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ABSTRACT

Liu, P.Q., Huang, H.D., Mao, S., Hu, L., Wang, C. and Cheng, S., 2022. Research on the
characteristics of dispersion and attenuation in hydrate-bearing formations based on
Biot’s theory. Journal of Seismic Exploration, 31: 451-477.

Previous studies have shown that P-wave velocity and S-wave velocities increase as
increasing hydrate saturation. However, the characteristics of dispersion and attenuation
of hydrate-bearing formation are still controversial. Based on Biot's theory, this paper
clarifies the characteristics of hydrate formation's dispersion and attenuation in
suspension, particle-support, and cementation modes. The results show that hydrate's
occurrence mode and saturation affect the dispersion and attenuation. For the P-wave,
the peak value of attenuation and frequency curve increases with the increasing
saturation in suspension and particle-supported modes. The peak value increases with
increasing hydrate saturation when the hydrate saturation is less than 0.28 and decreases
with increasing hydrate saturation when the hydrate saturation is larger than 0.28. For
the S-wave, the peak value decreases with increasing hydrate saturation in suspension,
particle-support, and cementation modes.
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INTRODUCTION

Natural gas hydrate (NGH), also known as "combustible ice," is an
ice-like crystalline substance formed by natural gas and water under high
pressure and low temperature in deep-sea sediments or land permafrost. It
has attracted much attention because of its tremendous energy, climate,
environment, and geohazard value. The effect of hydrate on velocity has
been well understood. Researchers at home and abroad have put forward
many theories or experimental models to estimate hydrate saturation by
linking hydrate saturation and velocity. There are two main categories
considered in the method. The first is the empirical formula method. They
are time - average equation (Wyllie et al., 1956), wood equation (Wood et
al., 1994), and weighted equation (Lee et al., 1996). The second kind is
namely the effective medium method (Helgerud, 1999; Dvorkin, 1996). The
common conclusion is that the P-wave and S-wave velocities increase in
different trends with hydrate saturation.

The research on the attenuation and dispersion of hydrate reservoirs is
still controversial. Some researchers believe that the attenuation decreases
with the increasing hydrate saturation. Wood et al. (2000) noted that the
increased attenuation observed in the ODP 164 vertical seismic profile was
due to the freezing of fine mud and suggested that hydrates may have
reduced the attenuation. Rossi et al. (2007) used the tomographic inversion
algorithm based on the frequency-shift method to estimate the quality factor
Q from the seismic reflection waves. It is considered that hydrate can
cement the grains, and the attenuation decreases with the increase of hydrate
saturation. Sain et al. (2009) pointed out that hydrate, as a particle cement of
sediments, would increase the strength of sediments and thus reduce the
seismic wave attenuation. Jaiswal et al. (2012) estimated the quality factor
Q based on the full waveform inversion algorithm. Research shows that the
presence of hydrates reduces the seismic attenuation of fine-grained
sediments. Dewangan et al. (2014) analyzed some samples containing
natural hydrates and indicated that the presence of hydrates reduced
attenuation.

