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a b s t r a c t

Existing studies indicate that gas hydrate-bearing formations exhibit notable seismic velocity dispersion 
and attenuation. The Shenhu area of the South China Sea hold significant gas hydrate resource potential; 
however, the relationship between seismic velocity dispersion, attenuation properties, and gas-hydrate 
saturation remains insufficiently understood. Furthermore, a significant mismatch exists between the 
real seismic angle gather near a well and the synthetic angle gather generated using the convolution 
method, and this discrepancy may arise from the seismic velocity dispersion and attenuation charac
teristics of the gas hydrate-bearing formations. In this paper, we develop a rock physics model that 
integrates White's and Dvorkin's models, accounting for varied types of gas-hydrate occurrence states, 
specifically tailored to the gas hydrate-bearing formations in the Shenhu area. This model is calibrated 
with well log data and employed to investigate how gas-hydrate saturation influences seismic velocity 
dispersion and attenuation. Numerical analysis reveals the coexistence of two types of gas-hydrate 
occurrence states in the region: high gas-hydrate saturation formations are dominated by load- 
bearing-type gas hydrate, and formations containing both gas hydrate and free gas may exhibit either 
load-bearing or pore-filling  types. The seismic velocity dispersion and attenuation properties vary 
significantly depending on the gas-hydrate occurrence state. We further apply the proposed model to 
generate seismic velocity and attenuation logs at various frequencies. These logs are used in seismic 
forward modeling employing both the convolution method and the propagator matrix method. Well tie 
analysis indicates that the synthetic angle gather incorporating attenuation via the propagator matrix 
method aligns more closely with the real seismic angle gather than the convolution method. This study 
provides valuable insights into frequency-dependent amplitude versus offset (AVO) analysis and the 
seismic interpretation of gas hydrate-bearing formations in the South China Sea.
© 2025 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

Natural gas hydrate is a crystalline substance resembling ice, 
composed of hydrocarbon gas molecules encased within water 
molecules (Bai et al., 2022; Merey and Chen, 2022; Su et al., 2022). 
It forms under conditions of high pressure and low temperature 
(Tian et al., 2021; Farhadian et al., 2023; Gu et al., 2024). Often 
referred to as “combustible ice”, gas hydrate is a clean energy 
source with substantial reserves, holding potential as a significant 
energy resource in the future (Ye et al., 2020; Wei et al., 2021; 

Wang et al., 2023). Prospecting explorations indicate that signifi
cant amounts of gas hydrate are present in the South China Sea 
(Ning et al., 2020; He et al., 2022; Jin et al., 2023).

Research has demonstrated that gas hydrate-bearing formations 
exhibit seismic velocity dispersion and attenuation, with variations 
observed across different regions (Guerin and Goldberg, 2002; Sain 
and Singh, 2011; Wang and Wu, 2016; Ji et al., 2021; Wu et al., 
2022; Santos et al., 2023; Liu et al., 2024b). Zhan et al. (2022) re
ported significant seismic velocity dispersion in gas hydrate-bearing 
and free gas-bearing formations in the Shenhu area. However, con
tradictory findings have emerged from other studies: Li et al. (2013)
and Li and Liu (2017) suggested that gas hydrate decreases attenu
ation in the Shenhu area, while Zhang et al. (2016) reported an in
crease. Therefore, the relationship between seismic velocity * Corresponding author.
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dispersion, attenuation, and gas-hydrate saturation in the Shenhu 
area remains ambiguous and warrants further investigation.

Rock physics models play a crucial role in exploring the rela
tionship between seismic velocity dispersion, attenuation, and 
gas-hydrate saturation. Zhan et al. (2022) utilized the Hydrate- 
Bearing Effective Sediment (HBES) model to simulate formations 
with mixed gas-hydrate occurrence states in the Shenhu area, with 
the simulated curves aligning closely with well logs. Other rock 
physics models, despite lacking real data, have been employed to 
analyze the seismic properties of gas hydrate-bearing formations 
in the South China Sea. For instance, Li et al. (2013), Li (2015), and 
Li and Liu (2017) applied the Biot-Squirt (BISQ) model and White's 
model, while Zhang et al. (2016) combined effective medium 
theory with the BISQ model, resulting in differing outcomes. Dai 
et al. (2018) employed White's model and a double-porosity 
model to simulate various gas-hydrate occurrence states in the 
Dongsha area, revealing that attenuation initially increased and 
then decreased with the increase of gas-hydrate saturation at 
30 Hz, with fracture-filling-type  gas hydrate-bearing formations 
exhibiting higher attenuation. Wang (2022) combined the Krief 
model and the BISQ model for simulations in the Shenhu area, 
indicating that P-wave velocity and attenuation are sensitive to 
gas-hydrate saturation. In summary, gas-hydrate occurrence state 
significantly influences the relationship between seismic velocity 
dispersion, attenuation, and gas-hydrate saturation.

Seismic forward modeling and well tie analyses have been 
conducted for gas hydrate-bearing formations in the South China 
Sea (Wang et al., 2013; Zhou et al., 2022; Liu et al., 2024a). Some 
studies have designed models to simulate bottom simulating re
flectors (BSR) and compared the simulated AVO curves with real 
data (Niu et al., 2006; Ruan et al., 2006; Xu et al., 2014; Liang et al., 
2020; Zhang et al., 2021, 2024). Li (2021) employed reflectivity 
methods to generate synthetic gathers for gas-hydrate thin inter- 
bedded models, considering the impact of gas-hydrate saturation 

but excluding seismic velocity dispersion and attenuation. 
Although seismic forward modeling using the propagator matrix 
method has incorporated these properties (Guo et al., 2016; Pang 
et al., 2018), few studies have applied this approach to gas 
hydrate-bearing formations.

