hydrate reservoir. Andreassen et al. (1997) studied the BSR
phenomenon at the bottom of the continental margin of the
Beaufort Sea. Based on AVO analysis, Lu andMcmechan (2004) used
the sparse tip pulse-constrained inversion technique to invert
seismic impedance and predict gas hydrate distribution in the Black
Sea Platform. Yi and Lee (2011) used the conventional AVO analysis
method to analyze BSR, and then qualitatively evaluate the con-
centration of NGH (Natural Gas Hydrate). With the application of
AVO technology in hydrate reservoir identification, many scholars
have motivated their research objectives from the qualitative
identification of hydrates to quantitative analysis. Salehi et al.
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:wang_yao@mail.iggcas.ac.cn
mailto:yfwang@mail.iggcas.ac.cn
mailto:yfwang@mail.iggcas.ac.cn
http://crossmark.crossref.org/dialog/?doi=10.1016/j.petsci.2023.02.008&domain=pdf
www.sciencedirect.com/science/journal/19958226
www.keaipublishing.com/en/journals/petroleum-science
https://doi.org/10.1016/j.petsci.2023.02.008
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.petsci.2023.02.008
https://doi.org/10.1016/j.petsci.2023.02.008


Y. Wang and Y.-F. Wang Petroleum Science 20 (2023) 2045e2059
(2013) used AVO technology to quantitatively analyze the hydrate
saturation and free gas content of hydrate reservoirs near the BSR
interface in offshore Iran. Yi et al. (2018) combined petrophysical
modelling with pre-stack inversion to carry out a quantitative
analysis of hydrate reservoirs in the waters of Japan. Arun et al.
(2020) calculated hydrate saturation and free gas saturation in
the Indian sea area through AVO inversion of 2D seismic records.
The Zoeppritz equation and its approximation are the theoretical
basis of the above-mentioned AVO research, and the assumptions
applied in its theoretical analysis lead to the limitations of thin-
layer studies. In this study, the Brekhovskikh equation, which is
more suitable for calculating the reflection coefficient of thin layers,
is used instead of the Zoeppritz equation to analyze various AVO
attributes of BSR. The Brekhovskikh equation is proposed by the
Soviet geophysicist Brekhovskikh (1987) which includes the cor-
respondence of the interlayers’ thicknesses to reflection coefficient
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and AVO attributes. Hence, the Brekhovskikh equation is more
suitable for thin-layer AVO research and should be used instead of
the Zoeppritz equation, to solve the problems existing in the thin-
layer AVO technology on a theoretical basis. Wang (2006)
compared the results of the Brekhovskikh equation and the Zoep-
pritz equation within thin-layer media and concluded that the
former is more suitable for AVO inversion in thin-layer media. Lu
(2013) employed the forward modelling data with this equation
as the theoretical guidance of AVO research, and the results showed
that the forward modelling data of this equation was closer to the
actual situation. Chen et al. (2020) used the Brekhovskikh equation
to analyze the influence of seismic wave interference in thin
interbedding on AVO attributes, the phase angle of the reflection
coefficients is not involved in their study, and the purpose is
different from this paper. The reflection coefficient calculated by
the Brekhovskikh equation is complex, so there is a phase angle in
the reflection coefficient. At present, there are few studies on the
change of reflection coefficient phase angle with offset, so it is very
necessary to calculate the reflection coefficient phase angle for
studying thin reservoir or wide-angle seismic reflection (Meng
et al., 2010).

BSR can mark the bottom interface of the hydrate reservoir due
to the huge difference in wave impedance between the hydrate
reservoir and the underlying free gas reservoir. It is usually difficult
to determine the interface of the hydrate top. The thickness of the
hydrate reservoir can be estimated by taking the Brekhovskikh
equation with considering the thickness factor as the theoretical
basis for the AVO attributes analysis of the hydrate reservoir. In this
paper, the conventional AVO analysis method considering only the
reflection coefficient intercept and gradient attributes is developed
into a new AVO attributes analysis method considering both the
reflection coefficient intercept-gradient attributes (P1-G1) and the
reflection coefficient phase angle intercept-gradient attributes (P2-
G2). Finally, AVO attributes analysis based on the Brekhovskikh
equation is combined with the random forest algorithm to
2046
quantitatively analyze the thickness and microstructure of the hy-
drate reservoir.

