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Abstract: Characterizing gas hydrate-bearing marine sediments using seismic methods is essential for
locating potential hydrate resources. However, most existing pre-stack seismic inversion methods esti-
mate the properties of sediments containing gas hydrates without considering specific characteristics
associated with gas hydrate occurrences. In the present study, a pore-filling–solid matrix decoupling
amplitude variation with offset (AVO) formula is proposed to represent seismic reflectivity in terms of
properties associated with gas hydrates. Based on the rock physics relationships of solid substitution,
the parameters introduced into the decoupling AVO equation estimate the concentration of gas
hydrates with different occurrences, including pore fillings mixed with water and solid components
forming part of the dry sediment frame. A theoretical model test indicates that seismic attributes
obtained with the decoupling AVO inversion are superior to the conventional wave velocities-related
properties in predicting gas hydrate saturations. A realistic model test further validates the applica-
bility of the proposed method in characterizing a gas hydrate system with varying concentrations
and layer thickness. By adjusting the tuning parameters, the configurations and concentrations of the
gas hydrate system can be identified using the obtained attributes. Therefore, the presented method
provides a useful tool for the characterization of gas hydrate-bearing sediments.

Keywords: pore-filling–solid matrix decoupling AVO equation; solid substitution theory; gas hydrate
saturation; gas hydrate occurrence; heterogeneous gas hydrate model

1. Introduction

In the accompanying paper (Part 1) [1], we have addressed the rock physics model
that quantifies the relationships between gas hydrate occurrence and concentration and
the elastic properties of gas hydrate-bearing marine sediments. Using log data, we utilized
the proposed model to predict wave velocities and quantitatively estimate the amount
of gas hydrate in marine sediments. The model-based method yields results that fit core
measurement data well. Nevertheless, identifying gas hydrate deposits with an adequate
concentration using seismic methods is essential for locating potential gas hydrate resources
over a large area.

Bottom-simulating reflectors (BSRs) represent seismic events generated at the bot-
tom of a gas hydrate formation overlying a partially saturated gas zone [2]. The BSR
identified on post-stack seismic profiles is usually used to discriminate the presence of
the gas hydrate stability zones [3]. Carcione and Tinivella [4] investigated the amplitude
variation with offset (AVO) effects of the BSR by incorporating rock physics modeling for
gas hydrate formation. The reflection coefficients of the BSR versus offset were computed
and analyzed for varied gas hydrate concentrations. Ecker et al. [5] estimated porosity
and hydrate saturation from seismic velocities. Based on stratigraphic interpretation and
rock physics modeling, seismic AVO attributes and pre-stack elastic inversion methods
have been widely used for the characterization of hydrate formations [6–12]. Meanwhile,
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the spectral decomposition method was incorporated to improve the identification of the
gas hydrate and free gas formations [13]. Seismic attenuation of BSR associated with
free gas saturated in the underlying layer has also been used to characterize gas hydrate
deposits [14,15]. In addition, Ehsan et al. [16] found that gas hydrate-bearing sediments
can simultaneously exhibit high P-wave velocity and anomalously low S-wave velocity,
suggesting that Poisson’s ratio can be used as an indicator for gas hydrate identification.

Despite these successful applications of seismic methods for the characterization of
gas hydrate-bearing formations, more sophisticated seismic methods that consider specific
occurrences of gas hydrates are required to improve the estimation of hydrate concentration.
As suggested in Part 1, occurrence statuses associated with the dynamic process of gas
hydrate accumulation account for particular elastic behaviors of the sediments containing
hydrates. However, most existing methods are based on the traditional AVO equations that
estimate the properties of the entire rock, which may be inadequate for the estimation of
the gas hydrate-related properties. Meanwhile, the AVO equations represented by fluid
terms may be workable for oil and gas-bearing reservoirs [17–22] but may be inapplicable
for gas hydrate systems. It is because gas hydrates cannot be considered pore fluids. The
gas hydrates may exist as pore fillings mixed with water at a relatively low concentration
while forming part of the solid phase of the dry sediment frame during the accumulation
process with an increasing concentration, as discussed in Part 1.

Therefore, in the present study, we propose a new seismic method for the improved
estimation of gas hydrate concentrations. Based on the rock physics relationships of the
solid substitution, we propose a pore-filling–solid matrix decoupling AVO formula by
extending the conventional reflection coefficients expressed in terms of the fluid term.
The decoupling AVO equation is used to represent seismic reflectivity associated with
the properties of gas hydrates. Then, the responses of the introduced parameters to gas
hydrate saturation are analyzed using the rock physics model proposed in Part 1. Next,
seismic attributes obtained based on the decoupling equation are tested for improved
characterization of gas hydrate sediments. The accuracy of the decoupling AVO equation
and the applicability of the proposed seismic attributes for gas hydrate identification are
discussed using a theoretical model. Finally, the sensitivity of the obtained attributes for gas
hydrate characterization is investigated using a realistic model of the gas hydrate system.