In this paper, we conduct rock physics modeling and propa
gator matrix method based seismic forward modeling, taking into 
account the seismic velocity dispersion and attenuation properties 
of gas hydrate-bearing formations in the Shenhu area of the South 
China Sea. We first develop a rock physics model that integrates 
White's and Dvorkin's models to account for varied types of gas- 
hydrate occurrence states. This model is calibrated with well log 
data and employed to investigate how gas-hydrate saturation in
fluences  seismic velocity dispersion and attenuation. Subse
quently, we perform seismic forward modeling based on the 
propagator matrix method to generate synthetic angle gathers 
incorporating attenuation. We then compare these gathers with 
the real seismic angle gather near a well and the synthetic angle 
gather generated using the convolution method. The aim of this 
study is to facilitate frequency-dependent AVO analysis and the 
seismic interpretation of gas hydrate-bearing formations in the 
South China Sea.

2. Analysis of well logs and seismic data

This study focuses on the Shenhu area of the Pearl River Mouth 
Basin in the South China Sea. The target gas-hydrate reservoir is 
categorized into three types (Fig. 1(a)): (1) the gas hydrate-bearing 
formation, which contains both water and gas hydrate; (2) the 
mixed formation, which contains water, gas hydrate, and free gas; 
(3) the free gas-bearing formation, which contains water and free 
gas (Li et al., 2018; Wang et al., 2021b, 2025; Zhou et al., 2022).

Fig. 1 presents the logs of well W17 in the Shenhu area, and the 
P- and S-wave velocities logs, as well as density log, are shown in 

Fig. 1. (a) Geological interpretation of well W17, and logs of well W17: (b) saturation, (c) volume percentage of minerals from Yang et al. (2017), (d) porosity, (e) permeability from 
Li et al. (2018) and Chen et al. (2020). (f) Real seismic angle gather near a well and (g) synthetic angle gather generated using the convolution method.
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Fig. 9. It should be noted that saturation is estimated based on the 
saturation logs from Xie et al. (2022). The volume percentage of 
minerals below 1450 m is derived from Yang et al. (2017), while the 
values above 1450 m are empirical estimates. Porosity is calculated 
from density, and permeability is derived from Li et al. (2018) and 
Chen et al. (2020).

We perform a well tie by comparing the real seismic angle 
gather near a well (Fig. 1(f)) with the synthetic angle gather 
generated using the convolution method (Fig. 1(g)). The compar
ison reveals that the locations of events in both angle gathers are 
generally consistent. However, a significant  mismatch exists be
tween the two, possibly due to abnormal amplitude variations in 
the real seismic angle gather or the absence of clear AVO charac
teristics in the synthetic angle gather. Additionally, this discrep
ancy may also result from the effects of velocity dispersion and 
attenuation in the gas hydrate-bearing formations.

3. Rock physics modeling for gas hydrate-bearing formations

3.1. Gas-hydrate occurrence states of gas hydrate-bearing 
formations

In the Shenhu area, gas hydrate coexists with free gas, as 
illustrated by the core sample presented by Liu et al. (2017) (Fig. 2). 
Given this coexistence, rock physics investigations typically iden
tify four types of gas-hydrate occurrence states: (1) pore-filling 
type (Fig. 3(a)), (2) load-bearing type (Fig. 3(b)), (3) contact- 
cementing type (Fig. 3(c)), and (4) envelope-cementing type 
(Fig. 3(d)) (Wang et al., 2021a). These occurrence states will be 
taken into account in the subsequent rock physics modeling.

3.2. Rock physics modeling method for gas hydrate-bearing 
formations

In this section, we present several rock physics models that 
combine White's model with Dvorkin's effective medium model 
and cementation model, respectively, to analyze formations con
taining gas hydrate at different occurrence states in the Shenhu 
area. Fig. 4 illustrates the workflow of the rock physics modeling 
for pore-filling-type,  load-bearing-type and cementing-type gas 
hydrate-bearing formations, respectively. Specifically, the texts on 
a white background represent common components of rock 
physics modeling, while the texts on a grey background at the top, 

middle and bottom pertain to load-bearing-type, cementing-type 
and pore-filling-type gas hydrate, respectively.

When gas hydrate is of the pore-filling type, it does not affect 
the initial porosity ϕ; therefore, the apparent porosity ϕas (Fig. 3) 
equals the initial porosity ϕ, ϕas = ϕ. Conversely, when the gas 
hydrate is of the load-bearing type, or contact-cementing type, or 
envelope-cementing type, it decreases the initial porosity ϕ; 
therefore, the apparent porosity is given by ϕas = ϕ(1− Sh), where 
Sh is the gas-hydrate saturation.