2. Methodology

The method consists of AVO theory, extraction, analysis of AVO
attributes (P1, G1, P2, G2), and prediction of porosity, saturation,
and thickness by using the random forest algorithm.

2.1. AVO theory

The AVO analysis has been widely utilized as an effective
reservoir characterization tool. The conventional AVO technology
based on a single interface assumption can be completely described
by the Zoeppritz equation (Zoeppritz, 1919)
where VP1 and VP2 are the P-wave velocities of two layers, respec-
tively; VS1 and VS2 are the S-wave velocities of two layers; r1 and r2
are the density of two layers; q1 and q2 are the reflection angle and
transmission angle of the P-wave respectively. 41 and 42 are
reflection angle and transmission angle of the S-wave respectively.
Before the development of computing power, the Zoeppritz equa-
tion was complex, so many linear approximate equations were
developed. Among these approximate equations, the Shuey equa-
tion (Shuey, 1985) is the representative of AVO attributes analysis
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coefficient at zero degree incidence; VP is the P-wave velocity of the
medium below the interface; DVP is the velocity difference be-
tween two layers of media; s is the Poisson ratio of the medium
below the interface; Ds is the Poisson ratio difference of two-layer
medium; r is the density of the medium below the interface; Dr is
the density difference between the two layers of media.

The above two equations are based on the single interface
assumption, ignoring the influence of stratum thickness on reflec-
tion coefficients. Shuey's equation requires that the wave imped-
ance difference between the two layers is small in the calculation
process, which does not accord with the reality that BSR is a strong
impedance reflection interface. Therefore, in this paper, the Bre-
khovskikh equation considering physical parameters and thickness
is used to analyze AVO attributes. The formula for calculating P-
wave reflection coefficients based on the Brekhovskikh equation is:
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Fig. 1. Natural gas hydrate model.
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2.2. Extraction and analysis of AVO attributes

In the conventional AVO attribute analysis methods, intercept-
gradient attributes are often regarded as important attributes of
Fig. 2. (a) The synthetic data based on model 1. (b) The synthetic data based on model 2. (c
model 1 with theoretical solutions of three equations. (e) Comparison of true reflection coef
reflection coefficients of model 3 with theoretical solutions of three equations.

2048
reservoir analysis. In the calculation of reflection coefficients, the
Brekhovskikh equation can obtain the variation regulation of the
reflection coefficient phase angle with offset. Therefore, this paper
develops an AVO attributes analysis method that comprehensively
considers the intercept-gradient attributes of reflection coefficients
(P1-G1) and the intercept-gradient attributes of the reflection co-
efficient phase angles (P2-G2).

Robinson (1967) proposed a classical convolution model, which
uses a seismic wavelet and reflection coefficients convolution to
obtain seismic records:

sðtÞ¼wðtÞ*rðtÞ (4)

In equation (4), sðtÞ is the seismic data,wðtÞ is the seismicwavelet,
rðtÞ is the seismic reflectivity, * represents the convolution operation.
Performing Hilbert transforms to both sides of Eq. (4) yields:

s
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) The synthetic data based on model 3. (d) Comparison of true reflection coefficients of
ficients of model 2 with theoretical solutions of three equations. (f) Comparison of true



Fig. 3. Comparison of intercept-gradient attributes of reflection coefficients obtained from seismic records with theoretical solutions calculated by three equations (a) model 1, (b)
model 2, and (c) model 3.
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As the convolution operation satisfies commutative and asso-
ciative laws, we have

s
�ðtÞ ¼ wðtÞ*r�ðtÞ ¼ wðtÞ*rðtÞ* 1

pt
¼ wðtÞ* 1

pt
*rðtÞ ¼ w

�ðtÞ*rðtÞ
(7)

In which, ~wðtÞ and ~rðtÞ are Hilbert transforms of wðtÞ and rðtÞ,
respectively. Using the sparse regularization technique (Wang et al.,
2011) to deconvolute complex seismic records with L1 norm con-
straints, the reflection coefficients in the complex form can be
obtained, and the intercept-gradient attributes of reflection co-
efficients (P1-G1) and the intercept-gradient attributes of reflection
coefficient phase angle (P2-G2) can be obtained.