2. Methods
2.1. Pore-Filling–Solid Matrix Decoupling AVO Equation

As discussed in Part 1 [1], during the accumulation process, gas hydrates exist as pore
fillings at low concentrations while forming part of the solid phase of marine sediments
with increasing concentrations, as illustrated in Figure 1. Meanwhile, the rock physics
model presented in Part 1 suggests that the gas hydrate/water mixture filled in pores of
marine sediments can exhibit non-zero rigidity. Therefore, the generalized solid substitution
theory [23] was used to model the elastic bulk and shear moduli of gas hydrate-bearing
sediment (Ksat and µsat) from those of a dry frame (Kdry and µdry) and gas hydrate/water
mixture (Kmix and µmix) as follows:

Ksat = Kdry +
Kmix(Kdry − K0)

2

K02 ϕ − KdryKmix + K0Kmix − K0Kmix ϕ
= Kdry + Mk (1)

µsat = µdry +
µmix(µdry − µ0)

2

µ02 ϕ − µdryµmix + µ0µmix − µ0µmix ϕ
= µdry + Mµ (2)

where K0 and µ0 denote the bulk and shear moduli of the solid matrix, respectively. As
illustrated in Figure 1, the solid phase composes minerals below critical gas hydrate
saturation Sc and consists of minerals and gas hydrates simultaneously beyond Sc. ϕ
represents the pore space occupied by the gas hydrate/water mixture. Russell et al. [19]
proposed the use of the fluid term to describe the difference between the bulk moduli of the
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saturated rock and the dry frame. Accordingly, we introduced two parameters, Mk and Mµ,
to quantify the contribution of gas hydrate/water mixture to the bulk and shear moduli of
sediment, respectively.
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Figure 1. Model for rock physical and seismic modeling where a gas hydrate-bearing sediment is
surrounded by sandstones. The rock physics model of the gas hydrate deposit is given in Part 1.
1—Solid frame composed of minerals. 2—Water. 3—Gas hydrates as pore fillings. 4—Gas hydrates
as part of the solid frame.

Then, elastic P-wave (VP) and S-wave (VS) velocities of the sediment containing gas
hydrates can be expressed as follows, referring to Russell et al. [19]:

VP =

√(
Kdry +

4
3

µsat + Mk

)
/ρ (3)

VS =

√(
µdry + Mµ

)
/ρ (4)

where ρ is the bulk density of sediment.
According to Equations (1)–(4), the two parameters for gas hydrate characterization

can be represented as follows:

Mk = Ksat − Kdry = ρV2
P − 4

3
ρV2

S −
(

γ2
dry −

4
3

)
µdry (5)

Mµ = µsat − µdry = ρV2
S − µdry (6)

where γdry represents the P- and S-wave velocity ratio of the dry frame.
Aki and Richards [24] derived the PP-wave reflection coefficient under the assumption

of small changes in the elastic properties across an interface between two elastic media:

RPP(θ) =
(

1 + tan2 θ
)∆VP

2VP
+

(
−8 sin2 θ

γ2
sat

)
∆VS
2VS

+

(
1 − 4 sin2 θ

γ2
sat

)
∆ρ

2ρ
(7)

where VP, VS, and ρ are the averaged velocities and bulk density across the boundary,
respectively; ∆VP, ∆VS, and ∆ρ denote the differences in velocities and bulk density across
the interface; γsat represents the P- and S-wave velocity ratio for saturated rock; and θ is
the average of the incidence and transmission angles.

Applying the chain rule of the multivariable calculus to Equations (5) and (6) and
treating γdry as a constant can obtain:

∆Mk =
∂Mk
∂VP

∆VP +
∂Mk
∂VS

∆VS +
∂Mk
∂ρ

∆ρ +
∂Mk
∂µdry

∆µdry (8)
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∆Mµ =
∂Mµ

∂VS
∆VS +

∂Mµ

∂ρ
∆ρ +

∂Mµ

∂µdry
∆µdry (9)

Subsequently, we reparameterized Equation (7) to a new linearized equation using
Equations (8) and (9), as follows:

RPP(θ) =

[
1
4

(
1 −

γ2
dry

γ2
sat

)
sec2 θ

1+4N/3−γ2
dry N

]
∆Mk
Mk

+

[(
N
3 −

γ2
dry N
4

)(
1 −

γ2
dry

γ2
sat

)
sec2 θ

1+4N/3−γ2
dry N

]
∆Mµ

Mµ

+

(
γ2

dry

4γ2
sat

sec2 θ − 2
γ2

sat
sin2 θ

)
∆µ
µ +

[
1
2 − 1

4 sec2 θ
]

∆ρ
ρ

(10)

where N = Mµ/Mk =
(

µsat − µdry

)
/
(

Ksat − Kdry

)
indicates the contribution ratio of

the gas hydrate/water mixture to the shear to bulk modulus of sediment; ∆Mk/Mk and
∆Mµ/Mµ denote the reflectivity terms associated with the contribution of the gas hy-
drate/water mixture to the bulk and shear moduli of sediment; ∆µ/µ and ∆ρ/ρ denote the
terms associated with shear modulus and bulk density of sediment, respectively.