(1) When the gas hydrate is of the pore-filling type, we apply 
the Voigt-Reuss-Hill (V-R-H) model to calculate the effective 
bulk modulus Ks and the shear modulus μs of the solid 
phase:

Ks =

⎡

⎣
∑N

i=1

fiKi +

(
∑N

i=1

fi
Ki

)− 1
⎤

⎦

/

2;

μs =

⎡

⎣
∑N

i=1

fiμi +

(
∑N

i=1

fi
μi

)− 1
⎤

⎦

/

2;

(1) 

where i represents the ith mineral constituent, N represents the 
total number of mineral constituents, fi is the original volumetric 
fraction of the ith mineral constituent, and Ki and μi are the bulk 
modulus and shear modulus of the ith mineral constituent, 
respectively. The effective bulk modulus of the fluid  mixture 
containing pore-filling-type  gas hydrate can be calculated using 
the Reuss model: 

Kf− h =

(
1 − Sg − Sh

Kw
+

Sg

Kg
+

Sh
Kh

)− 1
; (2) 

where Sg is the free-gas saturation, and Kw, Kg and Kh are the bulk 
modulus of water, free gas and gas hydrate, respectively.

When the gas hydrate is of load-bearing type, or contact- 
cementing type, or envelope-cementing type, the volumetric 
fraction of the ith mineral constituent changes from fi to 

f i = fi(1− ϕ)/(1− ϕas). The gas hydrate is treated as a mineral con

stituent with a volumetric fraction f h=Shϕ/(1− ϕas), and the 
effective bulk modulus Ks–h and shear modulus μs–h of the solid 
mixture containing load-bearing-type or cementing-type gas hy
drate can be calculated using the V-R-H model: 

Fig. 2. (a) Natural gas hydrate sample HY-3 from SH-7 well (20%–48% hydrate saturation) in Shenhu area and (b) gas hydrate and free gas in sample HY-3 (Liu et al., 2017).
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Fig. 3. Gas-hydrate occurrence states commonly used in rock physics investigation: (a) pore-filling type, (b) load-bearing type, (c) contact-cementing type and (d) envelope- 
cementing type.

Fig. 4. The workflow of the rock physics modeling for gas hydrate-bearing formations.
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Ks− h =

⎡

⎣

(
∑N

i=1

f iKi + f hKh

)

+

(
∑N

i=1

f i
Ki

+
f h
Kh

)− 1
⎤

⎦

/

2;

μs− h =

⎡

⎣

(
∑N

i=1

f iμi + f hμh

)

+

(
∑N

i=1

f i
μi

+
f h
μh

)− 1
⎤

⎦

/

2;

(3) 

where μh is the shear modulus of the gas hydrate. Additionally, the 
free-gas saturation changes from Sg to the apparent free-gas 
saturation Sg = Sgϕ/ϕas, and the effective bulk modulus Kf of the 
fluid phase can be calculated using the Reuss model: 

Kf =

(
1 − Sg

Kw
+

Sg

Kg

)− 1
: (4) 

(2) When the gas hydrate is of the pore-filling type, we apply the 
Dvorkin's effective medium model (Dvorkin et al., 1999; Guo 
et al., 2022) to calculate the effective bulk modulus and the 
shear modulus of the dry-rock frame of the gas hydrate-bearing 
formation. First, we apply the Hertz-Mindlin contact theory to 
calculate the effective bulk modulus and shear modulus of the 
gas hydrate-bearing formation at the critical porosity:

KHM =

[
n2(1 − ϕc)

2μs
2

18π2(1 − ν)2 P

]1
3

;

μHM =
5 − 4ν

5(2 − ν)

[
3n2(1 − ϕc)

2μs
2

2π2(1 − ν)2 P

]1
3

; (5) 

where ϕc is the critical porosity, n is the coordination number, the 
Poisson's ratio ν = 1/2(Ks− 2μs/3)/(Ks+μs/3), and the effective 
pressure P = (ρb− ρw)gD. Additionally, the effective density of the 
gas hydrate-bearing formation is given by ρb = (1− ϕ)ρs+ϕρf, where 
ρs is the effective density of the solid phase, ρf is the effective 
density of the fluid  mixture containing pore-filling-type  gas hy
drate, ρw is the density of water, g is the gravitational acceleration, 
and D is the depth below the seafloor.

Next, we apply the Dvorkin's effective medium model to 
calculate the effective bulk modulus Kdry_PF and shear modulus 
μdry_PF of the dry-rock frame of the gas hydrate-bearing formation 
containing pore-filling-type gas hydrate:

When the gas hydrate is of the load-bearing type, we continue 
to apply the Dvorkin's effective medium model to calculate the 
effective bulk modulus Kdry_LB and the shear modulus μdry_LB of the 
dry-rock frame containing load-bearing-type gas hydrate. How
ever, the effective bulk modulus and the shear modulus of the solid 
phase in Eqs. (5) and (6) are modified from Ks and μs to Ks–h and 
μs–h, respectively.

