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Fluid discrimination is an extremely important part of seismic data interpretation. It plays an important role in the refined
description of hydrocarbon-bearing reservoirs. The conventional AVO inversion based on Zoeppritz’s equation shows potential
in lithology prediction and fluid discrimination; however, the dispersion and attenuation induced by pore fluid are not fully
considered. The relationship between dispersion terms in different frequency-dependent AVO equations has not yet been
discussed. Following the arguments of Chapman, the influence of pore fluid on elastic parameters is analyzed in detail. We find
that the dispersion and attenuation of Russell fluid factor, Lamé parameter, and bulk modulus are more pronounced than those
of P-wave modulus. The Russell fluid factor is most prominent among them. Based on frequency-dependent AVO inversion, the
uniform expression of different dispersion terms of these parameters is derived. Then, incorporating the P-wave difference with
the dispersion terms, we obtain new P-wave difference dispersion factors which can identify the gas-bearing reservoir location
better compared with the dispersion terms. Field data application also shows that the dispersion term of Russell fluid factor is
optimal in identifying fluid. However, the dispersion term of Russell fluid factor could be unsatisfactory, if the value of the
weighting parameter associated with dry rock is improper. Then, this parameter is studied to propose a reasonable setting range.

The results given by this paper are helpful for the fluid discrimination in hydrocarbon-bearing rocks.

1. Introduction

Rock physics is an effective tool for studying reservoir petro-
physical properties from elastic and anelastic parameters [1].
Effective elastic media theory and poroelasticity theory are
very important components of rock physics theories. The dif-
ference is that whether the mobility of pore fluid is consid-
ered or not [1]. The former considers the effects of pore
geometry [2-4], instead of the effects of fluid flow on velocity.
The Biot-Gassmann theory [5] is the research basis of most
poroelasticity theories which are used to study the wave
propagation in fluid-saturated rocks. The Gassmann theo-
rem is proved to be valid for many types of rocks [6, 7],
and it is used to predict P- and S-wave velocities in the low-
frequency band [8, 9]. Due to the influence of pore fluid,

dispersion and attenuation occur in the elastic parameters
of rocks [10-12]. It is the same in the seismic frequency band,
and some researchers have described the dispersion and
attenuation by rock physics modeling. White proposed a
model for seismic wave attenuation which is caused by the
patchy saturation of two kinds of pore fluid [13]. The White
model is extended afterward to be incorporated with Biot’s
theory [14] or to characterize the complex pore structure
[15]. Chapman et al. [16] presented a model which considers
the squirt flow related to cracks. This model is consistent with
the Gassmann’s relations at low frequency. Considering the
anisotropy caused by the parallel arrangement of the cracks,
Chapman [17] derived an anisotropic attenuation model.
Wu et al. [18] gave three key assumptions: the model is
consistent with the Gassmann-Wood prediction, partial
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saturation brings about higher attenuation value than full
saturation, and the characteristic frequency on fluid mobility
follows the theory of squirt flow. Based on these arguments,
the Chapman model [16] is used to analyze the dispersion
and attenuation of elastic parameters in the seismic fre-
quency band in this paper, and the cracks are considered to
be randomly arranged.

