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A rock physics model was established to calculate the P-wave velocity dispersion
and attenuation caused by the squirt flow of fluids in gas hydrate-bearing sediments.
The critical hydrate saturation parameter was introduced to describe different ways of
hydrate concentration, including the mode of pore filling and the co-existence mode of
pore filling and particle cementation. Rock physical modeling results indicate that the
P-wave velocity is insensitive to the increase in gas hydrate saturation for the mode of
pore filling, while it increases rapidly with increasing gas hydrate saturation for the co-
existence mode of pore filling and particle cementation. Meanwhile, seismic modeling
results show that both the PP and mode-converted PS reflections are insensitive
to the gas hydrate saturation that is lower than the critical value, while they tend
to change obviously for the hydrate saturation that is higher than the critical value.
These can be interpreted that only when gas hydrate begins to be part of solid matrix
at high gas hydrate saturation, it represents observable impact on elastic properties
of the gas hydrate-bearing sediments. Synthetic seismograms are calculated for a
2D heterogeneous model where the gas hydrate saturation varies vertically and layer
thickness of the gas hydrate-bearing sediment varies laterally. Modeling results show
that larger thickness of the gas hydrate-bearing layer generally corresponds to stronger
reflection amplitudes from the bottom simulating reflector.

Keywords: rock physics, critical gas hydrate saturation, dispersion and attenuation, seismic response, gas
hydrate

INTRODUCTION

Elastic behaviors of gas hydrate-bearing sediments can be modeled using various rock physics
methods by considering different ways of concentration for the gas hydrate in sediments. Lee et al.
(1996) used the weight equation to estimate the amount of gas hydrate from seismic velocities
where the gas hydrate exists as pore filling. Based on the modified Biot-Gassmann theory, Lee
(2002a; 2002b) calculated the Biot coefficient and predicted elastic velocities for unconsolidated and
consolidated sediments with or without gas hydrate concentration using real well data. Helgerud
et al. (1999) used the Hertz-Mindlin theory to model the effect of gas hydrate on sediment
elastic modulus by considering two scenarios where the hydrate modifies the pore fluid elastic
properties without affecting the frame, and the hydrate modifies the elasticity of the frame when
it becomes a component of the solid phase. Ecker (2001) considered three modes of aggregation
for gas hydrate in reservoirs, including pore filling, particle contact and cementation, and proposed
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corresponding methods of calculating elastic modulus of the
hydrate-bearing sediments for the three cases. Gei and Carcione
(2003) proposed a Biot-type three-phase theory that considers the
existence of two solids and fluid mixture, and calculate the wave
velocities and quality factors of gas hydrate-bearing sediments as
a function of pore pressure, temperature, frequency, and partial
saturation. Since wave-induced flow of the pore fluid is one major
cause of elastic wave attenuation in heterogeneous porous media,
Toms et al. (2006) and Muller et al. (2010) reviewed various
models that describe different mechanisms of seismic wave
attenuation and dispersion resulting from wave-induced flow in
porous rocks. Sun et al. (2014) compared P-wave attenuation
models of wave-induced flow and pointed out that wave-induced
oscillatory fluid flow in the vicinity of inclusions embedded in
porous rocks is one of the main causes for P-wave dispersion
and attenuation at seismic frequencies. Zhang et al. (2016)
employed the BISQ model to analyzed the velocity dispersion
and attenuation of the marine unconsolidated hydrate-bearing
sediments, and found that the velocity and attenuation increase
with the increasing amount of gas hydrate, while porosity and
clay content show little impact on the attenuation.