Three hydrate reservoirs with different thicknesses, porosity,
and saturation are established through hydrate petrophysical the-
ory (Appendix A). The structure of the threemodels is similar and is
shown in Fig. 1.

Stratum A is an ordinary submarine sediment layer, the P-wave
velocity is 1717 m/s, the S-wave velocity is 600 m/s, and the density
is 1.59 g/cm3. Stratum B is a natural gas hydrate reservoir. Stratum C
is rich in free gas, the P-wave velocity is 1681.60 m/s, the S-wave
velocity is 592.71 m/s, and the density is 1.52 g/cm3. In model 1, the
thickness of stratum B is 30 m, the P-wave velocity is 1768 m/s, the
S-wave velocity is 1005 m/s, and the density is 2.18 g/cm3. In model
2, the thickness of stratum B is 20 m, the P-wave velocity is 2136 m/
s, the S-wave velocity is 1220 m/s, and the density is 2.28 g/cm3. In
model 3, the thickness of stratum B is 10 m, the P-wave velocity is
2325m/s, the S-wave velocity is 1361m/s, and the density is 2.04 g/
cm3.

The elastic wave forward modelling is carried out for the above
three models. The forward equation of elastic wave (Tessmer et al.,
1992) is:

V2f � 1
C2

v2f
vt2

¼ � 1
C2 F (8)

Inwhich, f is the displacement position, C is the P-wave velocity
or S-wave velocity, t is the time, and F is the source function. The
forward modelling steps are realized following the procedure of
Tesseral software: the zero-phase wavelet with the dominant fre-
quency of 30 Hz is used as the source pulse, the time sampling
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interval is 2 ms, the channel interval is 10 m, and the total number
of channels is 100. Seismic data are obtained by elastic wave for-
ward modelling. BSR reflection interfaces are extracted from
seismic data, as shown in Fig. 2 (a), (b), and (c). Extracting the BSR
reflection coefficients and comparing them with the theoretical
results calculated by the Brekhovskikh equation, Zoeppritz equa-
tion, and Shuey equation, are shown in Fig. 2 (d), (e), and (f).

By comparing the reflection coefficients extracted by the above
three models in seismic data with the theoretical results calculated
by the three equations, the Brekhovskikh equation has higher ac-
curacy for thin layers. When the incident angle is too large, the
Shuey equation cannot calculate the reasonable reflection co-
efficients, so it is not drawn completely.

The reflection coefficients intercept-gradient attributes (P1-G1)
are extracted from the above three models and compared with the
theoretical values calculated by the three equations. P1 is the
reflection coefficient when the incident angle is 0�. G1 is the slope
of the reflection coefficients curve from 0 to 15�. The Brekhovskikh
equation shows better consistency for P1-G1 attributes, as is shown
in Fig. 3.

The variation of the reflection coefficients phase angle with
offset is closely related to the thin layer thickness. Based on the
Hilbert transform and the sparse regularization technique, the
intercept-gradient attributes of BSR's reflection coefficients phase
angle in the above three seismic records are extracted and
compared with the theoretical results of different thicknesses
calculated by the Brekhovskikh equation, as is shown in Fig. 4.

As shown in Fig. 5, P2 is the reflection coefficient phase angle
when the incident angle is 0�. G2 is the slope of the reflection co-
efficients phase angle curve from 0 to 15�. P2-G2 can describe the
thickness well, so the intercept-gradient attributes of reflection
coefficients phase angle (P2-G2) can be used as an important in-
dicator of thin layer thickness.

The above four AVO attributes (P1-G1 and P2-G2) are used to
identify the porosity, saturation, and thickness of hydrate
reservoirs.

2.3. Prediction of reservoir parameters: random forest algorithm

The random forest method is a typical representative of the
boosting method (Breiman, 2001), which is an ensemble learning



Fig. 4. Comparison of reflection coefficients phase angle obtained from seismic data with theoretical solutions calculated by the Brekhovskikh equation: (a) model 1, (b) model 2, (c)
model 3.

Fig. 6. Simplification of random forest.
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method using decision trees as the base model. Fig. 6 is an illus-
tration of the random forest method.