Some researchers believe that the attenuation increases with increasing
hydrate saturation. Sakai (1999) pointed out that the Mallik well in northern
Canada 1s in the gas hydrate section, where the VSP shear signal may be
strongly weakened. Using acoustic logs from the Mallik tundra, Guerin and
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Goldberg (2002) calculated P-wave and S-wave attenuation using the
centroid frequency migration method. It is found that both of them present
high attenuation values in hydrate-bearing formations. It is considered that
the attenuation of the amplitude of acoustic waves in the hydrate formation
is caused by the strong absorption characteristics of the formation. They
conducted an intersection analysis of hydrate saturation and P-wave
attenuation. They concluded that P-wave attenuation is roughly linear with
hydrate saturation, and S-wave attenuation is larger than P-wave attenuation
under the same hydrate saturation condition. Using the cross-well seismic
data, Pratt et al. (2005) used the tomographic technique to image the
attenuation profile of the cross-well seismic data between two Wells. The
results show that the attenuation of seismic waves in hydrate formation also
indicates a significant anomaly of high value. The attenuation curves
calculated by Guerin and Goldberg (2002) are the absorption properties at
very high frequencies (1-20 kHz). At the same time, Pratt et al. (2005)
analyzed the absorption properties of seismic waves at a relatively
low-frequency range (200-2000 Hz). This is an essential complement to the
results of the analysis by Guerin and Goldberg (2002). Pecher et al. (2003)
suggest that hydrate acts as a cement to increase velocity and attenuation.
According to Dvorkin (2004), an increase in hydrate concentration will
increase the elastic heterogeneity of the formation, which will cause the
cross-flow of pore fluid between the hard and soft domains of the rock
resulting in seismic wave attenuation. Gerner et al. (2007) studied
attenuation using the pore elasticity model. It is considered that when the
pore space is partially saturated with hydrate, the attenuation increases due
to the limited fluid flow. Zhang (2016) studied the nonlinear variation trend
of P-wave and S-wave of unconsolidated marine hydrate-bearing sediments
based on the effective medium theoretical model. The results show that the
velocity and attenuation increase with the increasing hydrate saturation.

In addition, some researchers have other views. Matsushima (2006)
noted that there was no significant increase in the attenuation of the hydrate
layer by examining VSP data in the South Sea Trough of Japan. Priest et al.
(2006) measured the attenuation values of 13 sandstone specimens
containing hydrates of different saturation by synthesizing them in the
laboratory. The results show that when the hydrate saturation is less than
3%~5%, the P-wave attenuation rapidly increases to the maximum value
with the increase of saturation, decreases quickly, and then presents a slow
increase trend. According to Priest et al. (2006), the hydrate sandstone
samples synthesized in the laboratory are partially saturated rock, consisting
of four phases: rock skeleton, hydrate, adsorbed water, and free gas. Before
hydrate formation, the propagation of seismic waves causes water and free
gas in rock fractures and pores to undergo adsorption mechanisms and thus
generate jet streams, resulting in the attenuation of seismic wave energy.
When hydrates are formed, they bond to the rock skeleton and increase the
length of fractures and pores, resulting in more intense attenuation. This
effect reaches its maximum when the hydrate saturation reaches the critical
saturation. With the further increase of hydrate saturation, the cement
between hydrate and rock will gradually completely plug the cracks and
voids, and the adsorbed water and free gas will be bound, and the squirting
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flow effect will be weakened, so the absorption will gradually weaken. Lee
and Waite (2007) pointed out that the attenuation of acoustic signals in the
Mallik area may be caused by the coupling of seismic sources rather than
hydrate. Li (2015) studied the attenuation characteristics of seismic waves in
hydrate-bearing formation at micro and mesoscale based on BISQ and
White seismic wave attenuation models in porous media, respectively. The
results show that seismic wave attenuation increases with the increase of
hydrate formation in the ultrasonic frequency band but decreases with the
increase of hydrate saturation in the seismic exploration frequency band.
This conclusion is consistent with Sain (2009). Sun et al. (2014) compared
the P-wave attenuation models. They pointed out that the wave-induced
oscillatory fluid flow near the inclusion in porous rock was one of the main
reasons for the dispersion and attenuation of P-wave at seismic frequency.
Sahoo et al. (2018) and Marin-Moreno (2017) believe that under the stable
condition of NGH, natural gas and hydrate coexist, and the presence of gas
itself will have a strong impact on attenuation. Through experiments,
Sourav et al. (2019) showed that when hydrate saturation is lower than 6%,
attenuation increases with measurement frequency. The attenuation
decreases with frequency when the hydrate saturation is higher than 6%.
Through rock physics simulation, Guo (2021) pointed out that the P-wave
velocity is not sensitive to the increase of hydrate saturation under the pore
filling mode. However, P-wave velocity increases rapidly with the
increasing hydrate saturation in the coexistence mode of pore filling and
particle cementation.