Details on the derivations of Equation (10) are illustrated in Appendix A.

2.2. AVO Inversion Based on the Pore-Filling–Solid Matrix Decoupling Scheme

Denoting weighting coefficients in Equation (10) as:

A(θ) = 1
4

(
1 −

γ2
dry

γ2
sat

)
sec2 θ

1+4N/3−γ2
dry N

B(θ) =
(

N
3 −

γ2
dry N
4

)(
1 −

γ2
dry

γ2
sat

)
sec2 θ

1+4N/3−γ2
dry N

C(θ) =
γ2

dry

4γ2
sat

sec2 θ − 2
γ2

sat
sin2 θ D(θ) = 1

2 − 1
4 sec2 θ

(11)

we simplified Equation (10) as follows:

RPP(θ) = A(θ)
∆Mk
Mk

+ B(θ)
∆Mµ

Mµ
+ C(θ)

∆µ

µ
+ D(θ)

∆ρ

ρ
(12)

For a pre-stack seismic gather with n incident angles, Equation (12) can be expressed
in the matrix as follows:

RPP(θ1)
RPP(θ2)

...

...
RPP(θn)

 =



A(θ1) B(θ1) C(θ1) D(θ1)
A(θ2) B(θ2) C(θ2) D(θ2)

...
...

...
...

...
...

...
...

A(θn) B(θn) C(θn) D(θn)




∆Mk/Mk
∆Mµ/Mµ

∆µ/µ
∆ρ/ρ

 (13)

Equation (13) can be simplified as:

R = C


∆Mk/Mk
∆Mµ/Mµ

∆µ/µ
∆ρ/ρ

 (14)

where R denotes the reflection coefficient matrix, and C is the weighting coefficient matrix
in Equation (13).

Finally, the terms in Equation (14) can be estimated using the least-squares method:
∆Mk/Mk
∆Mµ/Mµ

∆µ/µ
∆ρ/ρ

 =
(

CTC + ε2I
)−1

CT R (15)

where ε represents the damping factor, and I is the identity matrix.
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3. Results
3.1. Elastic Properties and Seismic Responses of Gas Hydrate-Bearing Sediments

Based on the rock physics model in Part 1, we computed the elastic properties of the gas
hydrate-bearing layer in Figure 1. Volumetric fractions of minerals were set to 0.60, 0.35, and
0.05 for quartz, clay, and calcite, respectively. Critical gas hydrate saturation Sc was assumed
to be 0.1. Other properties used for modeling were the same as those in Part 1.

Figure 2 illustrates the modeled elastic properties of VP, VS, and ρ, varying with
porosity ϕ and gas hydrate saturation Sgh. As shown in Figure 2a,b, VP and VS exhibit
subtle variation with Sgh for the case of ϕ lower than ~ 0.2 while rising considerably with
Sgh for ϕ higher than ~ 0.2. Since shallow marine sediments are usually unconsolidated
and have much higher porosity than 0.2, VP and VS are applicable to estimate hydrate
concentration. In contrast, ρ of the hydrate deposit is not sensitive to the variation in Sgh
at all porosity but drops significantly with increasing ϕ regardless of any Sgh (Figure 2c).
It implies that density can provide porosity information of gas hydrate deposits, which is
significant in estimating hydrate concentration from the saturation value.
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Figure 2. Properties of (a) Vp, (b) Vs, and (c) ρ of marine sediments for varied gas hydrate saturation
(Sgh) and porosity (ϕ).

Meanwhile, Figure 3a,b shows the values of Mk and Mµ computed using the relationships
presented in Equations (5) and (6). The shear modulus µ of hydrate sediments (Figure 3c)
and elastic moduli of the dry frame for computing Mk and Mµ were obtained with the rock
physics model presented in Part 1. As illustrated in Figure 3a,b, the variations of Mk and Mµ

with Sgh and ϕ are distinct from those of VP and VS Mk is sensitive to Sgh for ϕ lower than ~
0.5, decreasing dramatically with increasing Sgh (Figure 3a). At the same time, Mµ increases
with Sgh at all ϕ, especially for ϕ higher than ~ 0.3 (Figure 3b). It implies that Mk and Mµ can
provide additional constraints for hydrate characterization besides VP, VS, and ρ.

According to the mathematical representations of Mk and Mµ in Equations (5) and
(6), the results in Figure 3a,b show that for increasing Sgh, pore-filling gas hydrates show
less contribution to the bulk modulus of sediments while exhibiting an enhanced influence
on shear modulus of sediments. These results deserve further investigation based on
petrophysical analyses and laboratory measurements on the accumulation process of gas
hydrates formed in ocean bottom sediments. In addition, as can be expected, the shear
modulus µ of sediments (Figure 3c) exhibits similar responses to Sgh and ϕ as VS (Figure 2b).



J. Mar. Sci. Eng. 2022, 10, 1497 6 of 17

J. Mar. Sci. Eng. 2022, 10, x FOR PEER REVIEW 6 of 18 
 

 

shear modulus of sediments. These results deserve further investigation based on petro-
physical analyses and laboratory measurements on the accumulation process of gas hy-
drates formed in ocean bottom sediments. In addition, as can be expected, the shear mod-
ulus μ of sediments (Figure 3c) exhibits similar responses to Sgh and φ as VS (Figure 2b). 

