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Pre-stack seismic inversion is an important method for fluid identification and reservoir characterization
in exploration geophysics. In this study, an effective fluid factor is initially established based on Biot
poroelastic theory, and a pre-stack seismic inversion method based on Bayesian framework is used to
implement the fluid identification. Compared with conventional elastic parameters, fluid factors are
more sensitive to oil and gas. However, the coupling effect between rock porosity and fluid content is not
considered in conventional fluid factors, which may lead to fuzzy fluid identification results. In addition,
existing fluid factors do not adequately consider the physical mechanisms of fluid content, such as squirt
flow between cracks and pores. Therefore, we propose a squirt fluid factor (SFF) that minimizes the fluid
and pore mixing effects and takes into account the squirt flow. On this basis, a novel P-wave reflection
coefficient equation is derived, and the squirt fluid factor is estimated by amplitude variation with offset
(AVO) inversion method. The new reflection coefficient equation has sufficient accuracy and can be
utilized to estimate the parameters. The effectiveness and superiority of the proposed method in fluid
identification are verified by the synthetic and field examples.
© 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Fluid identification has always been a hot topic in seismic
exploration. Reliable fluid identification can improve the explora-
tion success rate and reduce the investment cost, which is of great
significance to oil and gas exploration and reservoir evaluation.
Seismic fluid identification mainly includes two parts, one is the
construction of fluid indicators, the other is the extraction of fluid
indicators from seismic data. Direct indicators such as bright and
non-bright spots have been widely used in reservoir characteriza-
tion (Mazzotti, 1990; Ross and Kingman, 1995; Zdanowski and
G�orniak, 2014; Wojcik et al., 2016). However, these fluid in-
dicators are very sensitive to any fluid saturation, which will make
the interpretation results ambious (Allen et al., 1993; My�sliwiec,
2004; Cichostępski et al., 2019). Certain fluid changes can have
substantial effects on bright spots and AVO analysis (Batzle et al.,
oleum, Qingdao, Shandong,

ng).

y Elsevier B.V. on behalf of KeAi Co
1995). Therefore, it is necessary to extend the definition of hydro-
carbon indicator to fluid classification. The construction of con-
ventional fluid factors was originally derived from the elastic
parameters of the simplified Zoeppritz equation (Zoeppritz
and Erdbebenwellen, 1919) and extracted from pre-stack seismic
data. Smith and Gidlow (1987) defined the fluid factor and devel-
oped a weighted stacking method for gas reservoir detection using
the amplitude variations with offset (AVO) theory. By studying the
tensile properties of underground strata, Goodway et al. (1997)
discovered a new fluid factor lr and mr (Lame parameters � den-
sity) to identify the fluid type of the reservoir. Based on the pore
elasticity theory of porous elastic medium, Russell et al. (2003)
defined rf to reflect the pore fluid type. Russell et al. (2011)
further defined the Gassmann fluid terms f as a fluid factor and
extended the linearized AVO approximation. Due to the mixing
effect of fluid and pore, these fluid indicators have the solid-liquid
coupling fluid identification illusion problems. Yin and Zhang
(2014) proposed a new AVO approximate reflectivity equation to
estimate the effective pore-fluid bulk modulus, avoiding the strong
nonlinearity between seismic data and fluid bulk modulus. Zong
et al. (2015) introduced a new linear P-wave reflection coefficient
mmunications Co. Ltd. This is an open access article under the CC BY-NC-ND license
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equation in terms of fluid modulus (FM). FM was affected only by
fluids and not by physical properties of rocks such as porosity.
Based on the classical fluid indicator, Zhang et al. (2016) con-
structed a new fluid indicator by considering the squirt flow effect
between rock pores and cracks. In addition, different unconven-
tional fluid indication construction methods and corresponding
fluid identification strategies were proposed. Shaw and Sen (2006)
presented a method for estimating fluid indicators using full-
azimuth AVOA (amplitude-versus-offset-and-azimuth) data. Liu
and Ghosh (2017), based on the Gassmann-Biot theory, proposed
a new seismic attribute J to reduce the uncertainty of oil and gas
prediction in the case of different porosity.