Previous studies have studied the dispersion and attenuation of hydrate
formation through observation data, simulation experiments, and theoretical
derivation. The conclusions are different. Some reseachers believe that
hydrates increase formation attenuation, some believe that hydrates decrease
formation attenuation, and some have obtained other understandings. No
research has been conducted on the dispersion and attenuation of hydrate
formations with different occurrence modes. Based on Biot's theory, this
paper studies the relationship between hydrate saturation and dispersion and
attenuation under suspension mode, particle-supported mode, and cement
mode for the first time and clarifies each mode's dispersion and attenuation
rules. This study can provide a reference for the quantitative
characterization of hydrates.

METHOD
Hydrate occurrence model and Biot's theory

There may be contact or no contact between hydrate and particles, and
there are numerous microscopic occurrence modes in hydrate formation.
This paper focuses on three modes, which are suspension mode,
particle-supported mode, and cementation mode corresponding to A, B, and
C, respectively (see Fig. 1) (Ecker, 2001). These different modes affect the
petrophysical characteristics of hydrate deposits. In mode A, the hydrate is
suspended in the pores and only impacts the bulk modulus of the sediment.
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The presence of hydrates in the fluid-saturated pore space increases the
effective bulk modulus of the mixture and consequently the bulk modulus of
the saturated rock. According to Gassmann's theory, the shear modulus is
not affected. In mode B, the hydrate is a part of the rock skeleton, which
reduces the porosity. The reduction in porosity increases the stiffness of the
skeleton and increases the bulk modulus to a certain extent. Mode C is
similar to mode B. However, the bulk modulus and stiffness increase is
much larger than in mode B.

] Sediment [ ] Hydrate

Fig. 1. Three microscopic occurrence patterns of natural gas hydrates. Mode A represents
hydrate being a part of the fluid. In mode B, hydrate is part of the solid frame. Mode C
assumes that hydrate cements the grains evenly sat-hydrate. (Ecker, 2001).

The effective medium theory and Biot-Gassmann formulation show the
relationship between P-wave velocity and saturation theory in three
microscopic occurrence modes (Fig. 2). It can be observed that the P-wave
velocity increases with the increasing hydrate saturation under the three
occurrence modes. At the same saturation, the P-wave impedance of modes
A, B, and C increases in turn. For mode C, a small amount of hydrate can
significantly increase the P-wave velocity of the medium, while the growth
rate of mode B and mode A is relatively slow.
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Fig. 2. Hydrate saturation versus P-wave velocity for three microscopic modes. A is the
suspension mode, B is the particle-supported mode, and C is the cementation mode.
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Biot (1956) deduced the theoretical formulas of frequency-dependent
velocities in fluid-saturated porous rock. The theoretical formulae include
the mechanisms of viscous and inertial interactions between pore fluids and
mineral skeletons. The theory contains the following assumptions. A) The
wavelength is much larger than that of the studied macroscopic volume
element, and the pore size is much smaller than that of the macroscopic
volume element. B) The displacement of both the fluid and solid phases is
small. That 1s, the deformation generated by the medium is slight. C) The
fluid phase in the pore space is in constant porosity, full saturation, and
macroscopic isotropy. D) In generalization to the anisotropic elastic case, the
matrix is assumed to be isotropic, and the mechanism of matrix- related
viscosity is not discussed. E) The pore fluid is assumed to conform to
Darcy's flow law.

The entire frequency relationship of Biot's theory is as follows (Biot,
1956):

HIV; -p p,=ClV;|_
ClV)-p, q-M/V;

p_Gfr/V;z Py

=0
P, q - (1)

.
b

Complex root is as follows:

1 —(Hq+M,0—2C,0/.)¢\/(Hc1+M,0—2C,0f)2 —4(C2 —MH)(,O2 —pq) )
Vi 2(C* - MH) ’

L _ P9 — Py 3)
2 ’

Vs qG,
where Vp is the P-wave velocity, in m/s; Vs is the S-wave velocity, in
m/s; p is the formation volume density, in Kg/ m; p ¢ 1s the fluid
density, in Kg/m’; G is the Shear modulus of rock, in Pa. The real and
imaginary parts of the root represent the corresponding velocity and
attenuation, respectively. In the two solutions of P-wave, the sign +
corresponds to fast P-wave, and the sign - corresponds to slow P-wave. Vp
and Vs are complex velocities. The expressions for the other items are as
follows:

2
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where Kj; 1s the bulk modulus of dry rock, Pa; K is the bulk modulus of
mineral, [, is the density of mineral, Pa; 1s porosity; @ 1is sinuosity,
dimensionless; 77 is Pore fluid viscosity, Pa-s; K 1is absolute rock
permeability, m>; f is frequency, Hz; F (é’ ) i1s viscous dynamic
operator; @ is angular frequency of plane wave, w=27f; ber( ) and
ber'( ) are the real and imaginary parts of Kelvin function, respectively; J,
is Bessel functions of order n; a is aperture parameters, m.

The tortuosity & (sometimes called the structure factor) is a purely
geometric factor independent of solids or fluids (Berryman, 1981):

a=1-r(1-1/9¢) . (13)

For sphere, r = 0.5, and for ellipsoids is between 0 and 1. For cylindrical
pores whose axes are parallel to the pore pressure gradient, a = 1 (minimum
possible value). For a random system with all possible distribution of pores,
a =3 (Stoll, 1977). The high frequency limit velocity depends on the size
of a, and there 1s a negative correlation between the two. In this study, r is
0.5.

Aperture parameters are related to pore size and shape. Hovem and
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Ingram (1979) used the following formula to calculate the aperture
parameters:

a=¢d/[3(1-¢)] (14)

where d stands for particle diameter, m.

Biot's critical frequency is defined as follows:

__y
270 K

, (15)

c

The Biot's critical frequency is defined as the frequency when the
viscous force applied to the pore fluid is approximately equal to the inertial
force. It determines the low frequency range (f = f.) and high frequency
range (f ? f.). In the high frequency range, the fluid is mainly controlled by
inertia action, and in the low frequency range, the fluid is mainly controlled
by viscosity action.

The absolute permeability of rock is formulated as follows (Hovem and
Ingram, 1979):

K =(d® /36k) [¢3 /(1 -¢)2] , (16)
where k is the physical quantity related to pore shape and pore curvature

degree. For spherical particles, both theory and experiment confirm &k =35.

The low frequency limit velocities of fast P-wave and fast S-wave are
calculated by Gassmann equation:

K +4G_,
VPLFL = \/( = ) ) (17)
0

G
V = sat , (18)

SLFL 0
p=>1-9)p,+¢po, , (19)
_K ¢KDW —(1+¢)Kf KD,jv /Ky+ Kf , (20)

Y (1-9)K + 9K, -K K, /K,

G, =G,, . 1)

sat
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where K, and G,, are the bulk modulus and shear modulus of saturated
rock, respectively, Pa. K, is the bulk modulus of formation fluid, Pa; K| is
the bulk modulus of the skeleton particles, Pa.

The high frequency limit velocities of P-wave and S-wave are
formulated by Johnson and Plona (1982):

0.5

Az [Az _4(:011/022 _plzz)(PR _Q2 )-‘0'5

Vo | fast, slow) = 5 L (22
( ) 2(:011/022_/012) (22)
0.5
V. = L (23)
SHF| p_¢pfa—1 ’
A=Pp22+R,011—2Q,012 > (24)
1-¢9)|1-9-K, /K, )K K K. /K
P=( ¢)( ¢ Jr 0) o +¢K, fr f+ﬂGﬁ , (25)
1—¢—Kfr/K0+¢KO/Kf 3
1-¢9-K,. /K, oK
Q=1< P-K, K )oK, 06
—¢—Kﬁ/KO+¢KO/Kf
_ ¢'K,
1—¢—Kﬁ/KO+¢KO/Kf ’ (27)
Pn = (1_¢)/00 _(l_a)¢10f ) (28)
P2 =a¢/0f , (29)
P =90, —agp, , (30)
p=p(1-¢)+p,9 . 31)

where [0;, represents the induced mass generated by the relative
acceleratio3n of inertial traction between the solid skeleton and the pore fluid,
in Kg/m’.