   
(a) (b) (c) 

Figure 3. Properties of (a) Mk, (b) Mμ, and (c) μ of marine sediments for varied gas hydrate saturation 
(Sgh) and porosity (φ). 

Then, we compute the seismic responses of the model in Figure 1 for the gas hydrate 
layer with varied Sgh. The thickness of the gas hydrate layer was set to 40 m. Porosity is 
assumed to be 0.4. Other reservoir properties of the gas hydrate sediment are the same as 
those for rock physics modeling in Figures 2 and 3. Figure 4a illustrates the correlation 
between VP and Sgh extracted from Figure 2. The surrounding sandstone was assumed to 
have Sgh = 0.1 (equal to the critical hydrate saturation), mimicking the smooth transition of 
gas hydrate saturation at the boundaries of the gas hydrate layer. 

We used the propagator matrix method (PMM) as a modeling tool to generate syn-
thetic data. The PMM based on Carcione [25] was extended to integrate the rock physics 
model and compute reflected waveforms, with the details presented by Guo et al. [26,27]. 
The source Ricker wavelet has a dominant frequency of 40 Hz. The incidence angle ranges 
from 0° to 30°. The computed AVO gathers were stacked to obtain seismic traces in Figure 
4b, showing amplitude variations for Sgh varying from 0.1 to 0.8. The computed synthetic 
seismograms were used to test the proposed pore-filling–solid matrix decoupling AVO 
inversion method. 

  

Figure 3. Properties of (a) Mk, (b) Mµ, and (c) µ of marine sediments for varied gas hydrate saturation
(Sgh) and porosity (ϕ).

Then, we compute the seismic responses of the model in Figure 1 for the gas hydrate
layer with varied Sgh. The thickness of the gas hydrate layer was set to 40 m. Porosity is
assumed to be 0.4. Other reservoir properties of the gas hydrate sediment are the same as
those for rock physics modeling in Figures 2 and 3. Figure 4a illustrates the correlation
between VP and Sgh extracted from Figure 2. The surrounding sandstone was assumed to
have Sgh = 0.1 (equal to the critical hydrate saturation), mimicking the smooth transition of
gas hydrate saturation at the boundaries of the gas hydrate layer.
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We used the propagator matrix method (PMM) as a modeling tool to generate synthetic
data. The PMM based on Carcione [25] was extended to integrate the rock physics model
and compute reflected waveforms, with the details presented by Guo et al. [26,27]. The
source Ricker wavelet has a dominant frequency of 40 Hz. The incidence angle ranges from
0◦ to 30◦. The computed AVO gathers were stacked to obtain seismic traces in Figure 4b,
showing amplitude variations for Sgh varying from 0.1 to 0.8. The computed synthetic
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seismograms were used to test the proposed pore-filling–solid matrix decoupling AVO
inversion method.

3.2. Theoretical Model Test of the Decoupling AVO Inversion

We tested the accuracy of the proposed decoupling AVO equation and its applicability
for hydrate characterization using the synthetics of the theoretical model shown in Figure 4.
In Equation (10), two parameters, γdry and N, were introduced into the decoupling AVO
formula. Russell et al. [19] treated γdry as a tuning parameter whose values can best identify
gas sands.

Here, to give the initial estimates of γdry and N in the theoretical model test, the two
parameters were simultaneously determined based on the reflection coefficients that were
computed by incorporating rock physics modeling. Specifically, we determined the (γdry,
N) values that provide the best accuracy of the decoupling AVO equation for both the top
and bottom interfaces of the hydrate layer in Figure 1. The objective function searching for
(γdry, N) is as follows:

fTop+Bottom

(
γdry, N

)
=

1
n

n

∑
i=1


∣∣∣ RPP_Decoupled

(
γdry, N, θi

)
− RPP_Zoeppritz

(
γdry, N, θi

) ∣∣∣
Top

+
∣∣∣ RPP_Decoupled

(
γdry, N, θi

)
− RPP_Zoeppritz

(
γdry, N, θi

) ∣∣∣
Bottom

 (16)

where the objective function was defined as the absolute differences in the PP-wave reflec-
tion coefficients between the proposed decoupling AVO equation and the exact Zoeppritz
equation at the top and bottom interfaces simultaneously. The incidence angles range from
0◦ to 30◦.