Rock physics plays an important role in reservoir pre-
diction and can be used to obtain subsurface petrophysical
properties [19, 20]. The amplitude variation with offset
(AVO) inversion is an effective method in reservoir inter-
pretation and prediction [21-23]. The exact and approxi-
mate equations of Zoeppritz’s equation are adopted for
the AVO inversion [24-26]. The approximate equations
have good linearity and clear physical meaning [27-30]
and can be more effectively applied to reservoir prediction.
Exact Zoeppritz’s equation is a nonlinear forward opera-
tor, which may increase computation cost, while it is more
suitable for far offset information [31]. With the develop-
ment of exploration and exploitation, the lithologic trap
reservoir has drawn much attention, and accurate descrip-
tion for hydrocarbon-bearing rocks is required. It brings
huge challenges to fluid discrimination. There are mainly
two methods for fluid discrimination by incorporating
rock physics and seismic inversion [32]. One is to predict
reservoir petrophysical properties directly by using the
empirical or theoretical rock physics model [33]. The
other is to identify fluid indirectly by using elastic param-
eters [34, 35]. The prediction precision of the former
method is based on the accuracy of the rock physics
model, which is the quantitative interpretation method.
The latter depends on the understanding of the relation-
ship between petrophysical properties and elastic parame-
ters, which is the qualitative interpretation method. The
AVO inversion shows a certain ability in lithology predic-
tion and fluid discrimination [36, 37]. However, the elastic
parameter inversion based on Zoeppritz’s equation does
not consider the effect of dispersion and attenuation
caused by pore fluid. Wilson et al. proposed frequency-
dependent AVO (FAVO) following the approximation of
Smith and Gidlow [38]. And the dispersion term used
for fluid discrimination can be obtained by using FAVO
inversion. The resolution of spectral decomposition can
affect the accuracy of FAVO inversion. Wu et al. [39]
and Luo et al. [40] used the smooth pseudo Wigner-
Ville distribution and inverse spectral decomposition for
the time-frequency analysis, respectively, to enhance the
resolution and accuracy of FAVO inversion results. In
order to identify the hydrocarbon-bearing reservoir accu-
rately, more sensitive frequency-dependent fluid factor
needs to be studied [41]. Zhang et al. proposed a new fluid
factor following the approximation of Russell et al. [42].
Chen et al. [43] and Wang et al. [44] suggested P-wave
difference dispersion factor (PDDF) and bulk modulus dif-
ference dispersion factor (MDDF) to identify pore fluid,
respectively.

In this paper, the attenuation and dispersion of elastic
parameters are analyzed in detail to identify which is more
dispersion sensitive. The results show that the pore fluid
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can bring more attenuation to Russell fluid factor, Lamé
parameter, and bulk modulus, compared with P-wave veloc-
ity. This is critical for us to decide which dispersion term to
be used in the FAVO inversion. In addition, the applicability
of Russell AVO approximation is analyzed, and a more rea-
sonable range of the pending parameter is given, which can
avoid a large deviation. Then, based on FAVO inversion,
the dispersion terms and PDDFs related to Russell fluid
factor, Lamé parameter, and bulk modulus are derived.
The PDDFs are superior to dispersion terms in identifying
the gas-bearing reservoir. In order to improve the antinoise
ability of the inversion, €1 norm regularization term [45]
is applied.

2. Theory and Method

The current study of fluid identification is based on the dis-
persion and attenuation of elastic parameters. Therefore,
the Chapman model [16] is used to analyze which parameter
is more sensitive to the dispersion and attenuation induced
by the pore fluid. Then, the theories of sparse constrained
inversion spectral decomposition and frequency-dependent
AVO inversion are summarized. In this section, the formula
of frequency-dependent AVO is rewritten with respect to
other elastic parameters and the applicability of Russell
AVO approximation is analyzed.

2.1. Dispersion and Attenuation Analysis of Elastic
Parameters. Chapman et al. [16] presented a frequency-
dependent model which considers the wave-induced
exchange of fluids between pores and cracks, as well as
between cracks. The cracks in this model are randomly
arranged without causing anisotropy. In the low-
frequency limit, this model is consistent with the predicted
result by using the Gassmann equation. By correcting the
isotropic elastic tensor of the material with the perturba-
tion due to the presence of cracks and pores, it defines a
valid expression:

Cija = C?jkl()t, W) - C}jk, (A w1, 9,18 Kp), (1)

where C?jkl(.) is the isotropic elastic tensor without inclu-
sions and C}jkl(-) is the term affected by cracks and pores;
A s @, T, ¢, 1, & and &, are the Lamé parameter, shear
modulus, angular frequency, timescale parameter, porosity,
crack aspect ratio, crack density, and fluid bulk modulus,
respectively. The detailed expression of C;;, is given by
Chapman et al. [46].

According to equation (1), we can get the elastic
parameters influenced by frequency and fluid. Following
the arguments of Chapman et al., the S-wave velocity also
has attenuation and dispersion. This is because some of
the cracks will necessarily have an orientation such that
they will be compressed due to applied shear stress [47].
The attenuation of S-wave velocity is smaller than that
of P-wave velocity in the Chapman model. To obtain
attenuation characteristics of different elastic parameters,
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F1Gure 1: Dispersion analysis of different elastic parameters. SH indicates shale content, SH = 0.2 corresponds to sandstone reservoir and
SH = 0.8 corresponds to shale reservoir; SG indicates gas saturation in gas-water mixed fluid and SO indicates oil saturation in oil-water
mixed fluid; K, u, M, A, and f indicate the bulk modulus, shear modulus, P-wave modulus, Lamé parameter, and Russell fluid factor,
respectively; the value of yﬁry is given as 2.3. (a) Gas-bearing shale reservoir; (b) oil-bearing shale reservoir; (c) gas-bearing sandstone

reservoir; (d) oil-bearing sandstone reservoir.