Mode A

Based on the Hertz-Mindlin theory (Mindlin, 1949), Dvorkin (1996)
proposed a velocity model for uncemented, high-porosity hydrate-bearing
deposition media and gave the expression of bulk modulus and shear
modulus of dry rock.
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where @, is the critical porosity (#= 0.36-0.40) (Nur et al., 1998). Ky,
and Gy represent the effective bulk modulus and shear modulus of dry
rock when rock porosity is critical, respectively. Gy and v, represent the
shear modulus and Poisson's ratio of skeleton particles, respectively. n is the
average number of particles in contact per unit volume (generally 8 or 9)
(Dvorkin and Nur, 1996). P is the effective pressure, which is generally
calculated according to the following formula:

P=(1-¢)(p-p,)gh . (36)

where g is gravitational acceleration, m/s*. & is depth below seafloor, m.

When ¢=%@,, the bulk modulus Kp,, and shear modulus of dry rock
Gp,, are calculated by formula (35). When ¢ = b, Kp,, and Gp,, are
calculated using formulas (32)-(33).

Fluid bulk modulus K :

=[(1—Sh)+Sh ]'1 |

K, K,

w

K

s (37)



461

K, and K, represent the bulk modulus of formation water and hydrate,
respectively, Pa; §), is hydrate saturation.

The formation fluid density p, :
Iof =(1_Sh)10w+Shph > (38)

o, and p  represent formation water density and hydrate density,
respectively, Kg/m’.

Formation density p :
p=(1_¢)po+¢pf ’ (39)

The fluid viscosity #
data fitting (Balakin, 201 6):

77/ = nw (1 - Sh )_2'55 : (40)

was concluded by Balakin through experimental

where 77, 1s the viscosity of formation water, Pa-s. The aperture
parameters, permeability and tortuosity are calculated by using eqs. (13),
(14) and (16).

Mode B

Compared with mode A, hydrate is considered part of the rock skeleton
in the particle-supported model. This has two effects. One is to change the
bulk and shear modulus of the skeleton, and the other is to reduce the
formation's porosity.

The equivalent bulk modulus and shear modulus of skeleton particles
are as follows:

K, = 1K, +(1- 1)K, (41)

G, = /,G,+(1-1,)G, (42)
where, f, isthe percentage of hydrate in the solid phase:

fi=98,1[1-¢(1-5,)] . (43)

The equivalent skeleton particle density is as follows:

_ (1 _¢)100 +¢Shph
P e, (44)
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The formation porosity is as follows:
¢=4,(1-5,) . (45)

where @, is the porosity of virgin zone, that is, the formation without
hydrate.

The formation effective pressure is as follows:
P=(1-9)(0.-p,)gh (46)

The bulk modulus and shear modulus of formation pore fluid are as
follows:

K, =K,; G, =0 . (46)

Mode C

For the cemented model, the formation's porosity decreases after the
formation contain hydrate, and the bulk modulus and shear modulus of the
dry rock skeleton both change.

$=¢,(1-5,) . (47)
According to the theory of cementation (Dvorkin and Nur, 1996):
| 4
KDry=gn(1—¢v)(Kh+§Gh)Sn : (48)
3 3 |
GDry = gKDry + %n( - ¢V)G/1ST ° (49)

where S, and S, are directly proportional to the normal and shear
stiffness of the cemented two particle assemblies, respectively, which
depends on the content of the cemented material. The properties of cements
and particles are determined by the following relationship:

S = Anrcp2 + Bnrcp +C (50)
A =-0.024153A77% (51)
B, = 0.20405A %" (52)
C, = 0.00024649A " | (53)

S = A/qf +Br +C, (54)

T'cp
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A, = =107 (2260 +2.07v + 2.3) ALV 0TS (55)

B, =(0.0573v” +0.0937v +0.202 ) A0 274 +00920v-08765 (56)

C, =107 (9.6541 +4.945y + 3. 1) ALVS7 w00t 18186 (57)

A _ 26, (1-v,)(1-v,) A G =[Mr (58)
" aG, 1-2v, 7 aG,’ 7 |3(1-¢)|

where G, and v, are Shear modulus and Poisson's ratio of skeleton
particles, v, is the Poisson ratio of the cement (hydrate), r., is the ratio of
the radius of the cement layer to the radius of the particle.