Many efforts had also been made on seismic characterization
of gas hydrate-bearing sediments. By using rock-physics-based

FIGURE 1 | Schematics of the gas hydrate concentration in different ways.
(A) Pore filling and (B) the co-existence of pore filling and particle cementation.

synthetic seismic models, Ecker et al. (1998) interpreted
amplitude variation with offset (AVO) data from a bottom
simulating reflector (BSR). They found that only when the
hydrate depositing in the pore space is located away from grain
contacts and does not affect the stiffness of the sediment frame,
the modeling can qualitatively reproduce the observed AVO
response. Thus, the sediment above the BSR was inferred as
uncemented and mechanically weak. Song (2002) analyzed the
AVO characteristics of the BSR and investigated the combined
impacts of hydrate saturation and free gas saturation on seismic
reflection coefficients. Marc-André et al. (2007) showed the
applicability of the nonlinear Bayesian AVO inversion for
seismic responses from the BSR to estimate marine gas hydrate
and free-gas concentrations. Based on synthetic seismogram
modeling of the BSR, Petersen et al. (2007) presented a
detailed workflow of using seismic amplitude variation with
offset (AVO) to quantify the amount of hydrate and free
gas in the sediment, and showed the importance of multi-
frequency and shear wave data for determining hydrate reservoir
properties. Zhang et al. (2015) conducted AVO inversion of
parameter consistency for the BSR in predicting gas hydrate in
sediments and obtained the vertical and lateral features as well as
saturation of gas hydrate.

In this study, we proposed a rock physical modeling method
using poroelastic theories to quantify the P-wave velocity
dispersion and attenuation of gas hydrate-bearing formations.
The critical gas hydrate saturation parameter was introduced in
the model to describe different ways of gas hydrate concentration
in sediments. Elastic behaviors and dispersion and attenuation
were predicted and analyzed using rock physic modeling. Then,
the propagator matrix method was used to model seismic PP
and mode-converted PS reflections from the gas hydrate-bearing
sediments for varying gas hydrate saturation. Finally, seismic
responses are modeled and analyzed for a heterogeneous model
of the gas hydrate-bearing sediment where the gas hydrate
saturation varies vertically and the layer thickness varies laterally.

ROCK PHYSICS MODEL FOR GAS
HYDRATE-BEARING SEDIMENTS

Gas Hydrate Concentration and Critical
Saturation
The core observations made by Berge et al. (1999) showed that
when the gas hydrate saturation exceeds a certain critical value,
gas hydrate starts to cement around the sandstone particles.
Corresponding laboratory core measurements indicated that
when the gas hydrate saturation is greater than a certain critical
value (i.e., 0.35), the acoustic velocity of the gas hydrate-bearing
sandstone increases significantly with increasing gas hydrate
saturation. While for the gas hydrate saturation less than this
critical value, the acoustic velocity of the sandstone is not
sensitive to changes in the hydrate saturation. The laboratory
measurements made by Yun et al. (2005) also show that for
high gas hydrate saturation, the shear modulus of the gas
hydrate-bearing sandstone increases significantly. Therefore, it
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FIGURE 2 | Workflow of the rock physics modeling for a gas hydrate-bearing rock.

is inferred that the variation in the gas hydrate saturation
affects depositional modes of the hydrate in sediments, and
thus represents significant impact on elastic behaviors of the gas
hydrate-bearing rocks.

In this study, we introduced the critical hydrate saturation
parameter Sc in the rock physics model to describe various
patterns of gas hydrate concentration. Figure 1A shows the case
when the gas hydrate saturation S is less than the critical hydrate
saturation Sc (S < Sc), where the hydrate exists only as pore
filling. Figure 1B shows the case for S≥ Sc, where the gas hydrate
begins to attach to the solid mineral particles, becoming a part
of the solid skeleton. At this time, the gas hydrate exists both as
pore filling and particle cementation. Priest et al. (2006) showed
that when existing as solid skeleton, the gas hydrate will have
impact on porosity and permeability and can lead to squirt flow
of the pore fluids, which in turn causes P-wave velocity dispersion
and attenuation.