The straightforward grid-search approach was used to find (γdry, N) in Equation (16).
For the model where Sgh of the hydrate layer was set to have a typical value of 0.3 and
other properties were given in Section 3.1, we had the estimated (γdry, N) values of (1.70,
0.02). Corresponding curves for analyzing the accuracy of the decoupling AVO equation
is shown in Figure 5. The results indicate the obtained (γdry, N) values can provide AVO
curves with reasonable accuracy for the model.
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Then, using the synthetic data in Figure 4b and the estimated values of (γdry, N),
we performed AVO inversion and compared the results obtained using the proposed
decoupling method with those computed based on the Aki and Richards formula in
Equation (7). Figure 6 illustrates ∆Mk/Mk, ∆Mµ/Mµ, ∆µ/µ, and ∆ρ/ρ computed using the
straightforward AVO inversion based on the decoupling scheme presented in Section 2.2.
For comparison, as shown in Figure 7, we displayed ∆VP/VP, ∆VS/VS, and ∆ρ/ρ inverted
based on Equation (7), following the scheme similar to that in Section 2.2.
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Compared to ∆VP/VP and ∆VP/VS (Figure 7a,b), ∆Mk/Mk and ∆Mµ/Mµ (Figure 6a,b)
show similar anomaly responses to the increase in Sgh at the top and bottom interfaces of
the gas hydrate layer. Most importantly, ∆Mk/Mk and ∆Mµ/Mµ exhibit fewer ambiguities
irrelevant to Sgh variations within the gas hydrate layer. The results suggest that the
hydrate-related attributes (∆Mk/Mk and ∆Mµ/Mµ) exhibit the potential to provide more
reliable estimates of gas hydrate saturation than the traditional wave velocities-related
properties (∆VP/VP and ∆VS/VS).
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Meanwhile, ∆µ/µ (Figure 6c) shows the anomalies comparable to those provided by
∆VS/VS (Figure 7b) for increasing Sgh, revealing gas hydrates existing as part of the solid
component can enhance the rigidity of sediments. In addition, ∆ρ/ρ obtained with the two
methods (Figures 6d and 7c) show consistent responses, suggesting the robustness of the
inversion based on the decoupling AVO equation.

3.3. Realistic Model Test of the Decoupling AVO Inversion

As illustrated by the VP profile in Figure 8a, a realistic model of the gas hydrate
system was designed referring to the seismic interpretation in Yang et al. [28], where
a gas hydrate deposit with higher wave velocities is formed in shallow ocean-bottom
sediments. In the model, the gas hydrate-bearing sediment has a relatively larger thickness
centered at trace number 40 and pinching towards two sides. Meanwhile, Sgh of gas hydrate
sediment is set to 0.6 in the center and linearly drops to 0.2 at the two edges laterally. Thus,
the model delineates the gas hydrate formation with varied thicknesses and gas hydrate
concentrations. ϕ and Sc of the gas hydrate deposit were set to 0.5 and 0.1, respectively.
Based on the properties used in Section 3.1, elastic properties of the gas hydrate sediment
for varied Sgh values were computed based on the rock physics model proposed in Part 1.
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and (b) corresponding post-stack seismic section computed with the propagator matrix method, with
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The elastic properties of the shallow marine formations are given in Table 1, according
to Yang et al. [28]. Meanwhile, shear wave velocities of the marine sediments were estimated
using a constant VP/VS ratio of 3. The source Ricker wavelet has a dominant frequency of
20 Hz. The incidence angle ranges from 0◦ to 30◦. Using the PMM as a modeling tool, we
computed the synthetic AVO data for the model in Figure 8a, with the corresponding post-
stack seismic section illustrated in Figure 8b. The boundary of the gas hydrate formation
was outlined, characterized by the positive and negative reflections at the top and bottom
interfaces, respectively. The reflection amplitude strength fades from the center towards
the two ends of the gas hydrate layer, interpreted by the decrease in wave velocities of the
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gas hydrate formation owing to the decrease in Sgh. Limitations of seismic resolution and
interferences associated with the layered sediments may increase uncertainty in structural
interpretation and Sgh estimations for the gas hydrate deposits.

Table 1. Elastic properties of the ocean-bottom formations in the realistic model in Figure 8a.

VP (m/s) ρ (kg/m3)

1600 1740

1680 1760

1740 1770

1790 1790

1935 1870

1940 1880

2000 1920

2040 1940

Figure 9 demonstrates three pre-stack AVO gathers for the models at different trace
numbers in Figure 8. The red lines denote the top and bottom of the gas hydrate formation.
It is evident that AVO signatures vary considerably with Sgh and layer thickness. Phase
reversal is observed for the bottom reflection of the gas hydrate formation at trace numbers
40 and 50, which may explain the relatively weak seismic responses at these locations
on the post-stack profile (Figure 8b). Most importantly, it implies that we may expect
additional information not revealed in the post-stack section but can be obtained with
pre-stack inversion. Next, the synthetics are used to test the decoupling AVO inversion.
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We then applied the proposed decoupling AVO inversion method to the synthetic AVO
data of the gas hydrate model in Figure 8. Based on the procedure presented in Section 3.2
and using the gas hydrate layer with Sgh = 0.3 as the reference model, we obtained the (γdry,
N) values of (1.90, 0.06) as initial estimates of the adjusting parameters, which were used in
the decoupling AVO inversion.