Random forest algorithm is developed based on decision tree
theory and can be regarded as the combination of multiple decision
trees. In a random forest, each decision tree is randomly generated
and independent of the others. Multiple random trees in the forest
vote together to determine the classification results of input sam-
ples. The decision tree of the random forest algorithm is defined as:

ff ðXk; dkÞ; k ¼ 1; 2; /; n g (9)

In which, the variable k is the number of samples after resam-
pling; Xk is a collection of input vectors, with each vector containing
four AVO attributes extracted based on Brekhovskikh equation, P1,
P2, G1 and G2; f ðXk; dkÞ is the basic classifier of the sub-decision
tree; dk is a collection of labelled values corresponding to Xk, with
each labelled value representing a variation of porosity, hydrate
Fig. 5. Comparison of P2-G2 obtained from seismic data with theoretical solutions calculated by the Brekhovskikh equation: (a) model 1, (b) model 2, (c) model 3.
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saturation or thickness.
To obtain a comprehensive training set, a series of gas hydrate

reservoir models are established considering the porosity, satura-
tion, and thickness of the gas hydrate reservoir. The variation range
of reservoir porosity is between 5% and 70%, and the change step
size is 1%. The hydrate saturation varies from 0 to 30% with a step
size of 1%, and the thickness varies from 5m to 550m. Based on the
petrophysical theory of natural gas hydrate, the P-wave velocity, S-
wave velocity, and density of the hydrate reservoir can be obtained.
The parameters of the overlying seafloor sedimentary layer and the
underlying free gas layer are the same as stratum A and stratum C.
Brekhovskikh equation is used to carry out BSR's AVO forward
modelling on the above 39000 sets of data, and four AVO attributes
Fig. 7. The variation tendency of P1, G1, P2, and G2 with hydr
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P1, G1, P2, and G2 defined as above are extracted. The variation
tendency of the four AVO attributes with porosity, hydrate satura-
tion, and reservoir thickness is shown in Fig. 7.

Referring to the classical machine learning experiment of IRIS
recognition, porosity, saturation, and thickness are classified and
labelled according to different intervals. Label values of the output
parameters of our experiment are shown in Table 1. Porosity is
divided into three intervals: low porosity (5%e25%) labelled 0;
medium porosity (25%e50%) labelled 1; high porosity (50%e70%)
labelled 2. Saturation is also divided into three intervals: low
saturation (0%e10%) labelled 0; medium saturation (10%e20%)
labelled 1; high saturation (20%e30%) labelled 2.

Two groups of attributes and corresponding labels are shown in
ate reservoir thickness, porosity, and hydrate saturation.



Table 1
Output label values for reservoir porosity, hydrate saturation, and thickness.

Reservoir parameters Range of parameters Label value

Reservoir porosity 5%e25% 0
25%e50% 1
50%e75% 2

Hydrate saturation 0e10% 0
10%e20% 1
20%e30% 2

Reservoir thickness 5 m 0
15 m 1
25 m 2
35 m 3
45 m 4
55 m 5
65 m 6
75 m 7
85 m 8
95 m 9
100 m 10
150 m 11
200 m 12
250 m 13
300 m 14
350 m 15
400 m 16
450 m 17
500 m 18
550 m 19

Y. Wang and Y.-F. Wang Petroleum Science 20 (2023) 2045e2059
Fig. 8. The label values [1,1,0] represent a thin hydrate reservoir
with medium porosity, medium saturation, and thickness of nearly
5 m. Label values [2,1,3] represent a hydrate reservoir with high
porosity, medium saturation, and thickness of nearly 35 m.

To compare the predictions of the Brekhovskikh equation and
the Zoeppritz equation, the training data set based on the Zoeppritz
equation is also prepared. AVO forward modelling based on the
Zoeppritz equation is carried out for the above series of models, and
the reflection coefficients intercept-gradient attributes are extrac-
ted, as shown in Fig. 9. Reflection coefficients calculated based on
the Zoeppritz equation do not change with the thickness, and the
phase angle information of the reflection coefficients cannot be
Fig. 8. Attributes and correspondin
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obtained. Therefore, only two attributes can be used to estimate
hydrate reservoir parameters.
3. Synthetic example

When predicting hydrate reservoir parameters, firstly, the BSR
response is extracted from seismic data. Then, the complex
reflection coefficients and attributes P1, G1, P2, and G2 are obtained
through Hilbert transformation and sparse deconvolution. Finally,
reservoir parameters are predicted based on the trained random
forest model. Fig. 10 illustrates the flow chart of the proposed
method.