Rock Physic Model for Gas
Hydrate-Bearing Sediments
Figure 2 shows the rock physical modeling workflow
corresponding to Figure 1. The critical gas hydrate saturation
parameter Sc was introduced into the modeling process in order
to describe different concentration patterns of hydrate depositing
in sediments. When S < Sc, the gas hydrates only exist as pore
filling that is mixed with brine. Wood’s theory (Wood, 1955)
is used to calculate the properties of the fluid mixture. When
S ≥ Sc, the gas hydrate saturation of the fluid mixture remains
unchanged, and the gas hydrate begins to attach to the mineral
particles. At this time, the concentration mode of the gas hydrate
represents as the co-existence of pore filling and cementation.
The elastic properties of the solid matrix are calculated using the
Hill average theory (Hill, 1952) and the elastic modulus of the
hydrate-bearing rock skeleton are calculated using the Krief ’s

TABLE 1 | Properties used in rock physical modeling.

Density
(Kg/m3)

Bulk
modulus

(GPa)

Shear
modulus

(GPa)

Quartz 2620 36 45

Clay 2580 20.9 6.85

Gas hydrate 920 5.6 2.4

Water 1040 2.5 0

TABLE 2 | Parameters used in the BISQ theory.

Parameter Value

Gas hydrate critical saturation Sc 0.35

Porosity ϕ0 0.3

Permeability k0(m2) 100 × 10−15

Viscosity of the fluid η(Pa*S) 0.03

Squirt flow length R(mm) 3

theory (Krief et al., 1990). Finally, frequency-dependent P-wave
velocity Vp and the attenuation factor 1/Qp caused by the squirt
flow of pore fluids in the gas hydrate-bearing sandstone are
calculated by the BISQ theory.

Rock Physics Theories
Based on the research of Qadrouh et al. (2015), elastic modulus
of the solid skeleton of the gas hydrate-bearing sediments are
calculated by the Krief model (Krief et al., 1990), where the bulk
modulus Kdry and shear modulus Gdry of the solid skeleton are
expressed as follows:

Kdry = Ks (1− ϕ)
A

(1−ϕ) , (1)
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FIGURE 3 | (A) P-wave velocity Vp and (B) attenuation factor 1/Qp vary with gas hydrate saturation and frequency.

Gdry = Kdry
Gs

Ks
, (2)

where the empirical parameter A is set to 3 to describe the case
of unconsolidated sediment; ϕ is the porosity; Gs and Ks are the
bulk modulus and shear modulus of the rock matrix, which are
calculated using the Hill average theory (Hill, 1952):

Ks =
1
2

 m∑
i=1

fiKi +

( m∑
i=1

fi
/
Ki

)−1
 , (3)

Gs =
1
2

 m∑
i=1

fiGi +

( m∑
i=1

fi
/
Gi

)−1
 , (4)

where m is the number of solid components; fi is the volume
fraction of the i-th component; and Ki and Gi are the bulk
modulus and shear modulus of the i-th component. In addition,
the density of the solid matrix is calculated by averaging volume
density of each individual component.
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FIGURE 4 | The P-wave velocity Vp dispersion of various gas hydrate saturations.

FIGURE 5 | Variations of the P-wave velocity Vp with gas hydrate saturation S for different frequencies.

The bulk moduli of the fluid mixture composed of gas hydrate
and brine is calculated using the Wood’s theory (Wood, 1955):

Kf =
[
S1
/
Kh + (1− S1)

/
Kw
]−1

, (5)

where Kh is the bulk modulus of hydrate; Kw is the bulk modulus
of brine; S1 is the saturation of hydrate as pore filling. When
the hydrate represents both as the pore filling and particle
cementation, S1 = Sc .

For the pore filling mode, the gas hydrate saturation only
affects elastic properties of the fluid mixture. For the model of
hydrate co-existing as pore filling and particle cementation, the
hydrate that is attached to solid particles reduces the porosity and
permeability of the rock skeleton, and thus has the impact on

squirt flow of pore fluids. The BISQ theory proposed by Dvorkin
and Nur (1993) is used to calculate the velocity dispersion and
attenuation of the gas hydrate-bearing reservoir. P-wave velocity
Vp, attenuation coefficient α, and inverse quality factor Q−1 are
expressed as follows:

Vp =
1

Re
(√

Y
) , α = ωIm

(√
Y
)

, Q−1
= 2α

Vp

ω
, (6)

where

Y = −
B

2A
−

√(
B

2A

)2
−

C
A

, (7)
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FIGURE 6 | (A) P-wave velocity Vp dispersion and (B) attenuation factor 1/Qp for various viscosity coefficients of the fluid mixture.