The squirt flow mechanism that causes seismic wave attenua-
tion and velocity dispersion contains the relevant information of
fluid and skeleton in the actual reservoir. The introduction of squirt
flow in fluid discrimination can reduce the false bright spots and
the uncertainty of seismic exploration (Barak et al., 2018). The
conventional fluid factor is only based on the assumption of uni-
form pore distribution and neglects the effect of the “local flow”

action on the pore scale (O'Connell and Budiansky, 1977). Under-
ground rock media contains a large number of pores and cracks,
which are essential for the occurrence of oil and gas (Wu et al.,
2015; Kumar et al., 2018, 2019; Kumari et al., 2021; Kumari and
Kumar, 2020). When pores and cracks coexist, the aspect ratio of
crack is much smaller than that of pore. Under the action of external
stress, the pore fluid will be squeezed from cracks into pores and
this local flow is called “squirt flow”. This squirt flow is considered
to be an important cause of velocity dispersion and energy atten-
uation of seismicwave in fluid-bearing rocks (Mavko andNur,1975;
Murphy et al., 1986; Wojcik et al., 2016; Zong and Wang, 2019).
Tang (2011) analyzed the squirt effect in detail and proposed a
unified theory of elastic wave propagation. On basis of the unified
theory, a kind of squirt fluid factor (SFF) considering the squirt flow
is established to improve the precision of fluid discrimination.

Seismic inversion method is an important tool for accurately
estimating fluid factor from seismic reflection data (Shuey, 1985;
Downton, 2005; Skopintseva et al., 2011; Kumari et al., 2017; Li
et al., 2020; Kumar and Kumari, 2020). According to the approxi-
mate orders and optimization methods of reflection coefficient
equation, seismic inversion can be divided into nonlinear and linear
AVO inversion. Nonlinear AVO inversion is based on the exact or
high-order reflection coefficient equation (Gholami et al., 2018). Yin
et al. (2016) used the high-order Zoeppritz approximation equation
to solve AVO problems in the trust region by applying the inverse
operator estimation algorithm. In order to overcome the non-
uniqueness problem, Mollajan et al. (2019) used imperialist
competitive algorithm optimizationmethod to solve nonlinear AVO
inversion. Linear AVO inversion methods are generally based on
linear reflection coefficient equation. Although AVO linear
approximation equation is limited to approximation conditions, it
plays an important role in fluid identification due to its efficiency
and stability (Downton and Ursenbach, 2006; Tor et al., 2008). The
Bayesian formula establishes the quantitative relationship between
the posterior probability distribution of model parameters and the
prior distribution and likelihood function (Dashti and Stuart, 2016;
Lang and Grana, 2018; Zhang et al., 2019). Prior distribution can be
selected according to the actual situation, such as Huber distribu-
tion, Cauchy distribution, Gauss distribution, etc. Compared with
the conventional Gaussian probability distribution, Cauchy distri-
bution has long tails and could generate sparse solutions (Zhang
et al., 2018). Therefore, Cauchy distribution is selected as the
prior information of inversion to make the inversion results more
stable and high-resolution.

In this study, we focus on the construction approach of fluid
factors and the prediction approach of the fluid factor from pre-
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stack seismic data. A fluid discrimination approach method
combining the unified theory of porous media with cracks and
Bayesian AVO inversion is proposed. Firstly, we start by building a
squirt fluid factor (SFF) based on a unified theory. The squirt flow
due to the uneven distribution of pores and cracks will cause de-
viation of fluid identification, and the squirt fluid factor (SFF) can
take the effect of squirt flow into consideration. Secondly, we derive
a novel reflection coefficient in terms of SFF. Finally, the parameters
are solved in the Bayesian frame for the higher stability and accu-
racy. The application of model and field data demonstrates the
robustness and effectiveness of the proposed method.
2. A cracked porous medium elastic wave theory

The rock medium usually contains both pores and cracks, which
have an important effect on the elastic wave propagation. On the
basis of Biot's poroelastic wave theory, Tang (2011, 2012) intro-
duced the influence of cracks and proposed a unified elastic wave
theory. The cracked porous medium wave theory can simulate the
attenuation and dispersion of elastic wave caused by squirt flow.
And crack density and aspect ratio are introduced as two important
parameters to describe porous rocks with cracks.