When the gas hydrate is of the contact-cementing type or 
envelope-cementing type, we apply the cementation model 
(Dvorkin and Nur, 1996; Pan et al., 2022; Tian et al., 2024) to 
calculate the effective bulk modulus Kdry_CM and the shear 
modulus μdry_CM of the dry-rock frame containing cementing-type 
gas hydrate: 

Kdry CM =
n(1 − ϕ)

6

(

Kh +
4μh

3

)

Sn;

μdry CM =
3Kdry CM

5
+

3n(1 − ϕ)μhSτ
20

;

(7) 

where the parameters Sn and Sτ satisfy: 

Sn =An(Λn)α2+Bn(Λn)α+Cn(Λn);

An(Λn)=− 0:024153Λ− 1:3646
n ;

Bn(Λn)=0:20405Λ− 0:89008
n ;

Cn(Λn)=0:00024649Λ− 1:9846
n ;

Sτ=Aτ(Λτ;ν)α2+Bτ(Λτ;ν)α+Cτ(Λτ;ν);

Aτ(Λτ;ν)=− 10− 2
(

2:26ν2+2:07ν+2:3
)

Λ0:079ν2+0:1754ν− 1:342
τ ;

Bτ(Λτ;ν)=
(

0:0573ν2+0:0937ν+0:202
)

Λ0:0274ν2+0:0529ν− 0:8765
τ ;

Cτ(Λτ;ν)=10− 4
(

9:654ν2+4:945ν+3:1
)

Λ0:01867ν2+0:4011ν− 1:8186
τ :

(8) 

where 

Λn =
2μh(1 − ν)(1 − νh)

πμs(1 − 2νh)
;

Λτ =
μh
πμs

:

(9) 

where ν is the Poisson's ratio of the solid phase, νh is the Poisson's 
ratio of the gas hydrate, and α is the ratio of the gas-hydrate 

Kdry PF =

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

⎡

⎢
⎣

ϕ=ϕc

KHM + 4
3μHM

+
1 − ϕ=ϕc

Ks +
4
3μHM

⎤

⎥
⎦

− 1

−
4
3

μHM; ϕ < ϕc

⎡

⎢
⎣
(1 − ϕ)=(1 − ϕc)

KHM + 4
3μHM

+
(ϕ − ϕc)=(1 − ϕc)

4
3μHM

⎤

⎥
⎦

− 1

−
4
3

μHM; ϕ ≥ ϕc

;

μdry PF =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

[
ϕ=ϕc

μHM + Z
+

1 − ϕ=ϕc
μs + Z

]− 1
− Z;ϕ < ϕc

[
(1 − ϕ)=(1 − ϕc)

μHM + Z
+
(ϕ − ϕc)=(1 − ϕc)

Z

]− 1
− Z; ϕ ≥ ϕc

;

Z =
μHM

6

(
9KHM + 8μHM
KHM + 2μHM

)

;

(6) 
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contact radius to the grain radius. If the gas hydrate deposits at the 
contact of grains, then α = 2[Shϕ/(3n(1− ϕ))]0.25; if the gas hydrate 
coats each grain evenly, then α = [2Shϕ/(3(1− ϕ))]0.5.

(3) We apply White's model (White, 1975; Li, 2015) to analyze 
the velocity dispersion and attenuation properties of the gas 
hydrate-bearing formations in the Shenhu area. This 
mesoscale model operates at a scale larger than that of in
dividual grains but smaller than the wavelength scale. It 
considers a porous medium containing two types of 
immiscible fluids:  water and gas. The attenuation mecha
nism of the White's model is wave-induced fluid flow, which 
is commonly employed to model fluid-induced  velocity 
dispersion and attenuation in reservoir rocks. However, the 
P-wave velocity of White's model at zero frequency is higher 
than the lower limit of Biot-Gassmann-Wood theory. 
Therefore, we use the White's model incorporating Dutta- 
Od�e correction to analyze the velocity dispersion and 
attenuation, and the P-wave velocity at zero frequency 
aligns well with the lower limit of the Biot-Gassmann-Wood 
theory.

We first  assume the saturations of gas and water (or the 
mixture containing water and pore-filling-type gas hydrate) as S1 
and S2, respectively: 

S1 =
a3

b3; S2 = 1 − S1; (10) 

where a and b are the radius of the free-gas pocket and the water 
pocket, respectively.

Additionally, gas-hydrate occurrence states influence rock pa
rameters. When the gas hydrate is of the pore-filling type, we treat 
the mixture of water and pore-filling-type gas hydrate in the pores 
as one fluid phase, with free gas as the other. The effective bulk 
modulus Kw–h of the fluid  mixture containing water and pore- 
filling-type gas hydrate is calculated using the Reuss model: 

Kw− h =

[
Sh
Kh

+
1 − Sh − Sg

Kw

]− 1
; (11) 

and the effective density ρw–h of the fluid mixture containing water 
and pore-filling-type  gas hydrate is calculated using Wood's 
formula: 

ρw− h = Shρh +
(
1 − Sh − Sg

)
ρw; (12) 

however, when the pore-filling-type gas-hydrate saturation is 
0%, the effective bulk modulus Kw–h and density ρw–h of the fluid 
mixture are equivalent to the bulk modulus and density of water: 

Kw− h =Kw; ρw− h = ρw; (13) 

When gas hydrate is of the load-bearing type, or contact- 
cementing type, or envelope-cementing type, the pore space 
contains only water and free gas. Consequently, water constitutes 
one fluid phase, while free gas represents the other.

Gas-hydrate occurrence state also influences the permeability 
of gas hydrate-bearing formations. Assuming uniform perme
ability across different regions, we utilize the parallel capillary 
model (Kleinberg et al., 2003; Ren et al., 2020) to determine the 
effective permeability of the gas hydrate-bearing formation. This 
model is particularly suitable for high-porosity gas hydrate- 
bearing formations, as it describes the permeability of a porous 
medium composed of a bundle of straight, parallel cylindrical 
capillaries.