other fluid-sensitive frequency-dependent elastic parame-
ters are studied by removing the shear modulus from the
P-wave modulus:

A=M -2y,

4
K:M_g‘u, (2)
f:M_Y?iry/’l’

where K, M, and f are the bulk modulus, P-wave modu-
lus, and Russell fluid factor, respectively; yﬁry is the
weighting parameter associated with the dry rock and
y(ziryz (VP/VS)(Ziry [35]; Vp indicates P-wave velocity, and
Vs indicates S-wave velocity; subscript dry indicates the
dry rock. In the FAVO inversion, the dispersion terms
which are induced by the pore fluid are related to these
parameters. Thus, these parameters are analyzed before
the introduction of FAVO inversion.

The dispersion characteristics of elastic parameters are
shown in Figure 1. It shows that the shear modulus is affected
by the frequency component quite weakly in both the sand-
stone (SH=0.2) and the shale (SH=10.8). For a particular
lithology, the change of pore fluid has a great influence on
Russell fluid factor (f), Lamé parameter (A), bulk modulus
(K), and P-wave modulus (M), instead of the shear modulus
(p). The dispersion brought by gas (SG = 0.6) is much larger
than that of oil (SO =0.6). The value of yﬁry is discussed by

Russell et al. [35]. We choose an intermediate value 2.3 of
the values they listed. This parameter is also discussed later
in the paper.

Figure 2 shows the attenuation of each elastic parameter
under different reservoir petrophysical properties. The used
parameter values of this model are summarized in Table 1.
Since the dispersion and attenuation described by this rock
physics model are caused by the effect of the pore fluid, the
value of attenuation here corresponds to the dispersion
magnitude. Figure 2 indicates that the attenuation values of
Russell fluid factor, Lamé parameter (1), bulk modulus (K),
P-wave modulus (M), and shear modulus (y) of the
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FIGURE 2: Attenuation analysis of different elastic parameters. SH indicates shale content, SH = 0.2 corresponds to sandstone reservoir and
SH = 0.8 corresponds to shale reservoir; SG indicates gas saturation in gas-water mixed fluid and SO indicates oil saturation in oil-water
mixed fluid; K, g, M, A, and f indicate the bulk modulus, shear modulus, P-wave modulus, Lamé parameter, and Russell fluid factor,
respectively; the value of YLZiry is given as 2.3. (a) Gas-bearing shale reservoir; (b) oil-bearing shale reservoir; (c) gas-bearing sandstone

reservoir; (d) oil-bearing sandstone reservoir.

TasBLE 1: The used parameter values in the Chapman model.

Mineral/fluid K (GPa) u (GPa) P (g/cm3) Parameters Value
Sand 37 44 2.65 Time scale (1) 5% 1073
Shale 21 7 2.60 Crack density (¢) 0.1
Water 2.62 0 1.01 Porosity (¢) 0.25
Oil 1.44 0 0.85 .

Crack aspect ratio (r) 0.001
Gas 0.05 0 0.21

hydrocarbon-bearing reservoir are distributed from large to
small. The elastic parameter attenuation value of the shale
reservoir (SH = 0.8) is larger than that of the sandstone reser-
voir (SH =0.2). The attenuation of the gas-bearing reservoir
(§G=0.6) is larger than that of the oil-bearing reservoir
(SO =0.6). It also shows that the attenuation of shear modu-
lus is not affected by the pore fluid at low frequency. The
attenuation of P-wave modulus is the same as that of P-
wave velocity. Thus, the attenuation of Russell fluid factor,
Lamé parameter, and bulk modulus is larger than that of P-
wave velocity and P-wave modulus. Finally, we can obtain
the dispersion terms of Russell fluid factor, Lamé parameter,

or bulk modulus to improve the precision of FAVO
inversion.