For a porous rock modeled by Biot's theory, the mass conser-
vation of fluid in porous rock follows

v
�
rf4
�

vt
þ
v
h
rf4ðUt � utÞ

i
vxvt

¼ 0 (1)

The porosity differential is related to the skeleton deformation
difference, and the density difference is related to the fluid
pressure.

v4

vt
¼ a

v2u
vxvt

þ 1
Q

vP
vt

(2)

vrf
vt

¼ 1
c20

vP
vt

(3)

where

a ¼ 1� Kd
Ks

1
Q

¼ 1
Ks

�
1� 4� Kd

Ks

�

By substituting Eqs. (2) and (3) into Eq. (1), we can get the
relationship between fluid pressure and displacements.

P¼ � ðaux þ4ðUx �uxÞÞ = F (4)

F ¼ 4

Kf
þ 1
Q

where U is fluid displacement, u is solid displacement, rf is fluid
density, 4 is porosity, P is pore fluid pressure, subscripts x and t
indicate partial derivatives, c0 is acoustic velocity in fluid, Kd is dry
bulk modulus of the solid, Ks and Kf is the bulk modulus of the solid
grain and of the pore fluid respectively.

Tang et al. (2012) introduces cracks into the porous rock and
squirt flow between cracks and pores occurs. The pore fluid pres-
sure is affected by the squirt flow, which depends on the amount of
fluid flowing into and out of the pore space. In the porous rock
containing flat- or narrow-shaped cracks, the pore fluid pressure is
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P ¼ �ðaux þ 4ðUx � uxÞ þ 4qv Þ=F (5)

The squirt flow effect can be characterized as,

SðuÞ ¼ 4qv=P (6)

By substituting SðuÞ into Eq. (4), the pore fluid pressure
becomes,

P ¼ �ðaux þ 4ðUx � uxÞ þ 4qv Þ=ðF þ SðuÞ Þ (7)

SðuÞ¼8εð1�sÞð1þlÞ3
3m

�

�
1=Kg�1=Ks

1=Kd�1=Kg

�
M

1�3iuhð1þ2lÞ
2Kflg2

�
1þ4ð1�sÞKf ð1þlÞ3

3pmgð1þ2lÞ M
� (8)

M¼1þ 4� 5s
2ð7� 5sÞ

l3

ð1þ lÞ3
þ 9
2ð7� 5sÞ

l5

ð1þ lÞ5
(9)

l ¼
�
34
4pε

�1=3

In a unit volume of rock, the increment of fluid expansion in
pore space caused by local fluid flow is qv. h is viscosity coefficient, ε
is crack density, m, s and Kg are shear modulus, Poisson's ratio and
bulk modulus of background medium in the absence of squirt flow.
u ¼ 2pfre is angular frequency, fre is dominant frequency of seismic
in the work area.
3. The extension of poroelastic theory

In the Biot theory, there are three kinds of waves that can
propagate in fluid-filled porous media, fast compressional wave,
shear wave and slow compressional wave. Fast compressional wave
and shear wave are mainly related to the elasticity of solid skeleton
and pore fluid. Slow compressional wave is affected by the fluid and
skeleton motion (Biot, 1956a, b). The main factors affecting seismic
reflection characteristics include the velocity of seismic wave and
density of medium. And the situation becomes more complicated
when medium contains pore and fluid. The effects of fluid satura-
tion can be described by Gassmann equation. According to the
poroelastic theory, the P-velocity Vp and S-velocity Vs under the
low frequency condition are defined as,

Vp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Ksat þ 4

3m

rsat

s
; Vs ¼

ffiffiffiffiffiffiffiffi
m

rsat

r
(10)

Ksat ¼ Kd þ
�
1� Kd

Ks

�2
4
Kf
þ 1�4

Ks
� Kd

K2
s

; m ¼ md (11)

where Ksat, Ks, Kd and Kf are the bulk modulus of fluid-saturated
rock, rock matrix, dry rock, and the saturated fluid respectively. 4 ,
m and rsat are effective porosity, shear modulus and density
respectively. Russell fluid factor f is defined as,

f ¼
�
1� Kd

Ks

�2
4
Kf
þ 1�4

Ks
� Kd

K2
s

¼ a2N (12)