When the gas hydrate is of the pore-filling type, it occupies the 
center of the cylindrical pores, leaving a circular flow  path for 
water. The effective permeability κʹ of the gas hydrate-bearing 
formation is given by 

κ́ = κ
[
1 − Sh

2
+2(1 − Sh)

2
/

ln Sh

]
; (14) 

where κ is the initial permeability of the formation without gas 
hydrate. When the gas hydrate is of the load-bearing type, or 
contact-cementing type, or envelope-cementing type, we assume 
that the gas hydrate is uniformly coated on the walls of each 
capillary. The effective permeability κʹ of the gas hydrate-bearing 
formation is given by 

κ́ = κ(1 − Sh)
2
; (15) 

Then, the frequency-dependent dynamic bulk modulus Ksat(ω) 
of the gas hydrate-bearing formation is given by 

Ksat(ω)=
KGH

1 − WKGH
; (16) 

where KGH is the bulk modulus of the composite, including fluid 
and matrix, at the high-frequency limit (Picotti et al., 2010), and W 
is a weighting parameter. The details of KGH and W are introduced 
in the Appendix A.

When the gas hydrate is of the pore-filling type, according to 
Wu et al. (2024), the shear modulus μsat of the gas hydrate- 
bearing formation is given by 

μsat =

⎡

⎢
⎣μ− 1

dry PF −

(
μ− 1

dry PF − μs
− 1
)2

ϕ
(

μ− 1
f− h − μs

− 1
)
+
(

μ− 1
dry PF − μs

− 1
)

⎤

⎥
⎦

− 1

; (17) 

where μf–h is the shear modulus of the effective pore filler. Ac
cording to Wu et al. (2024), we apply the modified V-R-H model to 
calculate the shear modulus μf–h of the effective pore filler: 

μf− h =
[
Shμh + Sgμg +

(
1 − Sh − Sg

)
μw

]
β

+

[
Sh
μh

+
Sg

μg
+

1 − Sh − Sg

μw

]− 1

(1 − β); (18) 

where the weight coefficient β = 0.1. Note that the shear modulus 
of gas and water cannot be zero when they are placed in the de
nominator position, we use a very small value 10− 10 in the 
modeling.

When the gas hydrate is of the load-bearing type, according to 
Mavko et al. (2009), the shear modulus μsat of the gas hydrate- 
bearing formation is given by 

μsat = μdry LB; (19) 

When the gas hydrate is of the contact-cementing type or 
envelope-cementing type, according to Mavko et al. (2009), the 
shear modulus μsat of the gas hydrate-bearing formation is given 
by 

μsat = μdry CM; (20) 

Then, the complex P-wave velocity is given by 

V =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ksat(ω) + 4μsat=3

ρb

√

; (21) 

The P-wave phase velocity and attenuation are given by 
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VP =
1

Re(1=V)
; QP

− 1
=

Im
(

V2
)

Re
(

V2
) ; (22) 

According to Liu et al. (2011), the S-wave velocity and attenu
ation are given by 

VS =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

μsat
ρb

γ2
2 + (γ3=ω)2

γ2
2 − γ2

1γ2 + (γ3=ω)2

√
√
√
√ ; QS

− 1 =
(γ3=ω)γ2

1

γ2
2 − γ2

1γ2 + (γ3=ω)2

(23) 

where γ1 = ρf/ρb, γ2 = M/ρb, and γ3 = (η/κʹ)/ρb, and M = Ks[1− Kdry/ 
Ks+ϕ(Ks/Kf− 1)]− 1, and ρf is the effective density of the fluid phase, 
and η is the effective viscosity of the fluid  phase. When the gas 
hydrate is of the pore-filling type, ρf = (1–Sh–Sg)ρw + Shρh + Sgρg 
and η = (1–Sh–Sg)ηw + Sgηg; when the gas hydrate is of the load- 
bearing type, or contact-cementing type, or envelope-cementing 
type, ρf = (1− Sg)ρw+Sgρg and η = (1− Sg)ηw+Sgηg.

3.3. Velocity dispersion and attenuation properties of gas hydrate- 
bearing formations

First, we consider four types of gas-hydrate occurrence states. 
We then apply four rock physics models to estimate the effective 
bulk modulus and shear modulus of the dry-rock frame of for
mations containing four types of gas hydrate. Subsequently, we 
apply White's model to analyze the velocity dispersion and 
attenuation properties of these formations. The input parameters 
are detailed in Table 1. We consider free-gas saturation of 1%, 5% 
and 20%, and assume the initial porosity to be 43%, and the volume 
percentage of quartz, calcite and clay to be 45%, 20% and 35%, 
respectively. We also assume the depth below the seafloor D to be 
220 m. These parameters are adopted based on the real logs shown 
in Fig. 1. Finally, we calibrate the rock physics model using well log 
data and examine the sensitivity of P- and S-wave velocities, as 
well as attenuation properties, to frequency, gas-hydrate satura
tion, and free-gas saturation.

Fig. 5 illustrates significant dispersion in P-wave velocity, with 
the transition zone occurring within the seismic frequency range. 
For pore-filling-type gas hydrate, P-wave attenuation decreases as 
frequency increases. In contrast, for load-bearing, contact-cement
ing, and envelope-cementing types, P-wave attenuation initially 
increases and then decreases as frequency increases, with the peak 
attenuation occurring within the seismic frequency range. Addi
tionally, as gas-hydrate saturation increases, the amplitude of the 
relationship between P-wave attenuation and frequency for these 
four types of gas hydrate-bearing formations changes nonlinearly.