2.2. Sparse Constrained Inversion Spectral Decomposition. In
order to wuse the dispersion terms to identify the
hydrocarbon-bearing rocks, the time-frequency distribution
should be obtained as a prerequisite. According to the previ-
ous study [40, 44], inverse spectral decomposition has a
higher time-frequency resolution. It has higher accuracy
compared with other methods including short-time Fourier
transform, wavelet transform, generalized S transform and
Wigner-Ville distribution. Spectral decomposition based on
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sparse constrained inversion is thus used to obtain the high-
resolution time-frequency distribution.

Using a dictionary of Ricker wavelets with different cen-
tral frequencies, the seismic data can be decomposed into
corresponding frequency-dependent pseudoreflectivity. The
convolutional model can be represented by a linear system
of equations [48], and the seismic trace s can be expressed as

I

I,

s=(W, W, - W) =Rm, (3)

I

where W; refers to the Ricker wavelet with central frequency
f; and r; refers to the corresponding pseudoreflectivity
sequence; R indicates the dictionary of Ricker wavelets and
m indicates the vector containing the pseudoreflectivity
sequences [40].

The €1 norm regularization term can be applied to
obtain a high-resolution result [45, 49] and it can pro-
mote a sparser solution than €2 norm. The objective func-
tion J can be established based on £1 norm constraint as
shown in equation (4). It can be solved by utilizing
SPGL1 algorithm, which is used for one-norm regularized
least squares and is suitable for problems that are large
scale [50]:

J=||s = Rm|* +{|[m]|,, (4)

where { is the trade-off parameter which balances the
sparsity and the misfit.

2.3. Frequency-Dependent AVO Inversion. FAVO is based on
the approximation of Zoeppritz’s equation [38, 39]. Aki and
Richards [27] derived a simplified form of P-wave reflectivity
in terms of density, P- and S-wave velocities. Gray et al. [51]
provided two approximation equations about Lamé parame-
ter, bulk modulus, shear modulus, and density. Another
approximation considering fluid factor is derived by Russell
et al. [35]. From the appendix, the approximate form pro-
posed by Russell et al. has good general applicability, which
can reduce to other approximations by modifying the param-
eter yﬁry.

Figure 3 illustrates the AVO features of these four AVO
approximations and the value of yﬁw is given as 2.3. The
relevant upper and lower elastic parameters of the interface
are shown in Table 2. Although they have different expres-
sions, the AVO results are almost identical. Therefore, the
FAVO study conducted below is based on the same accuracy
of different AVO approximations. Since yfiry is usually not
available, it should be set to a fixed value by users. Equation

(A.6) will cause a large deviation when the value of yﬁry is

very close to (V,/ Vs)fat, which implies that there is no fluid

component in the rock. According to Table 2, the value of
(Vpl V)2, is 2.6213. Figure 4 shows that if the value of yﬁry

sat
is very close to 2.6213, the AVO curve deviates from the

5
0.06 -
——
-~
S 0041 \\\
Z S
g 0.02- ~
=] \\
2 ~
g 04 ~
5 S~
~ il
-0.02 : : : : :
0 10 20 30 40 50
Incident angle (degree)
=== K-p-p == VyVep
----- A-p-p == fup

FIGURE 3: Reflection amplitude analysis with incident angle of
different AVO approximations. V,-Vs-p indicates the Aki-
Richards AVO approximation as equation (A.1) shows; A-u-p
indicates the AVO approximation as equation (A.4) shows; K-u-p
indicates the AVO approximation as equation (A.5) shows; f-u-p
indicates the Russell et al. AVO approximation as equation (A.6)
shows.

TABLE 2: Parameters of the upper and lower layers.

P-wave S-wave Density ( /cm3)
velocity (m/s)  velocity (m/s) Vg
Upper layer 3300 2000 2.2
Lower layer 3500 2200 2.3
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FIGURE 4: Reflection amplitude analysis with incident angle of
different y3 . Vp-Vg-p indicates the Aki-Richards AVO
approximation; f-u-p-2.622, f-u-p-2.612, f-u-p-2.100, and f-u-p-
3.000 correspond to the Russell et al. AVO approximation with
yfiry equaling to 2.622, 2.612, 2.100, and 3.000, respectively.