Figure 10a,b illustrate the sections of ∆VP/VP and ∆VS/VS that were computed based
on Equation (7), respectively. The values of ∆VP/VP were normalized to the range between
−1 and 1. In Figure 10b, ∆VS/VS shows a relatively higher magnitude than ∆VP/VP while
retaining the relative difference between them, which is consistent with the analysis of
the reflectivity across interfaces of the model. Meanwhile, the responses of ∆VP/VP and
∆VS/VS to the hydrate system are similar.
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Results indicate that the boundary of the gas hydrate layer can be approximately
discriminated on the ∆VP/VP section (Figure 10a). Compared with the post-stack section
(Figure 8b), the bottom of the hydrate layer exhibits more visibility in the ∆VP/VP section,
indicating the seismic attributes obtained from AVO effects can improve the characterization
of the hydrate system. Meanwhile, the decrease in Sgh from the center to the two sides can
be identified by the decrease in ∆VP/VP for both the top and bottom interfaces. However,
the ∆VP/VP anomalies tend to weaken dramatically to the two edges of the gas hydrate
layer with a smaller thickness and lower Sgh, which may account for the uncertainty in the
gas hydrate interpretation.

In comparison, Figure 11 shows the sections of ∆Mk/Mk obtained with the decoupling
AVO scheme. We focused on analyzing ∆Mk/Mk while not displaying the sections of
∆Mµ/Mµ for simplicity since they show similar distributions for the gas hydrate system.
In practice, we found that for similar values of N within the magnitude of the value
estimated above, the influence of the parameter N is not significant, primarily influencing
the magnitude of the obtained results. Therefore, we kept N at the value of 0.06, as estimated
for the reference model. Subsequently, we regarded γdry as a tuning parameter and tested
its impact on the obtained results. As shown in Figure 11, for γdry increasing from 1.80,
1.90, 2.10, to 2.20, the visibility of the top interface on the ∆Mk/Mk section was enhanced.
For γdry at 2.20 (Figure 11d), it achieves a result comparable to that given by ∆VP/VP.

Comparing Figures 10 and 11, ∆Mk/Mk can delineate the bottom of the hydrate layer
more clearly than ∆VP/VP, especially at the lower γdry values. In contrast, ∆VP/VP cannot
reveal the base of the gas hydrate layer at the two edges with a smaller thickness and lower
concentration. Meanwhile, lateral variation of the ∆Mk/Mk value positively correlates with
Sgh. Therefore, by adjusting the tuning parameter γdry, ∆Mk/Mk acts as a superior indicator
for identifying the configurations and concentrations of the gas hydrate system. However,
the implications of the tradeoff between the performance of ∆Mk/Mk for characterizing the
top and bottom boundaries of the gas hydrate layer have not been fully understood.
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4. Discussion

We have proposed a pore-filling–solid matrix decoupling AVO formula to represent
seismic reflectivity in terms of properties associated with gas hydrates. The proposed
equation can be regarded as the generalization of the popular AVO expressions in terms
of fluid factors [19–22]. One of the advantages of the proposed decoupling formula in
the present study is to model seismic signatures associated with the pore-filled mixture
of gas hydrate and water that exhibit non-zero rigidity, which is not considered by most
existing methods. Moreover, inversion of the introduced parameters with the decoupling
AVO equation enables direct estimations of gas hydrate concentrations with different
occurrences, including pore fillings and solid components of the sediment frame.

The results of a theoretical model test suggest that the gas hydrate-related attributes
(∆Mk/Mk and ∆Mµ/Mµ) exhibit more evident anomalies to the variation in Sgh for a gas hy-
drate model than the traditional wave velocities-related properties (∆VP/VP and ∆VS/VS),
therefore improving the characterization of gas hydrate-bearing sediments (Figures 6 and 7).
The test using a realistic model further confirms the superiority of the decoupling AVO
inversion in the characterization of a gas hydrate system with heterogeneous concentrations
and varied layer thickness (Figures 10 and 11).

The modeling results of synthetic data (Figures 8b and 9) indicate that the gas hydrate
system exhibits particular AVO effects. Phase reversal can be observed in the events of
bottom reflections in the computed pre-stack angle gathers, especially for the gas hydrate
layer with a larger thickness and higher concentrations (Figure 9b,c). Such phase reversal
accounts for the weak seismic responses at corresponding locations on the post-stack profile
(Figure 8b), challenging the accurate identification of the gas hydrate system. However, the
proposed decoupling inversion can capture properties of the gas hydrate system revealed
by such AVO effects, with the gas hydrate distribution identified in the ∆Mk/Mk section
(Figure 11).
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Nevertheless, the successful identification of gas hydrate depends on appropriate
tuning parameter values. We used the approach demonstrated in Section 3.2 to obtain
the initial estimates of the tuning parameters (γdry, N). Test results indicate that γdry is
a critical tuning parameter that determines the performance of the gas hydrate-related
attributes. By adjusting the tuning parameters, the proposed attributes can delineate the
configurations and concentrations of the hydrate system. However, the tradeoff features
of the proposed attributes in characterizing the top and bottom boundaries of the hydrate
layer (Figure 11) have not been thoroughly understood. It deserves further investigation
based on laboratory measurement and rock physics modeling. Meanwhile, owing to the
particular characteristics of the gas hydrate-bearing marine sediments, the range of the γdry
value should be determined based on future rock physics studies.