3.4. Relationship between velocity and attenuation properties and 
gas-hydrate saturation

Fig. 6 illustrates that for pore-filling-type  and load-bearing- 
type gas hydrate, the estimated P- and S-wave velocities agree 
with well logs very consistently. In contrast, for contact- 
cementing-type and envelope-cementing-type gas hydrate, the 
estimated velocities are higher than those recorded in the well 
logs. This indicates that the two rock physics models used in this 
study—the pore-filling-type  model and the load-bearing-type 
model, which combine White's model and Dvorkin's effective 
medium model—are both reliable and more suitable for simu
lating gas hydrate-bearing formations in the Shenhu area of the 
South China Sea. However, it's well worth mentioning that when 
gas-hydrate saturation exceeds 40%, the S-wave velocity of load- 
bearing-type gas hydrate aligns more closely with the real data 
compared to pore-filling-type gas hydrate. Note that the modelled 
P- and S-wave velocities can be significantly  lower than the 
measured velocities when gas-hydrate saturation is close to zero. 
Therefore, we change the free-gas saturation to make the 
modelled velocity to align well with the measured velocity.

Fig. 7 illustrates the P-wave attenuation for the four gas-hydrate 
occurrence states at a frequency of 40 Hz, which corresponds to the 
dominant frequency of the extracted wavelet from the gas hydrate- 
bearing formation region in the pre-stack seismic data. It can be 
observed that for pore-filling-type,  contact-cementing-type, and 
envelope-cementing-type gas hydrate, P-wave attenuation initially 
increases and then decreases as gas-hydrate saturation increases, 
with peak attenuation occurring at 0%–10% gas-hydrate saturation. 
For the load-bearing type, P-wave attenuation first decreases, then 
slightly increases, and subsequently decreases again as gas-hydrate 
saturation increases. Additionally, as free-gas saturation increases, 
the amplitude of the relationship between the P-wave attenuation 
and gas-hydrate saturation amplifies  within the 0%–60% gas- 
hydrate saturation range.

4. Seismic forward modeling for gas hydrate-bearing 
formations

We apply the propagator matrix method (Carcione, 2001; Guo 
et al., 2016) to calculate the reflection  and transmission co
efficients for a thin inter-bedded model (Fig. 8). This method ac
counts for the effects of thin inter-bedded structures, as well as the 
velocity dispersion and attenuation properties of hydrocarbon- 
bearing formation, on seismic wave propagation.

The matrix equation for this method is expressed as 

(A1 − BA2)r = − iP;

r = [RPP;RPS; TPP; TPS]
T
;

(24) 

where A1, A2 and B represent the propagator matrices of the upper, 
lower, and middle thin layer, respectively; r is the vector of 
reflection and transmission coefficients; iP is the incidence vector; 
RPP is the reflection coefficient  for P-wave incidence and P-wave 

Table 1 
Input parameters for rock physics modeling (Helgerud et al., 1999; Mavko et al., 
2009; Best et al., 2013; Li and Liu, 2017; Li et al., 2018; Meng et al., 2020; Liu, 
2022; Wu et al., 2023)

Parameters and units Value

Quartz bulk modulus, GPa 36.6
Calcite bulk modulus, GPa 76.8
Clay bulk modulus, GPa 20.9
Quartz shear modulus, GPa 45
Calcite shear modulus, GPa 32
Clay shear modulus, GPa 6.85
Hydrate bulk modulus, GPa 7.9
Gas bulk modulus, GPa 0.4
Water bulk modulus, GPa 2.5
Hydrate shear modulus, GPa 3.3
Quartz density, kg/m3 2650
Calcite density, kg/m3 2710
Clay density, kg/m3 2580
Hydrate density, kg/m3 900
Water density, kg/m3 1032
Gas density, kg/m3 230
The viscosity of water, Pa⋅s 0.001
The viscosity of gas, Pa⋅s 0.00002
Critical porosity, % 36
Grain coordination number 8
Outer radius of White's spherical model, m 0.01 and 0.05
Permeability, mD 1.5
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reflection; RPS is the reflection coefficient for P-wave incidence and 
S-wave reflection, TPP is the transmission coefficient  for P-wave 
incidence and P-wave transmission; and TPS is the transmission 
coefficient for P-wave incidence and S-wave reflection.

Next, we apply the inverse Fourier transform to obtain the 
synthetic angle gather incorporating attenuation: 

S(t; θ)=
1

2π

∫∞

− ∞

RPP(ω; θ)W(ω)exp(iωt)dω: (25) 

where RPP(ω,θ) is the frequency-domain reflection coefficient, W 
(ω) is the spectrum of the wavelet after the Fourier transform, and 

Fig. 5. Modelled P-wave velocity and attenuation versus frequency for formations containing different types of gas hydrate using Dvorkin's, cementation and White's model: (a) 
and (b) pore-filling type, (c) and (d) load-bearing type, (e) and (f) contact-cementing type, and (g) and (h) envelope-cementing type.

Fig. 6. Modelled (a) P-wave velocity and (b) S-wave velocity versus gas-hydrate saturation for formations containing different types of gas hydrate using Dvorkin's, cementation 
and White's model at frequency (f) 40 Hz.
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the wavelet is extracted from the gas hydrate-bearing formation 
region in the pre-stack seismic data.