Ksat ¼ Kd þ f (13)
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a ¼ 1� Kd
Ks

(14)

1
N

¼ a� 4

Ks
þ 4

Kf
(15)

where a is Biot coefficient, N is a certain modulus.
According to Voigt bound, it is reasonable to assume that at high

porosity (Batzle, 2004),

0 � 1� 4� Kd
K0

< <4
Kd
Ks

(16)

By simplifying Eq. (12), Russell fluid factor f can be expressed as,

f ¼
�
1� Kd

Ks

�2
4
Kf

¼ a2N ¼ a2

4
Kf (17)

From Eq. (12) we can know that Russell fluid factor f is not only
affected by fluid but also the dry rock bulk modulus, rock matrix
modulus and porosity. However, porosity easily causes consider-
able ambiguity in fluid identification (Yu et al., 1993). Therefore, it's
necessary to diminish the porosity impact on fluid indicator and
reduce ambiguity.

The Biot-consistent theory introduce the effect of crack by Kd,

Kd ¼ md
2þ 2sd
3� 6sd

(18)

where md and sd are the shear modulus and Poisson's ratio of solid
grains respectively. And sd must be calculated in an iteration
scheme based on the Biot-consistent theory (Thomsen, 1985).

md ¼ ms

�
1� 4

1� p
� qε

�
(19)

ε ¼ 3
4p

4c
g

(20)

In Eq. (19), ε is crack density, 4c is volume fraction of crack, g is
aspect ratio of crack, ms is shear modulus of matrix. Substituting Kd
of Eq. (18) into Eq. (11) and we can describe the influence of pores
and cracks on the elastic properties of media. However, to extend
this influence into frequency domain, we must take the squirt flow
effect into consideration.

According to the derivation of Gassmann formula, Tang (2011)
proposed a new rock physical equation which maintains both the
basic characteristics and structure of Biot theory (Eq. (21)). Compared
to Eq. (11), Eq. (21) adds a contribution item SðuÞ to characterize the
squirtflow.Wedefine SðuÞ as a term representing the contribution of
the squirt flow and define S as a total squirt flow effect item.

Ksat ¼ Kd þ
�
1� Kd

Ks

�2
4
Kf
þ 1�4

Ks
� Kd

K2
s
þ SðuÞ

(21)

Kf in this equation uses water's bulk modulus. Eq. (21) can be
simplified as,

Ksat ¼ Kd þ a2N
1þ SðuÞN ¼ Kd þ f

1þ SðuÞN (22)

fs ¼ f
S
; S ¼ 1þ SðuÞN (23)
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By incorporating total squirt flow effect item and Russell fluid
factor, fs is generated (Zhang et al., 2016). It retains the original
characteristics and structure of the conventional fluid factor and
also reflects the influence of the squirt flow effect on the wave
propagation. However, to diminish porosity impact on fluid indi-
cator, we further establish a solid - liquid decoupling fluid factor
considering squirt flow effect (SFF).

Referring to Eq. (17),

fs ¼ a2

4

Kf
S

(24)

fs ¼ a2

4
Kfs (25)

Kfs ¼
Kf
S

(26)

Kfs is the proposed squirt fluid factor (SFF). We generate Kfs by
incorporating total squirt flow effect item S and fluid modulus Kf .
The new factor reflects the comprehensive response of fluid
modulus and squirt flow in the form of elastic parameter.

Fig. 1 demonstrates the influence of different parameters on the
squirt flow effect S. Fig.1 shows that S item decreases with increasing
frequency, illustrating that this local flow squeezes at lower fre-
quency and gets locked at high frequency. Just as Mavko and Jizba
(1991) pointed, this kind of squirt flow occurring on local small
scale depends heavily on frequency. From Fig. 1(a) we can see that
when the crack density is less than a certain value, S varies positively
with crack density. But when crack density is greater than a certain
value, S decreases. Fig. 1(b) displays the variation of Swith respect to
the viscosity coefficient. As the viscosity coefficient increases, the
total squirt flow effect item S becomes smaller. In other words, squirt
flow is a kind of viscousmotionwithin the frequency band of seismic
exploration and the squirt effects of water and oil are different
because the viscosity of them differs.

