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Reflection and transmission of bottom simulating reflectors
in gas hydrate-bearing sediments: Two-phase media models

Ma Jigiang* and Geng Jianhua*

Abstract: The bottom simulating reflector (BSR) in gas hydrate-bearing sediments is
a physical interface which is composed of solid, gas, and liquid and is influenced by
temperature and pressure. Deep sea floor sediment is a porous, unconsolidated, fluid saturated
media. Therefore, the retlection and transmission coeffictents computed by the Zoeppritz
equation based on elastic media do not match reality. In this paper, a two-phase media model
is applied to study the retlection and transmission at the bottom simulating reflector in
order to find an accurate wave propagation energy distribution and the relationship between
reflection and transmission and tluid saturation on the BSR. The numerical experiments
show that the type 1 compressional (fast) and shear waves are not sensitive to frequency
variation and the velocities change slowly over the whole frequency range. However, type
[l compressional (slow) waves are more sensitive to frequency variation and the velocities
change over a large range. We find that reflection and transmission coefficients change with
the amount of hydrate and free gas. Frequency, pore fluid saturation, and incident angle
have different impacts on the reflection and transmission coefficients. We can use these
characteristics to estimate gas hydrate saturation or detect lithological variations in the gas
hydrate-bearing sediments.

Keyword: Gas hydrate, BSR, two-phase media, reflection coefficient, transmission

coefficient.

Introduction

Marine gas hydrate is a new hydrocarbon resource
discovered after the 1950’s. Most are buried in deep
highly porous sea floor sediments. Dominated by sea
floor temperature and pressure gradient, the pores at
the BSR interface can be filled by fluid or gas hydrate
and free gas from dissociated hydrates occurs below the
BSR interface. The velocity and density of gas hydrate-
bearing layers are different than a free gas bearing layer.
The boundary between upper and lower pores containing
the different fluids generally appears as a bottom
simulating refiector (BSR) on seismic sections.

The AVO (amplitude-versus-offset) technique was

proposed to directly detect gas reservoirs two decades
ago. Recent research suggests that the AVO technique is
an effective method for studying the BSR characteristics.
Based on elastic theories, the Zoeppritz equation or its
linear approximations are employed for AVO analysis.
By studying the reflection and transmission amplitude
changes with offset or incident angle, seismic parameters
such as P- and S-wave velocity variations are deduced.
However, natural deep sea floor sediments are
saturated by fluids. Seismic wave propagation in a
porous media is different than in an elastic media.
Zeoppritz equation-based elastic theories don’t give
the correct relations for reflection and transmission in
the high porosity sediments under the deep sea floor. It
is better to use two- or multi-phase media theories for
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BSR AVO analysis. Biot (1956a; 1956b; 1962) and
Biot and Willis (1957) proposed three types of waves
propagating in porous media: type | compressional (fast
P) waves, type Il compressional (slow P) waves, and
shear waves. Plona (1980; 1982), Plona and Johnson
(1980), and Johnson and Plona (1982) proved the
existence of these three types of waves by physical
experiments. Based on Biot’s theory, Dutta and Ode
(1983) calculated the phase velocity and attenuation
of the three wave types at low-frequencies. Santos
et al. (1992) studied a two-phase media model with
frequency attenuation effects caused by pore fluid
viscosity and rock permeability. Zhang et al. (2005)
studied AVO attributes based on two-phase media
theories and used AVO attributes to identify gas hydrate
and free gas. If the relationship between seismic
velocities and pore fluid saturation, the bridge between
seismic and gas hydrate-bearing sediments called the
rock physics model, is known, it is possible to use AVO
techniques to estimate pore fluid or free gas saturation.
At least 20 rock physics models for multi-phase media
were proposed since 1928 (Geng and Song, 2004; Liu
et al., 1994; Liu et al., 2000; Mou, 1996; Song et al.,
2002). These models have been applied to study seismic
velocity with respect to solid matrix, pore space, and
pore fluid properties. The widely used relations in gas
hydrate studies are Dvorkin’s equations. Three types of
rock physics models can be used to describe deep sea
gas hydrate-bearing sediments (Dvorkin and Prasad,
1999): (1) gas hydrate is a part of the liquid suspended
in the pore fluid; (2) gas hydrate is a part of the solid
matrix, which reduces pore space and enhances the
bulk modulus of the solid matrix; and (3) gas hydrate is
cemented together with the sediment grains, which also
reduces pore space and changes the bulk modulus of
solid matrix. No matter which model we choose, it will
be convenient for us to combine AVO techniques based
on two-phase media theories with rock physics models
to study BSR characteristics.

In this paper, two-phase media theories are used
to study reflection and transmission at the bottom
simulating reflector. Dvorkin’s equations are applied to
link the solid matrix modulus and grain with mineral
components. Numerical experiments suggest seismic
wave velocities in gas hydrate- and gas-bearing
sediments and reflection and transmission coefficients at
the BSR change with seismic wave frequency. We can
utilize these characteristics to study the BSR and detect
gas hydrate- and gas-bearing sediments.
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Two-phase media theory

Wave propagation theory in porous media was
presented by Biot (1956a; 1956b). He studied wave
propagation in a porous elastic media saturated by
compressible viscous fluid. Assuming that motion of the
fluid relative to the solid frame can cause friction, the
relative displacement is:

W=¢(U,-U) (1)

where ¢ denotes the effective porosity, U and Uq are
the average displacement vectors of the solid and fluid,
respectively. W represents the averaged relative fluid
displacement per unit volume of bulk material.