When the formation is filled with hydrate, Hill's average formula (Hill,

1952) 1s used to obtain the equivalent bulk modulus and shear modulus of
skeleton particles

1 -1
K =S {hK (=) [ K+ (- 1)K, T} (59)

1 -1
Gs=E{thh+(1_fh)Go+[fh/Gh+(1_fh)Go] } ) (60)
The percentage of hydrate in the solid phase:
ﬁt=¢vSh/[1_¢v(1_Sh)])9 (61)

The equivalent skeleton particle density is as follows:

(1 -9, )/Oo +9,5,0,

= , 62
P, =g +95, (62)

The existing porosity of the formation is as follows:
$=¢,(1-5,) . (63)

The bulk modulus and shear modulus of formation pore fluid are as follows:

K,=K,: G, =0 (64)

RESULTS AND DISCUSSIONS

The dispersion and attenuation are calculated separately for mode A, B
and C using the above equations.
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Mode A

Fig. 3 shows the variation characteristics of P-wave velocity with
frequency. For different hydrate saturation, the P-wave velocity increases
non-linearly with the increasing frequency, and the P-wave velocity
increases overall with the increasing hydrate saturation. The P-wave
velocities in the low-frequency range and high-frequency range are almost
unchanged. The P-wave velocity near the characteristic frequency increases
rapidly to a specific value, and the amount of dispersion is positively
correlated with hydrate saturation. Fig. 4 and Fig. 7 show the variation
characteristics of the P-wave attenuation coefficient, which is the inverse of
the quality factor with frequency. The attenuation increase first and then
decreases with the increasing hydrate saturation and reaches the peak at the
characteristic frequency. With the increase of saturation, the peak value of
the curve of attenuation and frequency gradually increases and moves to the
right. Fig. 5 shows the variation characteristics of S-wave velocity with
frequency. For different hydrate saturation, the S-wave velocities increase
non-linearly with the increasing frequency, and the S-wave velocities
generally increase with the increasing saturation. S-wave velocities in the
low-frequency range and high-frequency range are almost unchanged. The
P-wave velocity increases rapidly to a specific value near the characteristic
frequency, and the increasing amplitude is negatively correlated with
hydrate saturation. Fig. 6 and Fig. 8 reflect the variation characteristics of
the S-wave attenuation coefficient with frequency. The attenuation increase
first and then decreases with the increasing hydrate saturation and reaches
the peak near the characteristic frequency. With the saturation increase, the
peak value of the attenuation and frequency curve gradually decreases and
moves to the right.
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Fig. 3. The trend of P-wave velocity changing with frequency in mode A. The solid line
is for 0 hydrate saturation, the dotted line is 20%, the dashed line is 40%, and the
dash-dot line is 60%.
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Fig. 4. The trend of the P-wave attenuation coefficient changes with frequency in mode
A. The solid line is for 0 hydrate saturation, the dotted line is 20%, the dashed line is
40%, and the dash-dot line is 60%.

860 , , , '

- Sh=0 P ==
~ [ e Sh=20% .
- 850 __ _. Sh=40%
:,>/~ ————— Sh=60%
© 840 ¢+ 1
O
0
o 830 ¢ 1
>
© i,
$ 820 [r=r=r = === ; |
w

810 ‘ ' ' -

0 2 4 6 8 10

lg(f)

Fig. 5. The trend of S-wave velocity changing with frequency in mode A. The solid line
is for 0 hydrate saturation, the dotted line is 20%, the dashed line is 40%, and the
dash-dot line is 60%.
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Fig. 6. The trend of the S-wave attenuation coefficient changes with frequency in mode
A. The solid line is for 0 hydrate saturation, the dotted line is 20%, the dashed line is
40%, and the dash-dot line is 60%.
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Fig. 7. The trend of P-wave attenuation coefficient with frequency and hydrate saturation
in mode A.
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Fig. 8. The trend of S-wave attenuation coefficient with frequency and hydrate saturation
in mode A.