In the process of synthetic example, three natural gas hydrate
reservoirs as shown in Table 2 are established. When designing the
thickness of the model, we take the label value of the nearest
thickness as the model thickness label. To verify the anti-noise
performance of the proposed method, seismic data with different
signal-to-noise ratios (S/N ¼ 100, S/N ¼ 10, and S/N ¼ 5) are ob-
tained by forwarding modelling shown in Fig. 11.

For BSR with S/N ¼ 5, the method of adjacent channels stacking
is used to suppress random noise. The P1-G1 and P2-G2 attributes
of BSR are extracted and shown in Fig. 12. The four attributes
extracted from seismic data with different S/N can match the
theoretical values calculated by the Brekhovkikh equation well,
which provides a good data basis for estimating reservoir porosity,
saturation, and thickness. The P2-G2 attribute possesses better
noise resistance. The P1-G1 attributes of seismic records with S/
N ¼ 100 are used as inputs to predict porosity and saturation based
on the Zoeppritz equation. Estimate reservoir parameters using the
above attributes and compare the predicted results of the two
mentioned equations. The predictions are shown in Table 3, Table 4,
and Table 5.

The category prediction results of porosity are shown in Table 3.
For different S/N, the predictions of porosity category based on the
Brekhovskikh equation have an excellent effect. Among the results
based on the Zoeppritz equation, only one is accurate. The category
predictions of saturation are shown in Table 4. When S/N¼ 100 and
10, the predictions of saturation category based on the Bre-
khovskikh equation are accurate. When S/N ¼ 5, two predictions of
g labels of P1-G1 and P2-G2.



Fig. 9. The variation tendency of intercept-gradient attributes based on the Zoeppritz equation with porosity and saturation.
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them are biased which indicates that saturation is sensitive to
noise. The classification prediction results of thickness are shown in
Table 5. When S/N ¼ 100 and 10, the predictions of thickness
category based on the Brekhovskikh equation are accurate.When S/
N ¼ 5, one of the predictions are biased, and the deviation is 1. This
inidcates the feasibility and effectiveness of the proposed method.
4. Field data

The Blake Ridge area of the United States is one of the earliest
areas to detect hydrate. After preprocessing the seismic records in
this area, the common angle gathers shown in Fig. 13 are obtained.
The 200th to 249th channels with obvious BSR response are
Fig. 10. Flow chart of quantitative
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extracted, and the above four attributes P1-G1 and P2-G2 are
extracted shown in Fig. 14. We compare the results based on the
above two mentioned equations in Fig. 15.

The prediction results are the categories of the three parame-
ters, and the approximate estimates of the three parameters can be
obtained by referring to Table 1. Based on the Brekhovskikh equa-
tion, the following results are obtained: the hydrate reservoir in the
area has a high porosity (more than 50%), and a medium saturation
(between 10% and 20%). The thickness is mainly between 200 m
and 300 m. This is basically in line with the conclusion drawn by
Ecker (Ecker et al., 2000) with velocity analysis in this area. Hence
this method based on the Brekhovskikh equation can be used for
quantitative estimation of hydrate reservoirs.
ly evaluate hydrate reservoir.



Table 2
Model parameters and label values used to detect the accuracy of new methods.

Serial number Porosity Saturation Thickness Label value

A 12% 18% 12 m [0,1,1]
B 30% 8% 7 m [1,0,0]
C 60% 25% 23 m [2,2,2]
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5. Conclusion

In applying the Brekhovskikh equation to AVO forward model-
ling, the reservoir thickness is an essential factor affecting the AVO
Fig. 11. Synthetic seismic data with

Fig. 12. Four attributes extracted from seismic data with different S/N are
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attributes of BSR. Therefore, it is a tendency toward reservoir
quantitative analysis to use the Brekhovskikh equation as the
theoretical basis for AVO analysis of unconventional thin oil res-
ervoirs like gas hydrate. The AVO intercept-gradient (P-G) method
in conventional AVO attributes analysis is extended to the new AVO
intercept-gradient (P1-G1 and P2-G2) approach, which considers
the reflection coefficients and the reflection coefficients phase
angle. The AVO attributes information on BSR is widely accepted,
and the influence of reservoir thickness is reflected in AVO attri-
butes. Referring to the classical machine learning experiment of
IRIS recognition, the random forest algorithm is used to predict the
thickness, porosity, and hydrate saturation. The data experiment
achieves a good prediction effect and provides a new idea for
quantitative analysis of unconventional thin oil or gas reservoirs.
different signal-to-noise ratios.

compared with the calculated values of the Brekhovskikh equation.