curve of Aki-Richards AVO approximation (f-u-p-2.622
and f-p-p-2.612). When the values of yj, and (VoI V)i,
are not close, as shown in Figure 4, no matter the value of
Yar is smaller or larger than (Vpl V)2, the AVO curve

sat’
can be consistent with that of Aki-Richards AVO approxi-
mation (f-u-p-2.100 and f-u-p-3.000). Therefore, we need
to ensure that the value of yflry cannot be chosen as any pos-

sible value of (V,/V)2

ot in the reservoir during the AVO
inversion to prevent the values of yﬁry and (V,/Vy)

2

ot from



being very close. Since Poisson’s ratio of rocks must be larger
than 0 and (V/ V)2, must be larger than 2, therefore, equa-
tions (A.1), (A.4), and (A.5) are applicable to all the reser-
voirs without this deviation. An alternative way to avoid
this deviation is to obtain all the potential values of

(V! V)2, from the well logging data or the laboratory mea-
surement, and then, take a value that is smaller or larger than
them. However, by the application analysis of dispersion
term later, only the smaller value is reasonable.

Wilson et al. derived a frequency-dependent AVO for-
mula following the approximation of Smith and Gidlow
[38]. This approximation eliminates the density term by
using the Gardner formula. The density is not affected by
the frequency, and the velocity is reversed. Thus, it is not rec-
ommended to use the Gardner formula in frequency-
dependent AVO inversion. Other AVO approximations con-
taining density term, such as equations (A.1), (A.4), (A.5),
and (A.6), are utilized here. Besides, the dispersion term of
Russell fluid factor has been studied by some researchers
[42]. These AVO approximations can be rewritten in a uni-
form formula:
ax + 4y +C(0) &
Y P

()
where A(0), B(6), and C(0) are coeflicients related to 6;
AX/X and AY/Y are elastic parameter reflectivity of X
and Y, respectively.

Following the arguments of Wilson, we allow X and Y to
vary with frequency w:

Rep(8,0) = A(6) - (6) + BO) - (@) +CO) L. (6)

Due to the narrow frequency band in seismic data, this
equation can be expanded as a Taylor series around a repre-
sentative frequency wy:

Rpp (6, w) = Rpp(6, wy) = (w0 — wy)A(O)],, + (w — wy)B(O)I,,,
(7)

where I, = d/dw(AX/X) and I, = d/dw(AY/Y).

By using sparse constrained inversion spectral decompo-
sition, the time-frequency spectrum S(¢, 6, ) of seismic data
D(t,0) can be obtained. The spectral decomposition result
S can be affected by the overprint of source wavelet [52].
Therefore, spectral balancing should be performed on the
spectral amplitude [53] to obtain the true spectral behav-
iour coming from the effect of geology and saturating fluid
[18] by designing a suitable weight function w(w):

Bg(t,0,w) =S(t, 0, w)w(w). (8)
According to Wu et al. [18], w(w) is given as follows:

V stz (t’ 0’ wdom) , (9)

283 (10, w)

w(w) =
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FIGURE 5: Stack section of a field dataset from HampsonRussell
software. The seismic traces are shown with the intervals of 3. The
red circle highlights the location of the gas reservoir.

where w,,,, denotes the dominant frequency of the seismic
data; k is the number of sampling points in a defined
window.

For the sample point ¢,, the dispersion terms I, and I,
can be obtained by solving the following equations:

BR(tO’ 9’ w) - RPP(tO’ 6’ wdom) = (w - wdom)A(tO’ G)Ia
+ ((U - wdom)B(tO’ Q)Ib’

AX
Rpp(tg, 0, 4o ) = A(ty, 0) X (£ Wgom)
AY A
+ B(ty,0) e (fo> Waom ) + C(t0 0) 7p

(10)

A simplified matrix form can be characterized by

The matrices T and D are given as follows:

[ Br(to, 01> @;) = Rpp(to, 01> wgom) |

By(to, 601> w,) = Rpp(tos 01> Wgom )

T= ,
Bp(to, 0, 1) = Rpp(t9> 0,5 Wgom)
Br(ty, 0, w,,) — Rpp(to> 0,1 Wgom
. R (o ) = Rpp(ty dom) | ] (12)
(@) = @gom )A (0, 01) (@ = Wgom ) B(fo, 1)
(wm - wdom)A(tO’ 61) (wm - wdom)B(tO’ 61)
D= . . )

(w1 = @y )A(t,0,,) (01 = Wgom)B(t0: 0,)

_(wm _wdom)A(tO’en) (wm _wdom)B(tO’en)_
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of P-wave velocity. The red circle highlights the location of the gas reservoir. The dispersion terms are normalized.



where 7 is the number of angle gathers and m is the number
of frequencies after the spectral decomposition.