Fig. 2(a) displays the real well-log data and Fig. 2(b) gives the
comparison of fluid factor f (blue curve) and squirt fluid factor Kfs
(red curve) on well log, green curve is the result of logging inter-
pretation. Fluid factor is proposed by Russell et al. (2011) and it is

expressed as f ¼ rV2
p � crV2

s where c ¼ 	
Vp=Vs


2
dry. This factor

provides the basis for fluid estimation and acquires favorable effect
in practice, but it doesn't consider the local flow effect when
porosity and crack coexist. From this figure we can see that, due to
the consideration of the effect of fluid flow, Kfs appears remarkable
anomalous of low values at the existence of fluids and appears high
value at the position of dry rock. Through the analysis of this
Fig. 1. Analysis of the influence of different parameters on the s

1595
comparison, Kfs shows great potential in fluid discrimination.

4. Linearized reflectivity and direct inversion for squirt fluid
factor

Amplitude variation with offset (AVO) inversion is a seismic
prestack inversion method for estimating fluid and reservoir in-
formation. Compared with post-stack seismic inversion, pre-stack
seismic inversion allows us to directly estimate various elastic pa-
rameters rather than estimating impedance firstly and then
calculating elastic parameters indirectly. Russell et al. (2011)
derived a generalized AVO approximation by introducing P/S ve-
locity of dry rock to extract fluid, shear modulus and density
(f �m� r equation). Eq. (27) is the f �m� r equation proposed by
Russell et al. (2011). Using the unified theory proposed by Tang
(2011), we re-express the f �m� r equation and formulate a new
reflection coefficient approximation with squirt fluid factor Kfs.

RPPðqÞ¼
" 

1�
g2dry

g2sat

!
sec 2 q

4

#
Df
f
þ
"
g2dry

4g2sat
sec 2 q� 2

g2sat
sin 2 q

#
Dm
m

þ
�
1
2
� sec 2 q

4

�
Dr
r

(27)

Refer to Eqs. (25) and (26),

f ¼ a2

4
KfsS (28)

The relationship among the fluid factor reflectivity, square of
Biot coefficient divided by porosity reflectivity, SFF reflectivity, and
total squirt flow effect item reflectivity is,

Df
f

¼ D
	
a2
�
4

	

a2
�
4

 þ DKfs

Kfs
þ DS

S
(29)

Substituting Eq. (29) into Eq. (27) yields,
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4g2sat
sec2 q� 2
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þ
�
1
2
�sec2 q
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�
Dr
r
þ
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g2dry
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!
sec2 q

4

#
D
	
a2=4=S


	
a2=4=S
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sec2 q

2
�

g2dry

2g2sat
sec2 q

!
DS
S

(30)
quirt flow effect. (a) crack density (b) viscosity coefficient.



Fig. 2. (a) The real well-log data. (b)The comparison of Russell fluid factor (blue) and squirt fluid factor (red) on well log.
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We derive Eq. (30) and get the final reflection coefficient
equation in terms of Kfs,

RPPðqÞ¼
" 

1�
g2dry

g2sat

!
sec2 q

4

#
DKfs
Kfs

þ
"
g2dry

4g2sat
sec2 q� 2

g2sat
sin2 q

#
Dms
ms

þ
�
1
2
�sec2 q

4

�
Dr
r
þ
 
sec2 q

4
� 2
g2sat

sin2ðqÞ
!
DðTð4ÞÞ
ðTð4ÞÞ

þ
 
sec2 q

2
�

g2dry

2g2sat
sec2 q

!
DS
S

(31)

Dm
m

¼2ðm1 �m2Þ
ðm1 þm2Þ

(32)

The new reflection coefficient equation contains squirt fluid
factor Kfs, equivalent shear modulus mS, density r, gain function
Tð4Þ and squirt flow effect S.

where S ¼ 1þ SðuÞN, mS ¼ m
Tð4Þ, Tð4Þ ¼ a24�1S�1, gdry ¼	

Vp=Vs


dry, and gsat ¼ 	Vp=Vs



sat.

q is incident angle, m1 represents the elastic parameters upper
the reflection interface and m2 represents the parameters below
the reflection interface, respectively. By introducing total squirt
flow effect item into the equation, we can estimate the fluid
modulus in the coexistence of pores and cracks. And we can take
1596
two important parameters of crack into consideration, crack den-
sity and crack aspect ratio. This new reflection coefficient equation
is derived with the following assumptions including plane waves,
small incident angle range and small relative changes in elastic
parameters occur across the boundary.