As illustrated in Section 2.2, we have performed straightforward inversion using the
least-squares method using the decoupling AVO equation without the constraints from
log data. It can mimic the marine seismic survey at the predrilling exploration stage with
no boreholes drilled. Meanwhile, accurate estimations of gas hydrate-related properties
remain challenging even in the presence of adequate log data, owing to the insufficient
understanding of the rock properties of hydrate sediments.

The merit of the present study is proposing a pore-filling–solid matrix decoupling
AVO equation, which is applicable for hydrocarbon reservoirs where pore fillings should
be regarded as solid components. The decoupling method can be further extended based
on the elastic impedance inversion scheme while using log data as constraints. At the
same time, based on a better understanding of the seismic attenuation of BSR [14,15] and
poroelastic behaviors of the gas hydrate layer [29–33], the decoupling AVO equation can
be transformed into the frequency domain to estimate dispersion attributes for improved
gas hydrate characterization. Meanwhile, based on appropriate rock physics modeling
methods, the influence of free gas should be considered for better descriptions of the
poroelastic behaviors of the gas hydrate-bearing sediments and corresponding seismic
signatures. In addition, the decoupling equation and its potential extensions can be further
applied when real seismic data are available.

5. Conclusions

A pore-filling–solid matrix decoupling AVO method was proposed to represent seis-
mic reflectivity in terms of properties associated with gas hydrates. Based on the rock
physics relationships of solid substitution, the decoupling AVO equation was established
by extending the popular reflection coefficients represented by fluid terms. The decoupling
AVO method estimates gas hydrate concentrations with various occurrences through the in-
troduced parameters that evaluate the effect of pore-filled gas hydrates and the gas hydrates
as part of the dry frame on elastic moduli of marine sediments. Therefore, the presented
method provides a way to estimate the gas hydrate concentration directly while considering
the occurrences. A theoretical model test indicates that seismic attributes obtained with
the decoupling AVO inversion exhibit superiority in estimating gas hydrate saturations
compared to the conventional seismic properties associated with wave velocities. Further-
more, a realistic model test validates the applicability of the decoupling method for the
characterization of a gas hydrate system with heterogeneous concentrations and varied
layer thickness. The proposed attributes can delineate the configurations and concentration
variations of the gas hydrate system by adjusting the tuning parameters. Therefore, the
presented method provides a useful seismic method for improved characterization of gas
hydrate-bearing marine sediments using elastic properties.

Future studies may include extending the decoupling AVO formula based on the
elastic impedance inversion scheme and using rock physics modeling results from log data
as constraints in the inversion. Meanwhile, the decoupling AVO equation can be trans-
formed into the frequency-dependent formula to estimate associated dispersion attributes.
Finally, the decoupling AVO method and its potential extensions can be generalized for the
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characterization of other hydrocarbon resources when pore fillings in reservoirs should be
treated as solid components and described using the solid substitution model accordingly.
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Appendix A

We presented the derivation of the pore-filling–solid matrix decoupling AVO equation
in detail. First, we rewrite the Aki–Richards equation, Equation (7), with a common
denominator of ρVP

2:

RPP(θ) =

[
1
2

∆ρV2
P +

1
2

ρVP∆VP sec2 θ − 2
(

∆ρV2
S + 2ρVS∆VS

)
sin2 θ

]
/ρV2

P (A1)

here, we rewrote the two proposed parameters Mk and Mµ in Equations (5) and (6):

Mk = Ksat − Kdry = ρV2
P − 4

3
ρV2

S −
(

γ2
dry −

4
3

)
µdry (A2)

Mµ = µsat − µdry = ρV2
S − µdry (A3)

and corresponding chain rules in Equations (8) and (9) as follows:

∆Mk =
∂Mk
∂VP

∆VP +
∂Mk
∂VS

∆VS +
∂Mk
∂ρ

∆ρ +
∂Mk
∂µdry

∆µdry (A4)

∆Mµ =
∂Mµ

∂VS
∆VS +

∂Mµ

∂ρ
∆ρ +

∂Mµ

∂µdry
∆µdry (A5)

Applying Equations (A4) and (A5) in Equations (A2) and (A3) generates:

∆Mk = 2ρVP∆VP + V2
P ∆ρ − 4

3

(
∆ρV2

S + 2ρVS∆VS

)
−
(

γ2
dry −

4
3

)
∆µdry (A6)

∆Mµ = ∆ρV2
S + 2ρVS∆VS − ∆µdry (A7)

We rearranged Equations (A6) and (A7) as:

∆ρV2
S + 2ρVS∆VS = ∆Mµ + ∆µdry (A8)

ρVp∆VP =
1
2

(
∆Mk − V2

P ∆ρ +
4
3

∆Mµ + γ2
dry∆µdry

)
(A9)

and substituted Equations (A8) and (A9) into Equation (A1) to obtain:
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RPP(θ) =
(

1
4 sec2 θ

)
∆Mk
ρV2

P
+
(

1
3 sec2 θ − 2 sin2 θ

)
∆Mµ

ρV2
P

+
(

1
4 γ2

dry sec2 θ − 2 sin2 θ
)∆µdry

ρV2
P

+
(

1
2 − 1

4 sec2 θ
)