A =
ϕFsqM

ρ2
2

,

B = F
Fsq
(

2a− ϕ− ϕ
ρ1
ρ2

)
−

(
M + Fsq a2

ϕ

) (
1+ ρa

ρ2
+ iωc

ω

)
ρ2

,

(8)

C =
ρ1

ρ2
+

(
1+

ρ1

ρ2

)(
ρa

ρ2
+ i

ωc

ω

)
, Fsq = F

[
1−

2J1 (λR)

λRJ0 (λR)

]
,

(9)

λ =

√√√√ρfω2

F

(
ϕ+

ρa
ρf

ϕ
+ i

ωc

ω

)
,
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FIGURE 7 | Geological models of a gas hydrate-bearing sediment.

TABLE 3 | Parameters used in the patchy saturation model.

Density
(Kg/m3)

Bulk modulus
(GPa)

Saturation Viscosity
coefficient (Pa*s)

Gas 110 0.04 0.8 1 × 10−5

Water 1040 2.5 0.2 0.0018

F−1
=

1
Kf
+

1
ϕK

(a− ϕ) , a = 1−
Kdry

K
, (10)

and

M=Kdry +
4
3
Gdry, ρ1=(1− ϕ) ρs, ρ2 = ϕρf , ωc=

ηϕ

kρf
,

(11)
where Kdry and Gdry are the bulk and shear moduli of dry rock; ϕ
is the porosity; ρs and ρf are the densities of the solid and fluid
phases, respectively; ρa is the additional density of the inertial
coupling between the solid and fluid phases; R is the squirt flow
length; K is the bulk modulus of the solid phase; Kf is the bulk
modulus of the fluid phase; η is the viscosity of the fluid; k is
the permeability.

In rock physics modeling, it is considered that for the co-
existence mode of hydrate both as pore filling and particle
cementation, the cementation reduces the porosity of the
formation by ϕ = ϕ0 [1− (S− Sc)], where S is the total
saturation of the gas hydrate in the sandstone, and ϕ0 is
the porosity of the gas hydrate-bearing sandstone when the
hydrate has not attached to the solid minerals yet. According
to the Kozeny–Carman theory used by Santos et al. (1992), the
permeability k of the gas hydrate formation varies with porosity
ϕ and ϕ0:

k (1− ϕ)2

ϕ2 =
k0 (1− ϕ0)

2

ϕ2
0

. (12)

ROCK PHYSICAL MODELING

Based on the rock physics model in Figures 2, 3 show the
calculated P-wave velocity Vp and attenuation factor 1/Qp vary

with gas hydrate saturation and frequency. Properties used for
rock physical modeling are given in Tables 1, 2. The volume
contents of quartz and clay were assumed to be 0.8 and
0.2, respectively.

As shown in Figure 3, the Vp increases with increasing
gas hydrate saturation at all frequencies. However, as the
concentration pattern of the hydrate changes (below and above
Sc = 0.35), the P-wave velocity Vp dispersion and the attenuation
factor 1/Qp vary correspondingly.

Figure 4 shows the dispersion curves of P-wave velocity Vp
under different gas hydrate saturations that are extracted from
Figure 3A. For the cases of gas hydrate saturations S of 0 and
0.2, that is, less than the assumed critical saturation Sc = 0.35,
when the frequency is less than about 103 Hz, the Vp is not
sensitive to the existence of the gas hydrate that exists as pore
filling. When the frequency is higher than about 103 Hz, the Vp
increases with increasing gas hydrate saturation. For the cases
of gas hydrate saturations S of 0.5 and 0.6, that is, greater than
critical saturation Sc = 0.35, the Vp significantly increases with
increasing gas hydrate saturation.