To verify the accuracy of Eq. (31), we set three models con-
taining P-velocity Vp, S-velocity Vs, density r, porosity 4, crack
density ε and crack aspect ratio g as shown in Table 1. Model 1 is a
dry reflector. The porosity of each layer is equally 16% and the upper
P-impedance is smaller than the lower layer. Model 2 is a dry-water
reflector. The upper layer is dry sand layer and the porosity is 16%
while the lower layer is water sand and the porosity is 18%. Model 3
is water-gas reflector. The pore fluid is different and porosity are
different. In these three models, we set the crack density as 0.15 in
dry sand and 0.2 in fluid sand to calculate the squirt fluid factor Kfs.
Fig. 3 shows the comparison of different reflection coefficient
curves. Curves in blue, black and red denote the reflection co-
efficients calculated from the exact Zoeppritz equation, Aki-
Richards approximate equation and Eq. (31) respectively. Fig. 3(a)
displays the comparison of reflection coefficient curves calculated
by exact Zoeppritz equation (blue curve), Aki-Richards approxi-
mate equation (black curve) and proposed equation (red curve) of
model 1. Fig. 3(c) displays the comparison of reflection coefficient
curves respectively calculated by exact Zoeppritz equation (blue
curve), Aki-Richards approximate equation (black curve) and pro-
posed equation (red curve) of model 2. Fig. 3(e) displays the com-
parison of reflection coefficient curves calculated by exact
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Zoeppritz equation (blue curve), Aki-Richards approximate equa-
tion (black curve) and proposed equation (red curve) of model 3.
Fig. 3(b, d, f) show the difference between reflection coefficients
from the exact Zoeppritz equation and Eq. (31) of three models,
respectively. In model 1, the AVO curve calculated by Eq. (31) is very
close to the AVO curve calculated by the Zoeppritz equation and the
Aki-Richards approximation. Because the derivation of Eq. (31)
begins with the Aki-Richards approximation, the two equations
give similar AVO curves in dry reflector. In model 2, AVO curves
calculated by Aki-Richards approximation and Eq. (31) are almost
the same, and both curves are close to Zoeppritz curve when the
incidence angle is less than 30�. However, as the incidence angle
increases, the AVO curves calculated by the Aki-Richards approxi-
mation and Eq. (31) deviates from those by Zoeppritz equation.
Because the density of the upper and lower layers is different due to
the change of porosity, besides, the effect of porosity on velocity is
greater than that of pore fluid. Thus, at large incident angles,
porosity differences lead to large variations in P-wave and S-wave
velocities, resulting in large errors between the AVO approximation
and the precise Zoeppritz equation. In model 3, we note that the
AVO curves calculated by Eq. (31) and the Aki-Richards approxi-
mation are almost identical, and both are very close to those by
Zoeppritz equation in the range of incident angles less than 30�.
However, when the incident angle is large, the two curves do not fit
with Zoeppritz curve. This is because the change of fluid content
and porosity leads to the larger change of P-velocity and S-velocity,
which makes the AVO approximation less effective at large incident
angle. To summarize, from these figures we can see that although
the red curve is not exactly identical with two others, they are very
close, especially when the incident angle is less than 30�. Therefore,
the new reflection coefficient is reasonably feasible and accurate.
And because the incident angle of practical seismic exploration is
usually less than 40�, we can conclude that the new reflection co-
efficient equation can be utilized to invert the fluid factor stably in
practical applications.