Mode B

Fig. 9 shows the variation characteristics of P-wave velocity with
frequency. For different hydrate saturation, the P-wave velocity increases
non-linearly with the increase of frequency, and the P-wave velocity
increases overall with the increasing hydrate saturation. The P-wave
velocities in the low-frequency range and high-frequency range are almost
unchanged. The P-wave velocity near the characteristic frequency increases
rapidly to a specific value, and the increasing amplitude is negatively
correlated with hydrate saturation. It is almost impossible to check this
observation in Fig. 9. Probably due to the vertical scale of the plot. Fig. 10
and Fig. 13 show the variation characteristics of the P-wave attenuation
coefficient with frequency. The attenuation increases first and then
decreases with the increasing hydrate saturation, reaching the peak near the
characteristic frequency. The peak value of the curve of attenuation and
frequency gradually decreases and moves to the right with the increase of
saturation. Fig. 11 shows the variation characteristics of S-wave velocity
with frequency. For different hydrate saturation, the shear wave velocity
increases non-linearly with the increasing frequency, and the S-wave
velocity increases overall with the increasing saturation. S-wave velocities
in the low-frequency range and high-frequency range are almost unchanged.
The P-wave velocity near the characteristic frequency increases rapidly to a
specific value, and the increasing amplitude is negatively correlated with
hydrate saturation. Fig. 12 and Fig. 14 show the variation characteristics of
the S-wave attenuation coefficient with frequency. The attenuation increase
first and then decreases with the increase of hydrate saturation and reaches
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the peak near the characteristic frequency. With the saturation increase, the
peak value of the attenuation and frequency curve gradually decreases and
moves to the right.
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Fig. 9. The trend of P-wave velocity changing with frequency in mode B. The solid line
is for 0 hydrate saturation, the dotted line is 20%, the dashed line is 40%, and the
dash-dot line is 60%.
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Fig. 10. The trend of the P-wave attenuation coefficient changes with frequency in
mode B. The solid line is for 0 hydrate saturation, the dotted line is 20%, the dashed line
is 40%, and the dash-dot line is 60%.
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Fig. 11. The trend of S-wave velocity changing with frequency in mode B. The solid line
is for 0 hydrate saturation, the dotted line is 20%, the dashed line is 40%, and the
dash-dot line is 60%.
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Fig. 12. The trend of the S-wave attenuation coefficient changes with frequency in
mode B. The solid line is for 0 hydrate saturation, the dotted line is 20%, the dashed line
is 40%, and the dash-dot line is 60%.
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Fig. 13. The trend of P-wave attenuation coefficient with frequency and hydrate
saturation in mode B.
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Fig. 14. The trend of S-wave attenuation coefficient with frequency and hydrate
saturation in mode B.
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Mode C