According to Figure 3A, the variation in Vp with gas hydrate
saturation S at different frequencies is extracted and shown in
Figure 5. At the laboratory ultrasonic frequencies, the Vp is
higher than those at low frequencies. Meanwhile, there are two
trends of Vp with increasing S. For the pore filling mode (S < Sc),
the Vp is not sensitive to the change in S; and for the co-existence
mode of pore filling and particle cementation (S ≥ Sc), the Vp
increases significantly with increasing S.

It reveals that when the gas hydrate exists as a mixture of
pore fluids, it has a weak impact on elastic properties of the
rock. Only when the gas hydrate exists as a part of the solid
matrix, will it have a significant impact on the elastic properties
of the rock. Moreover, for the same gas hydrate saturation, the
P-wave velocity at high frequency (such as ultrasonic waves) is
higher than that at low frequency. According to Toms et al.
(2006) and Muller et al. (2010), the pore fluid pressure may be
higher at high frequency compared with that at low frequency,
and the unrelaxed state of pore fluid causes the high velocity
at high frequency.

In addition, Dvorkin and Nur (1993) and Dvorkin et al.
(1994) showed that the frequency at which the velocity dispersion
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FIGURE 8 | (A) The P-wave velocity Vp dispersion and (B) attenuation factor 1/Qp for a free gas layer.

and attenuation occurs can be affected by the viscosity of
the fluids involved in the fluid squirt flow. Therefore, the
viscosity coefficient of the mixture of gas hydrate and water
may play as an important role in determining poroelastic
behaviors of gas hydrate-bearing sediments. However, due to
the lack of laboratory data, it is difficult to determine the
viscosity coefficient of the mixture of gas hydrate and brine.
Thus, we assume a set of values for the viscosity coefficient
(e.g., 0.002, 0.01, 0.03, and 0.1) in order to investigate its
influences on P-wave velocity dispersion and attenuation.
As shown in Figure 6A, for increasing viscosity coefficient,
the frequency where the P-wave velocity dispersion occurs

tends to move to the low frequency, and the attenuation
peak moves to the low frequency correspondingly as shown
in Figure 6B.

SEISMIC RESPONSE OF GAS
HYDRATE-BEARING SEDIMENTS

Geological Model
Figure 7 shows a geological model of a gas hydrate-bearing
layer, which overlies above a layer containing free gas, and
is overlaid by a brine-saturated layer. The P-wave velocity
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FIGURE 9 | The PP AVO responses for different hydrate saturations S. (A) S = 0.2, (B) S = 0.35, and (C) S = 0.5.

dispersion and attenuation of the gas hydrate-bearing layer are
shown in Figure 3.

The P-wave velocity of the brine-bearing formation was
2628 m/s, and the density was 2140 kg/m3. The velocity
dispersion and attenuation of the free gas layer are calculated
using the patchy saturation theory (White, 1975), where
the bulk modulus and shear modulus of the rock matrix
are calculated using the Hill average theory (Hill, 1952).
Properties used in modeling are shown in Table 1. The
elastic modulus of the solid skeleton are calculated using the
Krief model (Krief et al., 1990). Porosity and permeability
are given in Table 2. Fluid properties used in the model are
given in Table 3. Calculation results of the P-wave velocity
dispersion and attenuation of the free gas layer are shown
in Figure 8.

Seismic Modeling for a Gas
Hydrate-Bearing Reservoir
Seismic responses for the model in Figure 7 are calculated by
integrating the built rock physics model and the propagator
matrix method.

In the propagator matrix theory, the reflection and
transmission coefficient vector r=[RPP,RPS,TPP,TPS]T for the
P-wave incidence is given by (Carcione, 2001):

r = −

[
A1 −

( N∏
α=1

Bα

)
A2

]−1

ip, (13)

where A1 and A2 are the propagator matrices related to
the elastic parameters of the upper and lower media; Bα =
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FIGURE 10 | The mode-converted PS AVO for different hydrate saturations S. (A) S = 0.2, (B) S = 0.35, and (C) S = 0.5.

T (0)T−1 (hα

)
(α = 1, ...,N) is the propagator matrix of the

intermediate layer with an N layer structure; hα is the thickness
of each layer; and for a single-layered medium, N = 1. ip is
the P-wave incident vector, which is related to the physical
parameters of the incident medium. Appendix A shows details
of the propagator matrix theory.