To find out whether the elastic parameters can be well esti-
mated from pre-stack seismic data, we analyze the contribution of
each parameters to the reflection coefficient. Fig. 4 shows the
reflection coefficient of Eq. (31) in terms of five parameters such as
squirt fluid factor Kfs, equivalent shear modulus ms, density r, etc.
The red curve is the reflection coefficient calculated with the pa-
rameters in model 1. Fig. 4(a) shows the reflection coefficient varied
with the squirt fluid factor Kfs. From this figure we can see that
when Kfs varies from 80% to 120%, the reflection coefficient shows
apparent change. Thus, we can assume that Kfs is a main contrib-
utor to Eq. (31), which means that the estimation of Kfs from
seismic data is possible. From Fig. 4(b) and (e) we can see that, the
contributions of ms and r to reflection coefficient are very similar
and both of the reflection coefficients decrease as the incident angle
increases. This phenomenon indicates the great correlation of ms
and r, so it is difficult for us to extract density from seismic data.
However, to get a reliable inversion result only the large contri-
bution is inadequate, such as Tð4Þ in Fig. 4(c). Tð4Þ is a gain function
Table 1
Values of parameters for water-bearing and gas-bearing model.

Vp, m/s Vs, m/s r, kg/m3 4 ε g

Model 1 Dry sand 3680 1685 2565 16% 0.15 0.001
Dry sand 3685 1670 2600 16% 0.15 0.001

Model 2 Dry sand 3530 1820 2570 16% 0.15 0.001
Water sand 3628 1880 2420 18% 0.2 0.001

Model 3 Water sand 3660 2050 2450 23% 0.2 0.001
Gas sand 3680 2100 2435 23% 0.2 0.001
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without no geophysical meaning, being a couple term of squirt flow
effect S, porosity 4 and Biot coefficient a. Fig. 4(d) shows the
reflection coefficient varied with the squirt flow effect S. We can see
that although S is a useful parameter for us to describe the sub-
surface fluid, the contribution of it to reflection coefficient is small.

Furthermore, we apply AVO inversion based on Bayesian
framework and incorporate Eq. (31) and seismic wavelet as forward
solver to directly estimate the elastic parameters. The constraint of
smooth model in objective function is conducive to a more stable
result. With the Bayesian inversion theory, we assume that prior
distribution obeys the Cauchy distribution. Cauchy distribution is a
long-tail probability distribution which can improve the resolution
of inversion result. And we assume the likelihood function obeys
the Gaussian distribution to obtain the posterior probability den-
sity function. Finally, we utilize a method of iteratively reweighted
least square to solve the objective function.

With Eq. (31) and convolution model as forward solver, we es-
timate squirt fluid factor Kfs in Bayesian frame.

Defining D lnm ¼ Dm
m , Eq. (31) changes to,

RPPðqÞ ¼ aðqÞD ln Kfs þ bðqÞD ln ms þ cðqÞD ln rþ dðqÞD ln S

þ eðqÞD ln Tð4Þ
(33)

where

aðqÞ ¼
" 
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sec 2 q
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#
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R ¼ ½R1 R2 R3 R4 R5� ¼
h
D ln Kfs D ln ms D ln r D ln Tð4Þ D ln S

i
(34)

M ¼ ½aðqÞ bðqÞ cðqÞ dðqÞ eðqÞ � (35)

We assume the parameters to be estimated obey Cauchy prior
distribution and the likelihood function obeys Gaussian probability
density distribution. The posterior probability function is stated as,

pðR; jDÞf
Yn
i¼1

"
1

1þ R2i

.
s2m

#
,exp

"
�ðD�WMRÞTðD�WMRÞ

2s2n

#

(36)

where R is the corresponding reflectivity of SFF, equivalent shear
modulus, density, gain function and total squirt flow effect item, D
is observed seismic record,W is wavelet matrix, n is the number of
sampling points per trace, s2m is the model parameters variance and
s2n is noise variance of seismic data.

The objective function is,



Fig. 3. Comparison of different reflection coefficient curves. Curves in blue, black and red denotes the reflection coefficients calculated from the exact Zoeppritz equation, Aki-
Richards approximate equation and Eq. (31) respectively. (a) Comparison of reflection coefficient curves of model 1. (b) Difference between reflection coefficients from the
exact Zoeppritz equation and Eq. (31) of model 1. (c) Comparison of reflection coefficient curves of model 2. (d) Difference between reflection coefficients from the exact Zoeppritz
equation and Eq. (31) of model 2 (e) Comparison of reflection coefficient curves of model 3. (f) Difference between reflection coefficients from the exact Zoeppritz equation and Eq.
(31) of model 3.
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FOB ¼ ðD�WMRÞTðD�WMRÞ þ 2s2n
Xn
i¼1

ln
�
1þ R2i

.
s2m

�
þL

(37)

L is the model constraint,

L ¼
X5
i¼1

liðhi � qRiÞTðhi � qRiÞ (38)

where 0< li <1 is constraint coefficient for elastic parameters to be

solved hi ¼ 1
2 ln
�
mi
mi0

�
, mi is different elastic parameters, mi0 is the
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initial value of per trace, q ¼ R tt0 dt.
Finally, we use themethod of iteratively reweighted least square

to optimize and solve the objective equation (Yin et al., 2016; Zong
et al., 2018; Ma et al., 2019).