Table 3
Prediction results of porosity category.

Serial number Porosity Label value S/N ¼ 100 S/N ¼ 10 S/N ¼ 5 Zoeppritz

A 12% 0 0 0 0 2
B 30% 1 1 1 1 1
C 60% 2 2 2 2 1

Table 4
Prediction results of saturation category.

Serial number Saturation Label value S/N ¼ 100 S/N ¼ 10 S/N ¼ 5 Zoeppritz

A 18% 1 1 1 2 2
B 8% 0 0 0 1 1
C 25% 2 2 2 2 2

Table 5
Prediction results of thickness category.

Serial number Thickness Label value S/N ¼ 100 S/N ¼ 10 S/N ¼ 5

A 12m 1 1 1 1
B 7m 0 0 0 0
C 23m 2 2 2 1

Fig. 13. (a) 0-degree angle gathers; (b) 5-degree angle gathers;
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(c) 10-degree angle gathers; (d) 15-degree angle gathers.



Fig. 14. Four attributes extracted from seismic data of the Blake Ridge area.

Fig. 15. Prediction of porosity, saturation, and thickness of Blake Ridge: (a) Porosity, (b)
Saturation, and (c) Thickness.

Table A-1
Petrophysical parameters of each component in model construction

Ingredient Bulk modulus Shear modulus Density Content

K, Gpa m, Gpa r, g/cm3

Calcite 76.8 32 2.71 35%
Clay 20.9 6.85 2.58 60%
Quartz 36 45 2.65 5%
Seawater 2.5 0 1.032 Sw
Natural gas hydrate 5.6 2.4 0.9 Sh
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Appendix A. Petrophysical theory of natural gas hydrate

In modelling the natural gas hydrate, the hydrate reservoir
consists of solid, liquid, and gas phases. The solid rock skeleton
contains a variety of mineral components. The petrophysical pa-
rameters and percentage content of various minerals are shown in
Table A-1. There are N kinds of minerals that make up rocks. The
proportion of each mineral is fi (i¼1, 2, ..., N). If the elastic modulus
of eachmineralMi (M representing the bulkmodulus K or the shear
modulus G) is known, then the elastic modulus of the rock can be
estimated according to the following two formulae:

Reuss formula (Reuss, 2006):
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1
MR

¼
XN
i¼1

fi
Mi

(A-1)

Voigt formula (Voigt, 1889):

MV ¼
XN
i¼1

fiMi (A-2)

The modulus obtained by Voigt is the upper limit of the actual
value, and the modulus obtained by Reuss is the lower limit of the
actual value. Mavko et al. (2009) proposed to approximate the
modulus MRVH of the composite medium by using the average of
the results in (A-1) and (A-2):

MRVH ¼MV þMR

2
(A-3)

It is generally believed that the fluidmedium contains water and
gas, so the volume modulus Kf of the fluid phase can be similarly
calculated, which is the equivalent average of the two

Kf ¼
�
Sg
Kg

þ Sw
Kw

��1

(A-4)

where, Kw and Kg are the volume modulus of water and gas
respectively, Sw and Sg are the volume fraction of water and gas
respectively.

When hydrate and rock particles are cemented together as part
of the solid skeleton, the porosity f of the rock skeleton is reduced
and the elastic modulus of the solid phase is changed. When hy-
drate saturation is Sh, new rock porosity fr becomes
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fr ¼ fð1� ShÞ (A-5)

According to Hill's average (Hill, 1965), the volume modulus Kg and
the shear modulus Gg of the changed solid phase can be respec-
tively written as

Kg ¼ 1
2

 
fhKh þ ð1� fhÞKs þ

	
fh
Kh

þ 1� fh
Ks


�1
!