3. Application

The used field seismic data set is from HampsonRussell soft-
ware, recorded over the shallow Cretaceous. Figure 5 shows
the stack section with gathers from CDP 260 to 390. The
angles vary from 3° to 24°. The dominant frequency is about
35 Hz. The red circle in Figure 5 indicates the location of gas
reservoir with the strong reflector. A real gas well is located at
CDP 330. From the well logging data, the lithology of the tar-
get reservoir is gas-bearing sandstone and the gas saturation
is about 50%. This is a typical gas reservoir, which can be
used to test whether our method is valid or not. This set of
data has been used as an application study by other
researchers [54].

In order to obtain (V/Vp)2, in the FAVO inversion, the
P- and S-wave velocities are estimated based on the exact
Zoeppritz’s equation. The Bayesian framework is used to
improve the stability of the inversion. For simplicity,

(V§/Vp)2, can be approximated to a fixed value with some
accuracy loss. Figure 6 shows the inversion results. It shows
that the accuracy of P-wave velocity around the red circle is
suppressed due to the existence of the gas reservoir compared
with the overlying strata. Figure 7(d) shows relatively weaker
dispersion of P-wave velocity in the gas reservoir. There is
also a deviation in the position of the strong dispersion which
cannot match the reservoir location very well. Figures 7(a)-

7(c) (yﬁrY:2.3) have the same dispersion characteristics

and can better identify the fluid. The dispersion of
Figure 7(b) is slightly weaker than that of Figures 7(a) and
7(c). Figure 7 shows that the dispersion terms related to Rus-
sell fluid factor, Lamé parameter, and bulk modulus are supe-
rior to that of P-wave velocity, and among them, Russell fluid
factor is slightly more prominent, followed by Lamé
parameter.

The value of yj is determined from the well logging

data. Figure 8 shows that all values of (V/ V)2, are larger
than 2.3. If we let yfky =4.1 or 8.9, the dispersion term of Rus-
sell fluid factor is unsatisfactory (Figures 9(a) and 9(b)).

These two values of yﬁry are within the range of (Vp/ Vs)fat,

and they can cause big deviations to the dispersion term.
According to the previous analysis, the AVO approximation

is accurate when the value of yfiry is much larger than
(V! V), However, this does not mean that the dispersion
term is correct. Figure 9(c) shows poor dispersion term even

for a large value of y3,, (y5,, = 15). Therefore, yj, should be

smaller than any possibility of (V p/ Vs)fat. In addition, from

equations (2), if the value of yﬁry is 2, 4/3, or 0, Russell fluid
factor f can be changed into Lamé parameter A, bulk modu-
lus K, or P-wave modulus M. As depicted in Figure 2, with a
larger value of yﬁry, the Russell fluid factor can have more
attenuation induced by the pore fluid.

According to Chen et al. [43], we can derive new P-wave
difference dispersion factor (PDDF) combining with the
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Ficure 8: Well logging curves. (a) indicates P-wave velocity; (b)

indicates S-wave velocity; (c) indicates (Vp/ V)2,

P-wave difference. The new PDDFs are related to Russell
fluid factor, Lamé parameter, and bulk modulus by
replacing I, in the following equation:

PDDF=AV, -1, (13)

where AV, is obtained by subtracting the P-wave velocity
of the upper layer from that of the lower layer. Figure 10
shows the prediction process of dispersion term and P-
wave difference dispersion factor.

Figure 11 indicates that the PDDF is superior to disper-
sion term I, (Figure 7) in fluid discrimination. The section
of PDDF has better accuracy and better continuity. Due to
the difference in dispersion terms, the PDDF results are dif-
ferent obviously. The PDDFs related to Russell fluid factor,
Lamé parameter, and bulk modulus are almost similar, and
they are all better than that of P-wave velocity in identifying
the gas-bearing rocks. By comparison, Russell fluid factor is
slightly more obvious.