We apply our preferred rock physics model, combining White's 
model and the Dvorkin's effective medium model, to estimate the 
attenuation (100/Qp) logs, as shown in Fig. 9(b) and (c). Fig. 9(b) 
presents the estimated attenuation logs for the pore-filling-type 
gas hydrate, while Fig. 9(c) shows those for the load-bearing- 
type gas hydrate. The results indicate that the estimated P-wave 
attenuation logs for gas hydrate-bearing formations are reason
able. The estimated S-wave attenuation approaches zero, as fluids 
do not influence  S-wave propagation. Therefore, we assume Qs 
equals Qp (Kamei, 2012; Jafargandomi and Curtis, 2013). 

Additionally, the attenuation for the load-bearing-type gas hydrate 
is slightly higher than that for the pore-filling-type  gas hydrate, 
suggesting that the load-bearing-type gas hydrate decreases 
porosity and increases free-gas saturation, thereby increasing 
attenuation. Variations in gas-hydrate and free-gas saturation also 
significantly impact the estimated attenuation for both the pore- 
filling  and load-bearing types, as illustrated in Fig. 7. Further
more, the highest estimated attenuation occurs in the mixed for
mations, where the free-gas saturation is maximal.

In the gas hydrate-bearing formations, when the gas hydrate is 
of the load-bearing type, the estimated P- and S-wave velocities 
agree with the well logs very well. However, for the pore-filling 

Fig. 7. Modelled P-wave attenuation versus gas-hydrate saturation for formations containing different types of gas hydrate using Dvorkin's, cementation and White's model: (a) 
pore-filling type, (b) load-bearing type, (c) contact-cementing type and (d) envelope-cementing type at frequency 40 Hz.
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type, the estimated velocities are lower than the real velocities, 
suggesting that the gas hydrate in these formations is more likely 
to be of the load-bearing type. In the mixed formations, regardless 
of whether the gas hydrate is of the pore-filling or load-bearing 
type, the estimated P- and S-wave velocities match the well logs, 
implying that gas hydrate can be either type in these formations. 
This also suggests that variations in depth, pressure, and temper
ature may influence the gas-hydrate occurrence state.

Compared to the well tie in Fig. 1, Fig. 10 presents the synthetic 
angle gathers incorporating attenuation near a well via the prop
agator matrix method for both the pore-filling-type  and load- 
bearing-type gas hydrate-bearing formations. The well tie shows 
a generally improved match; for instance, the AVO characteristic of 
the event below 1960 ms (1498 m) in the synthetic angle gathers 
generated using the propagator matrix method is better than that 
in the synthetic angle gather generated using the convolution 
method. Furthermore, the amplitudes of the two events below 
1980 ms (1516 m) and 2000 ms (1534 m) in the synthetic angle 
gather generated using the convolution method are obviously 
strong, while the two events in the synthetic angle gathers 

generated using the propagator matrix method are more balanced 
with upper events because of dispersion and attenuation, which is 
more consistent with that in the real seismic angle gather near a 
well. Additionally, frequency-dependent AVO and attenuation 
characteristics in the gas hydrate-bearing formations can also be 
observed in the synthetic angle gathers generated using the 
propagator matrix method, which are absent in synthetic angle 
gather generated using the convolution method. However, the 
synthetic angle gathers incorporating attenuation for pore-filling- 
type and load-bearing-type gas hydrate are quite similar, making it 
challenging to differentiate the gas-hydrate occurrence state using 
seismic data.

5. Discussions

We have adopted a rock physics model, which integrates 
White's model and Dvorkin's effective medium model, to analyze 
the velocity dispersion and attenuation properties of gas hydrate- 
bearing formations in the Shenhu area. The estimated relationship 
between velocity and gas-hydrate saturation agrees with well logs 
very well, confirming the reliability of our rock physics modeling. 
However, one limitation is that White's model, which focuses on 
wave-induced fluid flow, results in zero estimated S-wave atten
uation, making it challenging to accurately estimate S-wave 
attenuation for gas hydrate-bearing formations.

Another issue is that, both dispersion and mixed hydrate types 
can influence  velocity. Specifically, the presence of cementing- 
type gas hydrate may significantly  increase velocity. This study 
primarily focuses on analyzing the velocity dispersion associated 
with pore-filling and load-bearing types. The potential influence of 
mixed hydrate types will be explored in future research.

Besides, the estimated attenuation for load-bearing-type gas 
hydrate-bearing formations is higher than that for pore-filling-type 
gas hydrate-bearing formations, suggesting that load-bearing-type 
gas hydrate decreases porosity, increases free-gas saturation, and 

Fig. 8. Diagram of the thin inter-bedded model.

Fig. 9. (a) Geological interpretation of well W17, and logs of well W17, (b) estimated attenuation logs of pore-filling-type gas hydrate-bearing formations, (c) estimated 
attenuation logs of load-bearing-type gas hydrate-bearing formations, (d) real and estimated P-wave velocity, (e) real and estimated S-wave velocity, (f) density. “PF” and “LB” in 
(b), (c), (d) and (e) represent pore-filling and load-bearing type, respectively.
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subsequently enhances attenuation. Variations in gas-hydrate and 
free-gas saturations also significantly  influence  the estimated 
attenuation for both pore-filling-type and load-bearing-type gas 
hydrate-bearing formations, as illustrated in Fig. 7.