Fig. 15 shows the variation characteristics of P-wave velocity with
frequency. For different hydrate saturation, the P-wave velocity increases
non-linearly with the increase of frequency, and the P-wave velocity
increases overall with the increasing hydrate saturation. The P-wave
velocities in the low-frequency range and high-frequency range are almost
unchanged. The P-wave velocity increases rapidly to a specific value near
the characteristic frequency. When the hydrate saturation is less than 0.28,
the increased amplitude is positively correlated with the hydrate saturation;
when the hydrate saturation is larger than 0.28, the increased amplitude is
negatively correlated with the hydrate saturation. Fig. 16 and Fig. 19 show
the variation characteristics of the P-wave attenuation coefficient with
frequency. The attenuation increases first and then decreases with the
increasing hydrate saturation and reaches the peak at the characteristic
frequency. When the saturation is less than 0.28, the peak value of
attenuation and frequency curve gradually increases and moves to the right
with the increasing saturation. When the saturation is larger than 0.28, the
peak value of attenuation and frequency curve decreases gradually and
moves to the right with the increasing saturation. Fig. 17 shows the variation
characteristics of S-wave velocity with frequency. For different hydrate
saturation, the S-wave velocity increases non-linearly with the increase of
frequency, and the S-wave velocity increases overall with the increase of
saturation. S-wave velocities in the low-frequency range and high-frequency
range are almost unchanged. The P-wave velocity near the characteristic
frequency increases rapidly to a specific value, and the increasing amplitude
is negatively correlated with hydrate saturation.
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Fig. 15. The trend of P-wave velocity changing with frequency in mode C. The solid line
is for 10% hydrate saturation, the dotted line is for 20%, the dashed line is for 28%, the
dash-dot line is for 40%, and the line with circles is for 60%.
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Fig. 16. The trend of the P-wave attenuation coefficient changes with frequency in
mode C. The solid line is for 10% hydrate saturation, the dotted line is for 20%, the
dashed line is for 28%, the dash-dot line is for 40%, and the line with circles is for 60%.
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Fig. 17. The trend of S-wave velocity changing with frequency in mode C. The solid line
is for 10% hydrate saturation, the dotted line is for 20%, the dashed line is for 28%, the
dash-dot line is for 40%, and the line with circles is for 60%.
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Fig. 18 and Fig. 20 show the variation characteristics of the S-wave
attenuation coefficient with frequency. The attenuation increase first and
then decreases with the increasing hydrate saturation and reaches the peak at
the left and right sides of the characteristic frequency. With the saturation
increase, the peak value of the attenuation and frequency curve gradually
decreases and moves to the right.
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Fig. 18. The trend of the S-wave attenuation coefficient changes with frequency in
mode C. The solid line is for 10% hydrate saturation, the dotted line is for 20%, the
dashed line is for 28%, the dash-dot line is for 40%, and the line with circles is for 60%.
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Fig. 19. The trend of P-wave attenuation coefficient with frequency and hydrate
saturation in mode C.
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Fig. 20. The trend of S-wave attenuation coefficient with frequency and hydrate
saturation in mode C.

Based on Biot's theory, this paper studies the relationship between
hydrate saturation and dispersion and attenuation in suspension,
particle-supported, and cementation modes. Hydrate formation's dispersion
and attenuation characteristics with different occurrence modes are explored
and clarified.

CONCLUSIONS

This paper studies the dispersion and attenuation of hydrate formation
based on Biot's theory. The velocity dispersion and attenuation
characteristics of hydrate-bearing deposits in the entire frequency band
under different gas hydrate occurrence modes are simulated. The
characteristics of dispersion and attenuation with saturation in hydrate
formations is well understood. The P-wave velocity and S-wave velocity
change non-linearly with frequency, and the P-wave velocity is unchanged
in the low-frequency and high-frequency ranges. When the characteristic
frequency is reached, the velocity rapidly rises to a specific value. At the
same time, with the increasing hydrate saturation, the curves of P-wave
velocity and S-wave velocity with frequency will move up as a whole. The
peak values of P-wave and S-wave attenuation curve with frequency shift to
higher frequencies with the increasing saturation for different hydrate
occurrence modes. Each mode has its characteristics about the frequency
and attenuation of hydrate saturation. For P-wave, the peak value of
attenuation and frequency curve increases with the increasing saturation in
suspension and particle-supported modes. In the cementation mode, when
the hydrate saturation is lower than 0.28, the peak value increases with the
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increasing saturation, and when the hydrate saturation is larger than 0.28,
the peak value decreases with the increasing saturation. For S-wave, the
peak value decreases with the increase of hydrate saturation. The occurrence
mode and hydrate saturation are the main factors affecting dispersion and
attenuation.

Table 1. The parameters in this paper.

Parameter Mark Value Unit

Skeleton particle density 0, 2560 Kg/m3
The bulk modulus of the skeleton particles X, 3.688¢e10 Pa
Shear modulus of skeleton particles G, 3.246e10 Pa
Formation water density 0. 1000 Kg/m3
Formation water volume modulus K, 2.25¢9 Pa
Shear modulus of formation water G. 0 Pa
Formation water viscosity 7. 1 cp
Gravitational acceleration g 9.8 m/s”
Grain diameter d 20 micron
The average number of particle contacts per unit N 9

Criitical porosity é 0.36
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