Gg ¼ 1
2

 
fhGh þ ð1� fhÞGs þ

	
fh
Gh

þ 1� fh
Gs


�1
! (A-6)

where, fh ¼ fSh
1�fð1�ShÞ, Ks and Gs are respectively the volume

modulus and the shear modulus of pure rock solid phase, Kh and Gh
are respectively the volume modulus and the shear modulus of
purely natural gas hydrate.

There is a critical porosity in hydrate reservoir porosity, which is
generally 36%e40%. When the actual porosity f is greater than the
critical porosity fc, fluid is the main carrier of wave propagation.
When the actual porosity f is less than the critical porosity fc, the
solid is the main carrier of wave propagation (Dvorkin et al., 2003).

With the critical porosity fc, the equivalent volume modulus
KHM and the equivalent shear modulus GHM of the rock skeleton are
as follows (Mindlin, 1949):

KHM ¼
"
n2ð1� fcÞ2Kg

2

18p2
�
1� ng

�2 P

#1=3

GHM ¼ 5� 4ng
5
�
2� ng

�
"
3n2ð1� fcÞ2Gg

2

2p2
�
1� ng

�2 P

#1=3 (A-7)

where, Kg and Gg are respectively the volumemodulus and the shear
modulus of the solid phase after the change, n is the average number
of contact points of rock particles, which is generally considered to
be nine, and ng is the changed Poisson's ratio of solid-phase:

ng ¼ �3Kg � 2Gg
���

6Kg þ 2Gg
�

(A-8)

The variable P is the effective pressure of sedimentary rock
strata at a certain depth, expressed as

P ¼ ð1� fÞ
�
rs � rf

�
gh (A-9)

In (A-9), rs and rf are densities of the solid phase and fluid phase,
respectively, g is the acceleration of gravity and h is the depth. Kdry

and Gdry are respectively the equivalent volume modulus and the
equivalent shear modulus of the rock skeleton without fluid
(Hashin and Shtrikman, 1963)

Kdry ¼

2
64 ðf=fcÞ
KHM þ 4

3GHM
þ ð1� f=fcÞ

Kg þ 4
3GHM

3
75
�1

� 4
3
GHM

Gdry ¼
	 ðf=fcÞ
GHM þ Z

þ ð1� f=fcÞ
Gg þ Z


�1
� Z

Z ¼ GHM

6

�
9KHM þ 8GHM

KHM þ 2GHM

�
(A-10)

Then according to the Gassmann equation (Gassmann, 1951),
the volume modulus and the shear modulus of hydrate reservoirs
can be obtained
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Ksat ¼ Kg

frKdry � ð1� frÞKfKdry

.
Kg þ Kf

ð1� frÞKf þ frK � KfKdry

.
Kg

Gsat ¼ Gdry

(A-11)

The P-wave velocity, S-wave velocity, and density in a reservoir
can be calculated according to the volume modulus and the shear
modulus (Ecker et al., 2000) ：

VP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
Ksat þ 4

3
Gsat

�

r

s

VS ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffi
Gsat=r

p
r ¼ rffr þ rsð1� frÞ

(A-12)

Appendix B. Brekhovskikh equation

When discussing the propagation process of wave in a multi-
layer medium, it is usually assumed that the media on both sides of
the interface are in close contact, that is, the continuity of the
displacement component and stress component at the interface is
satisfied. The model in Fig. B-1 shows the transmission and
reflection of plane simple harmonics in thin-layer media.

Fig. B-1. Reflection and transmission in thin layer media.

According to the continuity assumption of displacement and
stress components on the interface, the relationship between
displacement and stress on the bottom interface of the first layer
medium and the top interface of the third layer medium is deduced
as follows (Brekhovskikh, 1987):

2
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V ð3Þ
Z

s
ð3Þ
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ð1Þ
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(B-1)