The frequency-dependent reflection coefficient Rf of the PP
wave (that is, Rpp) was calculated using the propagator matrix
theory. It is multiplied by the seismic wavelet Wf in the frequency
domain to obtain the corresponding amplitude spectrum Uf :

Uf =Wf × Rf . (14)

By implementing the inverse Fourier transform to Uf , the
waveform U of reflection wave in the time domain is obtained:

U (t) =
1

2π

∫
∞

−∞

U
(
f
)

exp
[
−ift

]
df , (15)

where f is the angular frequency; i is an imaginary unit; t is time.

In Figure 7, the thickness of the gas hydrate reservoir is set
as 50 m, and the dominant frequency of the Ricker wavelet is
set as 40 Hz. The P-wave velocity dispersion and attenuation
of the gas hydrate reservoir and the free gas are shown in
Figures 3, 8, respectively.

Figure 9 shows the seismic AVO responses of the
PP reflections for gas hydrate saturations of 0.2, 0.35,
and 0.5. Among them, and the second type of AVO
response is observed at the top interface of the gas
hydrate reservoir. The interface between the gas hydrate
reservoir and the free gas layer has a negative reflection
amplitude, known as the BSR. As shown in Figure 9,
a higher gas hydrate saturation corresponds to a higher
BSR amplitude.

Figure 10 shows the mode-converted PS reflections for
gas hydrate saturations of 0.2, 0.35, and 0.5. The interface
between the gas hydrate-bearing reservoir and the free gas
layer generates a mode-converted PS wave that has a positive
phase of amplitude.
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FIGURE 11 | Post-stacked seismograms corresponding to Figures 9, 10. (A) PP reflections (B) mode-converted PS reflections.

FIGURE 12 | (A) The model of heterogeneous hydrate saturation varying with depth; (B) the P-wave velocity Vp dispersion; and (C) corresponding P-wave
attenuation factor 1/Qp.

FIGURE 13 | A model of gas hydrate-bearing sediment that the gas hydrate saturation varies vertically and layer thickness varies laterally.
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FIGURE 14 | The post-stacked seismic responses of the model in Figure 13.

Figure 11A shows the post-stacked PP reflections obtained
from AVO responses in Figure 9. Figure 11B shows the
post-stacked mode-converted PS reflection obtained from
Figure 10. For both the PP and PS reflections in Figure 11,
the difference is very small for the two cases where gas hydrate
saturations are 0.2 and 0.35, respectively. However, by comparing
gas hydrate saturations of 0.35 and 0.5, the differences between
the stacked reflection amplitudes are quite large. This can be
interpreted by the analysis on Figure 4 where the Vp shows
little variation with hydrate saturation for the case that the
saturation is lower than the critical value 0.35, and represents
significant variations for the hydrate saturation higher than the
critical value 0.35.

Seismic Responses for a Model With
Heterogeneous Gas Hydrate Saturation
Berge et al. (1999) and Dvorkin et al. (1999) showed
that when free gas migrates upward to gas hydrate-bearing
sediments, it may lead to heterogeneous hydrate saturation
in the sediments. Thus, we design a model as shown in
Figure 12A, where the hydrate saturation gradually decreases
from about 0.55 at the bottom interface to the value just
above zero at the top of the gas hydrate-bearing layer,
which has a layer thickness about 28 m. According to
the rock physics model built in this study, the P-wave
velocity Vp dispersion and attenuation factor 1/Qp for varied
hydrate saturation and frequency are calculated and shown
in Figures 12B,C.

Based on the model of heterogeneous hydrate saturation
in Figure 12A, we design a 2D model where the gas hydrate
saturation varies vertically and layer thickness of the reservoir
varies laterally, as shown in Figure 13. The thickness of the gas
hydrate-bearing reservoir gradually decreases from 28 to 2.8 m
from the center to both sides in the model. We calculate the
AVO responses for each model in Figure 13, and then obtain
the stacked waveforms as shown in Figure 14. In the calculation,
the dominate frequency of the Ricker wavelet is 40 Hz, and the
incidence angle ranges from 0 to 40 degrees. As can be seen in
Figure 14, larger thickness of the gas hydrate-bearing reservoir
corresponds to stronger reflection amplitudes from the BSR,
Amplitude and phase of reflections vary with the thickness due
to interference.