Defining (U, W) as the total stress tensor, P(U,W) as
the fluid pressure tensor, and &;(U,W) as the strain tensor
in the solid,

1 ou; oy,
S-j(U)_2(6xj " Ox, ) @

]

then the stress-strain relations can be expressed as:

1, =2ue,(U)+5,0V-U+DVW), 1 < i j <3 (3a)

p=-DV-U-MV-W (3b)

Let the constant u be the shear modulus of the solid
matrix, Ks, K, K,,, and K, are the bulk modulus of solid
grains, pore fluid, solid matrix, and saturated rock,
respectively. The other rock physical parameters can be
written as (Dutta and Ode, 1983; Santos et al., 1990):

Hc=/1€+2u=1<c+§u, (4a)
K. =K [(K,+Q)/(K,+0Q)], (4b)
0=K,(K,-K,)/ p(K,-K,), (4c)
D=KK, (K, -K,)/[K, (K -K,)+KoK, -K,),
and (4d)
M=KK /K (K -K,)+KoK, -K ). (4e)

The seismic wave propagation equations in two-phase
media can be expressed as:

Ver=HV (V-U) — uVx (VxU)+DV (V:W)

B 62_U+ W (5a)
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—Vp=DV(V-U)+ MV (V-W)
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where p and p, are the solid matrix density and fluid
density. g and b (Dutta and Ode, 1983; Berryman, 1980;
1982) can be calculated as follows:

g:Sp, /o, (6a)
b=n/k, (6b)

where § is the known structure factor, 5 is the fluid
viscosity, and 4 is the rock permeability.

Referring to the method for separating P-waves from
S-waves in elastic media, we apply divergence and
rotation to equation (5) to get P- and S-wave propagation
velocities in two-phase media. Based on Santos’s method
(1992), P- and S-wave-number vectors can be obtained
using the following equations:

(MH, - D*)g* +{0’(2p,D-gH, - pM)

+w4[pg—pf]—iw3pb:0. (7)
i’ P;
g, =—(p-——"—). ®)
U g-iblw

where g is the compressional wave-number vector and
g, 1s the shear wave-number vector. By solving equation
(7) and equation (8), P-and S-wave velocities and
attenuations can be obtained. The negative imaginary
parts of the roots represent attenuations. The real parts of
the roots represent wave velocities. g; and ¢, correspond
to type I and II compressional wave-numbers,
respectively.

P-or S-wave phase velocity v; and attenuation ¢; are
given by the formulas

v, =/[Re(q,)|, (9a)
= 27x8.6858891m(g,)/IRe(q,)l. (9b)

Because displacement and stress are continuous at the
reflector in two-phase media, Santos gave the following
equations for calculating reflection and transmission
coefficients:
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where suffixes 1, 2, and s represent type I compressional,
type II compressional, and shear waves, respectively.
The suffix r and t represents reflected and transmitted
waves.

If /=r, C, is a reflection coefficient and if / = ¢, C,, is
a transmission coefficient, then the coefficients of the
system (10) are given by

B, =4, -« (11a)

B, =4, - (11b)
o,=-H"q -D"qy, +24"a] (I11c)
o, = —Hf’qf, —D‘l’q;}/’/ +2u M (11d)
5, =(D"+M"y, g, (11le)
5, =(D + My )g; . j=1.2 (119)
O—/‘A‘ = zll'l(l)arxﬂm’o-l? = 2‘[1(2)a”ﬂ”, (llg)

where g, is the incident wave-number vector, q,, = 1, 2,
s stands for the reflection wave-number vector, and g, j
=1, 2, s stands for the transmission wave-number vector.

AVA characteristics of gas hydrates
at the BSR

Velocity and attenuation

According to ODP 204 Leg core and log data, the
mineral components of sediments under the seafloor
are relatively stable, mainly including clay, calcite, and
quartz (Underwood and Torres, 2005), with porosity
varying from 40% to 80% with an average porosity of
50%. We build a gas hydrate sediment model assuming
that the BSR is a plane interface and the sediment
matrix is made up of clay, quartz, and calcite with 50%
Porosity. Above the BSR we have a 20% gas hydrate-
filled pore space and below the BSR a 2% free gas-filled
pore space. All the parameters used are listed in Table 1.
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Table 1 Modulus parameters and component of sediments

component clay quartz calcite Gas hydrates Gas
Bulk moduls 20.9 36 76.8 56 0.1
K(Gpa)
Shear modulus 6.85 45 ) 2.4 0
G(Gpa)
Density(g/cm?) 2.58 2.65 27 0.9 0.235
Vol i 40% 20% 40% 20% 2%
ome ratio (to solid matrix) (to solid matrix) (to solid matrix) (to pore space) (to pore space)

With equation (4) and Table 1, we can get the
parameters in equations (10) and (11). In equation
(4), we use the type I gas hydrate model presented
by Dvorkin and Prasad (1999), i.e., the gas hydrate is
regarded as one part of the fluid, K is obtained by Hill
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equation (Zhang et al., 2005), and K,, by Dvorkin and
Nur (1996).