In Eq. (B-1), the variables are expressed as follows:

a11 ¼2 sin2g2 cos P þ cos 2g2 cos Q

a12 ¼ iðtan q2 cos 2g2 sin P� sin 2g2 sin QÞ

a13 ¼
sin q2
r2VP2

ðcos Q � cos PÞ

a14 ¼ � 2iVS2ðtan q2 sin g2 sin Pþ cos g2 sin QÞ

a21 ¼ i
�
VS2 cos q2
VP2 cos g2

sin 2g2 sin P� tan g2 cos 2g2 sin Q
�
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a22 ¼ cos 2g2 cos P þ 2 sin2g2 cos Q
�

a23 ¼ � i
r2VP2

ðcos q2 sin Pþ tan g2 sin q2 sin QÞ

a24 ¼2VS2 sin g2ðcos Q � cos PÞ

a31 ¼2r2VS2 sin g2 cos 2g2ðcos Q � cos PÞ

a32 ¼ � ir2

�
VP2 cos22g2

cos q2
sin Pþ4VS2 cos g2 sin2g2 sin Q

�

a33 ¼ cos 2g2 cos P þ 2 sin2g2 cos Q

a34 ¼2ir2V
2
S2ðcos 2g2 tan q2 sin P� sin 2g2 sin QÞ

a41 ¼ � i
�

2
VP2

cos q2 sin2g2 sin Pþ cos2 2g2
2VS2 cos g2

sin Q
�

a42 ¼
sin q2 cos 2g2

VP2
ðcos Q � cos PÞ

a43 ¼ i
2r2

 
sin 2q2
VP2

2 sin P � cos 2g2
VS2

2 tan g2 sin Q

!

a44 ¼2 sin2g2 cos P þ cos 2g2 cos Q

P ¼ ud
VP2

cos q2; Q ¼ ud
VS2

cos g2

The potential function relations of the first layer and the third

layer media are substituted into the above equation. RPP ¼ f
00

f
0 is P-

wave reflection coefficient, RPS ¼ 4
00

f
0 is S-wave reflection coefficient,

TPP ¼ f
000

f
0 is P-wave transmission coefficient, and TPS ¼ 4

000

f
0 is S-wave

transmission coefficient. The relationship between PP and PS co-
efficients can be written as

2
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3
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In the above equation, components are expressed as
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D1 ¼

��������
n1 m12 m13 m14
n2 m22 m23 m24
n3 m32 m33 m34
n4 m42 m43 m44

��������
;

D2 ¼

��������
m11 n1 m13 m14
m21 n2 m23 m24
m31 n3 m33 m34
m41 n4 m43 m44

��������
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D3 ¼
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The solution of Eq. (B-2a) is

RPP ¼
D1

jMj RPS ¼
D2

jMj TPP ¼ D3

jMj TPS ¼
D4

jMj (B-3)

The relationship among other parameters can be expressed as

P¼a2d;Q ¼ b2d (B-4a)
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k1 ¼ u

VP1;
k1

0 ¼ u

VS1
; k2 ¼ u
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0 ¼ u
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and s ¼ k1 sin q1 ¼ kn sin qn ¼ k1
0 sin g1 ¼ kn

0 sin gn , Snell's law
holds.

Other variables are expressed as

a1 ¼
�
k21 � s2

�1=2 ¼ k1 cos q1;b1 ¼
�
k

02
1 � s2

�1=2 ¼ k
0
1 cos g1

(B-5a)

a2 ¼
�
k22 � s2

�1=2 ¼ k2 cos q2; b2 ¼
�
k

02
2 � s2

�1=2 ¼ k
0
2 cos g2

(B-5b)

a3 ¼
�
k23 � s2

�1=2 ¼ k3 cos q3; b3 ¼
�
k

02
3 � s2

�1=2 ¼ k
0
3 cos g3

(B-5c)

l1K1
2þ2m1a1

2 ¼ r1u
2 cos2g1

2m1sb1 ¼ r1u
2 sin2g1�

s2�b1
2
�
¼�

�
u2 cos2g1

�.
V2
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where, VP1, VP2, and VP3 are the P-wave velocities of the three layers,
respectively; VS1, VS2, and VS3 are the S-wave velocities of the three
layers; r1, r2, and r3 are the density of three layers; d is the thickness
of the second layer of the medium; u is the angular frequency; q1,
q2, q3 and g1, g2, g3 are respectively the incidence angles of the P-
wave and the S-wave in three layers; f

0
, f

00
, f

000
and 40, 400

, 4
000
are

respectively the potential functions of the P-wave and the S-wave
in three layers; a is the vertical component of the longitudinal wave
number k in the layer, b is the vertical component of the transverse
wave number k in the layer, s is the phase velocity of the wave
along with the interface; l, K and m are the moduli of elasticity.
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