We conducted seismic forward modeling by integrating the 
propagator matrix method with attenuation logs derived from our 
rock physics modeling. This approach allows us to obtain synthetic 
angle gathers incorporating attenuation near a well for formations 
containing different types of gas hydrate. The well tie shows an 
improved match between synthetic and real data compared with 
the convolution model, highlighting the advantages of our rock 
physics and seismic forward modeling approach.

Nevertheless, we note that the AVO characteristics of the events 
in the synthetic angle gathers incorporating attenuation differ 
from those in the real seismic angle gather near a well slightly. This 
discrepancy indicates the need for more realistic model parame
ters or improved rock physics models to achieve highly accurate 
quality factor estimates, as we know, accurate P- and S-wave 
quality factor logs are essential for seismic forward modeling.

6. Conclusions

In this paper, we develop a rock physics model that integrates 
White's model with Dvorkin's effective medium model, specifically 
tailored for the gas hydrate-bearing formations in the Shenhu 
area of the South China Sea. We apply the White's model to 
analyze the velocity dispersion and attenuation properties of those 
formations based on the four types of gas-hydrate occurrence 
states, and find  that the estimated relationship between velocity 
and gas-hydrate saturation matches with well logs very 
consistently, demonstrating the reliability of our rock physics 
modeling. Furthermore, we use a set of well logs to demonstrate 
that two types of gas-hydrate occurrence states—pore-filling type 
and load-bearing type—may be present in the Shenhu area. 

Additionally, by combining the propagator matrix method with 
attenuation logs derived from our rock physics model, we generate 
synthetic angle gathers incorporating attenuation near a well. The 
well tie analysis indicates that these synthetic angle gathers match 
the real seismic angle gather near a well better compared to the 
synthetic angle gather generated using the convolution model. 
These findings  enhance the capability for frequency-dependent 
AVO analysis and seismic interpretation of gas hydrate-bearing 
formations in the Shenhu area, contributing valuable insights to 
further research and exploration in this region.
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Appendix A

The patchy saturation model presents a gas-filled  spherical 
porous medium located inside a water-filled  spherical porous 
medium, and their radius are a and b (a < b), respectively (White, 
1975). The size of spherical patches is assumed to be much larger 
than the size of grains and much smaller than the wavelength. The 
saturation of gas and water are respectively expressed as: 

S1 =
a3

b3; S2 = 1 − S1; (A1) 

The dynamic bulk modulus as a function of frequency is given 
by 

Ksat(ω)=
KGH

1 − WKGH
; (A2) 

According to Picotti et al. (2010), KGH is the bulk modulus of the 
composite, including fluid and matrix, at the high-frequency limit: 

KGH =

(
S1

EG1
+

S2
EG2

)− 1
−

4
3

μm; (A3) 

and 

W =
3iaκ1(R1 − R2)

b3ω(η1Z1 − η2Z2)

(
M1
KG1

−
M2
KG2

)

;

R1 =
(KG1 − Km1)(3KG2 + 4μm1)

KG2(3KG1 + 4μm1) + 4μm1(KG1 − KG2)S1
;

R2 =
(KG2 − Km2)(3KG1 + 4μm1)

KG2(3KG1 + 4μm2) + 4μm2(KG1 − KG2)S1
;

Z1 =
1 − exp( − 2γ1a)

(γ1a − 1) + (γ1a + 1)exp( − 2γ1a)
;

Z2 =
(γ2b + 1) + (γ2b − 1)exp[2γ2(b − a) ]

(γ2b + 1)(γ2a − 1) − (γ2b − 1)(γ2a + 1)exp[2γ2(b − a) ]
;

γj =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

iωηj

/(
κjKAj

)√

;

KAj =
Km

KGj
Mj; j = 1;2;

ω = 2πf ;

(A4) 

where f is the frequency, and the subscript j = 1,2 represent gas 
(j = 1) and water (j = 2), or the medium containing gas or water, 
respectively; κj and ηj are the permeability and viscosities, 
respectively, and EGj are given by 

EGj = KGj +
4
3

μmj; j = 1;2; (A5) 

where μmj are the shear modulus of the dry-rock frame, and KGj are 
the Gassmann bulk modulus: 

KGj = Kmj + αj
2Mj; j = 1;2; (A6) 

where Kmj are the bulk modulus of the dry-rock frame, and αj are 
the Biot-Willis coefficient: 

αj = 1 −
Kmj

Ksj
; j = 1;2; (A7) 

and Mj are given by 

Mj =

(
αj − ϕj

Ksj
+

ϕj

Kfj

)− 1

; j = 1;2; (A8) 

where Ksj are the modulus of the matrix, and Kfj are the bulk 
modulus of the fluid, ϕj are the porosity.

The effective density ρe is given by 

ρe =(1 − φ)ρs + φρfe; (A9) 

where ρs is the density of the matrix, and the density ρfe of the fluid 
is given by 

ρfe = S1ρg + S2ρw; (A10) 

where ρg and ρw are the densities of gas and water, respectively.
The complex P-wave velocity is given by 

V =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
Ksat(ω) + 4μsat=3

ρe

√

; (A11) 

The P-wave phase velocity and inverse quality factor are given 
by 

VP =
1

Re(1=V)
; QP

− 1
=

Im
(

V2
)

Re
(

V2
): (A12) 
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