The various parameter curves at borehole-side trace are
displayed in Figure 12. In Figure 12, there are two peaks on
the curves of dispersion term and PDDF at the location of
gas reservoir. It is consistent with the analysis of Hampson-
Russell software about the two sets of gas layer: top gas and
base gas. The dispersion terms and PDDFs related to Russell
fluid factor (f), Lamé parameter (1), and bulk modulus (K)
are more pronounced. Due to the attenuation and dispersion
caused by the gas reservoir, the inverted P-wave velocity
(Figure 12(b)) based on the elastic theory of Zoeppritz’s
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equation is affected and the prediction accuracy of the lower
layer is unsatisfactory. This also explains why FAVO inver-
sion can be used to identify oil and gas.

4. Discussion and Conclusions

Pore fluid can cause dispersion and attenuation of elastic
parameters in the seismic frequency range. Therefore, the
study of dispersion term of elastic parameter can be bene-
ficial for fluid discrimination. By analysis, the shear mod-
ulus is almost unaffected by the pore fluid; however, the
dispersion and attenuation of Russell fluid factor, Lamé
parameter, and bulk modulus are stronger and decrease
in turn. Uniform expression of dispersion terms of these
parameters is derived, and P-wave difference dispersion
factors are studied by incorporating with P-wave
difference.

The applicability of Russell AVO approximation is ana-
lyzed, and an inappropriate weighting parameter associated
with the dry rock can cause a large deviation. In order to
ensure that the AVO attribute and the dispersion term are
correct and reasonable, the value yfiry should be smaller than

any possibility of (V,/ V)2,
laboratory measurement.

Field data application shows that the dispersion terms
related to Russell fluid factor with proper weighting parame-
ter, Lamé parameter, and bulk modulus are preferable, and
among them, Russell fluid factor is slightly more prominent,
followed by Lamé parameter, which is consistent with the
Chapman model. The P-wave difference dispersion factors
related to Russell fluid factor, Lamé parameter, and bulk
modulus are almost similar and better than those of P-wave
velocity, and Russell fluid factor has a slight advantage in
identifying pore fluid.

from the well logging data or the
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Appendix

The Relationship of Some Approximations of
Zoeppritz’s Equation

Aki and Richards [27] derived a simplified form of P-wave
reflectivity in terms of density and P- and S-wave velocities
as follows:

1 AV Vi)’ AV
Rpp(0) = = sec?0—L —4sin’0( 2 ) =3
2 v, Vy) Vi

1 2\ A
+- (1 —4sin20<5> >—p,
2 Vp P

where 0 is the incident angle; V;, Vg, and p are the P-wave
velocity, S-wave velocity, and density of the fluid-filled rock,
respectively; AVp/Vp, AVg/V, and Ap/p are the P-wave
velocity reflectivity, S-wave velocity reflectivity, and density
reflectivity, respectively; AV, AV, and Ap are the differ-
ences between the lower and upper layers of the interface.
With the relationships between material properties [55],

AV, 1 (AM B Ap)

(A1)

Vp 2\ M P (A2)
AVg 1 (Apt B Ap) '
Vs 2\u  p)

and the relationships between P-wave modulus, S-wave
modulus, bulk modulus, and Lamé parameter summarized
as follows,

4
AM = AK + 2 Ap= AL+ 24, (A.3)

another two approximation equations can be derived as fol-
lows, which are the same as the equations given by Gray
et al. [51]:

(1 1V’ 2 AN
Rpp(0) = (Z 3 (V—P) Sat) sec 67

2
+ (l sec’0 -2 sinZG) (ﬁ> & (A4)
2 VP st ¥
1 P
+ 1 (1 - tanze) .
1 1/Vy\?2
Rpp(6) = (Z -3 <V_i) ) sec’—
sat

(A.5)

1 2 A
+ (— sec’6 -2 sin20) (&> o
3 VP st B
1

where AM/M, AA/A, AK/K, and Au/p are the P-wave modu-
lus reflectivity, Lamé parameter reflectivity, bulk modulus
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reflectivity, and shear modulus reflectivity, respectively; sub-
script sat indicates the fluid-filled rock.

Russell et al. [35] derived a new AVO approximation,
which has the same form as equations (A.4) and (A.5):

If the value of yﬁry is 2 or 4/3, equation (A.6) can reduce
to equation (A.4) or (A.5). Besides, if the value of yﬁry is 0,

equation (A.1) can be obtained by multiplying equation
(A.6) by 2.

Data Availability
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