With equations (7), (8), and (9), velocities and
attenuations can be resolved and the results are shown in
Figures.1 and 2:
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Fig.1 Velocities in the two-phase media from Table 1.
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Attenuation of reflected type | wave
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Fig.2 Attenuation coefficients in the two-phase media from Table 1.

From Figures (1) and (2) we can see that the type I
compressional and shear waves exhibit little attenuation
over the frequency range and the attenuation tends to
zero at very low and high frequencies.

The type Il compressional wave is a diffusion-type
wave and its attenuation is high. Its velocity tends
to zero when the frequency approaches zero and the
corresponding attenuation coefficient is & =-54.575dB/
Hz-s. At higher frequencies its attenuation tends to zero.
However, the velocity changes with attenuation and
as the attenuation approaches a flat line the velocity

Reflection coefficient for type | wave
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Reflection and transmission characteristics
Take a type I compressional wave as the incident
wave. For the BSR model it is not necessary to consider
critical incidence. Using equation (10) we can compute
the reflection and transmission coefficients at the BSR.
In Figure 3, we find that at an incidence angle of
90 degrees, the coefficients of type Il compressional
and shear waves are equal to zero, while the type |
compressional wave is completely reflected. As the
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Fig.3 Reflection and transmission coefficients at the BSR.

incident angle changes, the changes in reflection and
transmission coefficients of all three wave types are
significant.

Figure 4 shows the variations of reflection and
transmission coefficients with angle and frequency
at the two-phase media interface. Most change in
reflection and transmission coefficients occurs at low
frequencies and they approach constant values at high
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frequencies. This behavior is similar to the attenuation
responses seen in Figure 2. However, the overall
magnitude of the coefficients of the three wave types are
significantly different with type I compressional waves
having the largest magnitude, type II compressional
waves roughly 10 percent smaller, and shear wave
magnitude approximately 100 times smaller than type I
compressional waves.
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Fig.4 Relationships between reflection and transmission coefficients, angle, and frequency.

Figure 5 shows a slice of Figure 4 which shows the
relationships between the reflection and transmission
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Fig.5 Relationship between reflection and transmission coefficients and frequency when the incidence angle is equal to 30 degrees.

The next experiments study how variations of gas
hydrate saturation and free gas change the reflection
and transmission coefficients. First, we set the free gas
saturation at 2% and vary the gas hydrate saturation
in the layer above the BSR from 0 to 100%. The
numerical results shown in Figure 6 indicate that as
gas hydrate saturation increases, the reflection and
transmission coefficients of type I waves decrease, but
the corresponding coefficients of type Il waves increase.
That means fluid viscosity and rock permeability

directly influence the type 1I waves. Because we take
the gas hydrate as a part of the fluid in equation (4), the
reflection and transmission coefficients of shear waves
decrease as gas hydrate saturation increases.

Second, we keep the amount of gas hydrate in the layer
above the BSR set to a constant 20% and vary the free
gas amount in the layer below the BSR from 0 to 100%.
We will study how the free gas saturation variations will
impact the reflection and transmission coefficients at the
BSR. The computational results are shown in Figure 7. We
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find that free gas saturation variations have small affects on
reflection and transmission of shear waves but have a large
effect on compressional wave reflection and transmission
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Fig.6 Reflection and transmission coefficients change with variation of gas hydrate saturation.
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coefficients. In other words, P-waves are more sensitive to
free gas and we can use the two-phase media model and
Type I compressional velocity to detect free gas.
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Fig.7 Reflection and transmission coefficient changes with of free gas saturation variations.

Conclusions

Based on the two-phase model and numerical
experiments, we studied the reflection and transmission
characteristics of the BSR and we conclude:

1. For gas hydrate bearing layers, type I compressional
and shear waves exhibit very little attenuation over the
normal range of seismic frequencies and the attenuation
tends to zero for low and high frequencies. However,
the type 11 compressional wave exhibits very high
attenuation over a wide range of frequencies.

2. The variations of gas hydrate or free gas saturations
influence the reflection and transmission coefficients
of all three wave types. When gas hydrate saturation
changes, the reflection and transmission coefficients
of all three wave types also change and the trends of
these coefficient curves are almost the same. The free
gas curves for different saturations are also nearly the
same except for the case with no free gas in the media.
From Figures 6 and 7 we find that P-wave reflection and
transmission coefficients are more sensitive to free gas
saturation. We can use these characteristics to detect free
gas and estimate gas saturation, i.e., we can use the AVA
characteristics at the BSR to find gas hydrates.

3. All the experiments are based on forward modeling.
In theoretical data, the type Il compressional waves
can be observed, although it is difficult to get any
information about type Il waves in real data. However,
it is still of great value for theoretical research since we
can observe them in well logs at short distances.
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