∆ρ
ρ

(A10)

We have µdry = µsat − Mµ according to Equation (A3) and then rearranged Equa-
tion (A10) by setting µ = µsat (neglecting the subscript “sat” for simplicity) as follows:

RPP(θ) =
(

1
4 sec2 θ

)
∆Mk
ρV2

P
+

[(
1
3 −

γ2
dry
4

)
sec2 θ

]
∆Mµ

ρV2
P

+

(
γ2

dry
4 sec2 θ − 2 sin2 θ

)
∆µ

ρV2
P
+
(

1
2 − 1

4 sec2 θ
)

∆ρ
ρ

(A11)

Dividing both sides of Equations (A2) and (A3) by ρVP
2 produces:

Mk

ρV2
P
= 1 −

4V2
S

3V2
P
−
(

γ2
dry −

4
3

)
µdry

ρV2
P
= 1 − 4

3γ2
sat

−
(

γ2
dry −

4
3

)
µdry

ρV2
P

(A12)

Mµ

ρV2
P
=

V2
S

V2
P
−

µdry

ρV2
P
=

1
γ2

sat
−

µdry

ρV2
P

(A13)

Substituting Equation (A13) into Equation (A12) gives

Mk

ρV2
P
= 1 −

4Mµ

3ρV2
P
− γ2

dry
µdry

ρV2
P

(A14)

Using µdry = µsat − Mµ = ρVS
2 − Mµ, we rearranged Equation (A14) as:

Mk

ρV2
P
= 1 −

4Mµ

3ρV2
P
− γ2

dry
ρV2

S
ρV2

P
+ γ2

dry
Mµ

ρV2
P
= 1 −

γ2
dry

γ2
sat

+

(
γ2

dry −
4
3

)
Mµ

ρV2
P

(A15)

and further rearranged Equation (A15) as:

1
ρV2

P
=

[
1 −

γ2
dry

γ2
sat

]
/
[

Mk +
4
3

Mµ − γ2
dry Mµ

]
(A16)

Substituting Equation (A16) into the Mk and Mµ terms in Equation (A11) gives

RPP(θ) =

[(
1 −

γ2
dry

γ2
sat

)
1
4 sec2 θ

]
∆Mk

Mk+
4
3 Mµ−γ2

dry Mµ
+

[(
1
3 −

γ2
dry
4

)(
1 −

γ2
dry

γ2
sat

)
sec2 θ

]
∆Mµ

Mk+
4
3 Mµ−γ2

dry Mµ

+

(
γ2

dry
4 sec2 θ − 2 sin2 θ

)
∆µ

ρV2
P
+
[

1
2 − 1

4 sec2 θ
]

∆ρ
ρ

(A17)

Equation (A17) can be further rearranged using ρVP
2 = γsat

2ρVS
2 = γsat

2µ as follows:

RPP(θ) =

[(
1 −

γ2
dry

γ2
sat

)
1
4 sec2 θ

]
∆Mk

Mk+
4
3 Mµ−γ2

dry Mµ
+

[(
1
3 −

γ2
dry
4

)(
1 −

γ2
dry

γ2
sat

)
sec2 θ

]
∆Mµ

Mk+
4
3 Mµ−γ2

dry Mµ

+

(
γ2

dry

4γ2
sat

sec2 θ − 2
γ2

sat
sin2 θ

)
∆µ
µ +

[
1
2 − 1

4 sec2 θ
]

∆ρ
ρ

(A18)

By introducing a factor N = Mµ/Mk to rearrange Equation (A18), we obtained the final form
of the proposed pore-filling–solid matrix decoupling AVO equation:

RPP(θ) =

[
1
4

(
1 −

γ2
dry

γ2
sat

)
sec2 θ

1+4N/3−γ2
dry N

]
∆Mk
Mk

+

[(
N
3 −

γ2
dry N
4

)(
1 −

γ2
dry

γ2
sat

)
sec2 θ

1+4N/3−γ2
dry N

]
∆Mµ

Mµ

+

(
γ2

dry

4γ2
sat

sec2 θ − 2
γ2

sat
sin2 θ

)
∆µ
µ +

[
1
2 − 1

4 sec2 θ
]

∆ρ
ρ

(A19)
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We have Mµ = 0 for the case of fluid saturation (µdry = µsat) according to Equation (A3). In
this case, the factor N = Mµ/Mk becomes zero, making Equation (A19) rigorously limited to
the form given by Russell et al. [19]:

RPP(θ) =

[
1
4

(
1 −

γ2
dry

γ2
sat

)
sec2 θ

]
∆Mk
Mk

+

(
γ2

dry

4γ2
sat

sec2 θ − 2
γ2

sat
sin2 θ

)
∆µ

µ
+

[
1
2
− 1

4
sec2 θ

]
∆ρ

ρ
(A20)

where the term ∆Mk/Mk is the same as the fluid term ∆f/f in Russell et al. [19].
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