DISCUSSION AND CONCLUSION

The critical hydrate saturation parameter Sc was introduced
into the rock physics model to describe two typical modes of
gas hydrate concentration, including the pore filling and the
co-existence of pore filling and particle cementation. The rock
physics model simulates the dynamic changes in the mode of gas
hydrate concentration as the hydrate saturation increases, and
considers corresponding variations in porosity and permeability.
P-wave velocity dispersion and attenuation caused by the squirt
flow of fluid in the gas hydrate-bearing reservoir are calculated.
By integrating the rock physics model and the propagator matrix
method, seismic AVO responses are calculated to investigate
the effects of hydrate saturation on seismic signatures. The
conclusions are as the followings:

We observe two trends that the P-wave velocity Vp varies with
increasing gas hydrate saturation S. For the pore filling mode
(S < Sc), the Vp increases slightly with increasing S, while for
the co-existence mode of pore filling and particle cementation
(S ≥ Sc), the Vp increases significantly with increasing S for
all frequencies. Meanwhile, seismic modeling results show that
for both the PP and mode-converted PS responses, reflection
waveforms are insensitive to the gas hydrate saturation lower than
the critical value, while the reflection waveforms tend to change
obviously for the gas hydrate saturation higher than the critical
value. These can be interpreted that the hydrate begins to be a
part of solid matrix when hydrate saturation is higher than the
critical value, and thus shows more impact on elastic modulus of
the gas hydrate-bearing sediments.

Synthetic seismograms are calculated for a 2D heterogeneous
model where the gas hydrate saturation varies vertically and
layer thickness of the hydrate reservoir varies laterally. Modeling
results shows that larger thickness of the gas hydrate-bearing
reservoir corresponds to stronger reflection amplitudes from the
BSR, while reflection amplitude and phase may vary with the
thickness due to interference.
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APPENDIX A

In Eq. 13, the propagator matrices A1 and A2 of the upper and lower media are shown as follows:

A1 = iω


βP1 βS1 0 0
−γP1 −γS1 0 0
−ZP1 −ZS1 0 0
WP1 WS1 0 0

 , (A1)

A2 = iω


0 0 βP2 exp

(
−iωsZP2h

)
βS2 exp

(
−iωsZS2h

)
0 0 γP2 exp

(
−iωsZP2h

)
γS2 exp

(
−iωsZS2h

)
0 0 −ZP2 exp

(
−iωsZP2h

)
−ZS2 exp

(
−iωsZS2h

)
0 0 −WP2 exp

(
−iωsZP2h

)
−WS2 exp

(
−iωsZS2h

)
 , (A2)

where i is the imaginary unit; ω is the incidence wave frequency; and h =
∑N

α=1 hα is the total thickness of the layer. The variables SZ ,
β , γ , W, and Z have two groups of subscripts. The subscripts P and S correspond to the quasi-compressional wave and the quasi-shear
wave, respectively.

Frontiers in Earth Science | www.frontiersin.org 14 March 2021 | Volume 9 | Article 641606

https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/earth-science#articles

	Rock Physics Model and Seismic Dispersion and Attenuation in Gas Hydrate-Bearing Sediments
	Introduction
	Rock Physics Model for Gas Hydrate-Bearing Sediments
	Gas Hydrate Concentration and Critical Saturation
	Rock Physic Model for Gas Hydrate-Bearing Sediments
	Rock Physics Theories

	Rock Physical Modeling
	Seismic Response of Gas Hydrate-Bearing Sediments
	Geological Model
	Seismic Modeling for a Gas Hydrate-Bearing Reservoir
	Seismic Responses for a Model With Heterogeneous Gas Hydrate Saturation

	Discussion and Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	References
	Appendix A