To test the feasibility and practicability of our proposed pre-
stack inversion method, we use a series data modified from well
log in an oil field as model parameters. The P-velocity, S-velocity,
density and porosity are taken from the well logging data. And
squirt fluid factor is calculated from the well log based on the
petrophysical theory. Synthetic angle gathers are generated by
convolving the model reflection coefficients and 30 Hz Ricker
wavelet with exact Zoeppritz equation. Fig. 5 shows the synthetic



Fig. 4. Elastic parameters contribution analysis of Eq. (31). Red curve is the reflection coefficient calculated in model 1. Blue curves are reflection coefficient of different parameters
varied from 80% to 120%. (a) Reflection coefficient varied with the squirt fluid factor Kfs. (b) Reflection coefficient varied with the equivalent shear modulus ms. (c) Reflection
coefficient varied with the gain function Tð4Þ. (d) Reflection coefficient varied with the total squirt flow effect item S. (e) Reflection coefficient varied with the density (r).
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angle gather data with different signal to noise ratios (S/N). The
time window is from 2000 ms to 2800 ms, and the incident angle
range is 0�e30� and time sampling interval is 2 ms. Fig. 5(a) is the
synthetic seismogram profile with no noise. Fig. 5(b) is the syn-
thetic seismogram profile with S/N equal to 5. Fig. 5(c) is the syn-
thetic seismogram profile with S/N equal to 2.

Fig. 6 displays the estimated model parameters from synthetic
data. The original squirt fluid factor Kfs, equivalent fluidmodulus ms,
gain function Tð4Þ, squirt flow effect S and density r are displayed in
black curves. Red curve displays the inversion result and green
curve displays the smooth initial model. From Fig. 6(a), the
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inversion result of each parameter fits well with the original model
parameter in the situation of no noise.When the S/N equals to 5, we
still can obtain stable inversion results of Kfs and S as Fig. 6(b)
shows. However, the inversion result of density appeared remark-
able deviation. It is known that density is difficult to invert accu-
rately, and there are two primary reasons (Kabir et al., 2006). Firstly
the contribution of density to reflectivity is small. Secondly the
correlation between density and other parameters is strong (Zong
et al., 2017). Fig. 6(c) shows the inversion results in the situation
of S/N is 2. The error between inverted result of Kfs and real value is
moderate so it's a stable parameter to discriminate fluid. What's



Fig. 5. Synthetic angle gather data with different S/N. (a) No noise. (b) S/N ¼ 5 (c) S/N ¼ 2.
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more, S indicates the squirt effect of pore fluid and it also can be
estimated from angle gather data.

5. Field data application

We utilize an actual example to investigate the robustness of the
proposed pre-stack seismic inversion method, a suite of seismic
data from a gulf are used in this section. The survey line passes
through two wells (well A and well B). Two reservoirs in well A are
both water bearing. The upper formation is cracked but the lower
formation is not cracked. Two reservoirs in well A are oil bearing.
Seismic data are obtained from the measurements of dual sensor
(velocity geophone and pressure geophone) and is processed by the
contractor to ensure that the final prestack amplitude imaging
underground interface reflection strength should be correct as
much as possible. The converted wave, anisotropy effects, and
interbed multiples are ignored after processing. Besides, the
seismic data has been treated with fidelity processing and ampli-
tude preserved processing (Li et al., 2017; Vitale et al., 2018). The
maximum incident angle is around 30� and we perform the partial
angle-stack processing with five incident angle ranges, 0�e6�,
6�e12�, 12�e18�, 18�e24�, 24�e30�. Five partial angle-stack seismic
profiles are shown in Fig. 7. Fig. 7(a) is partial angle-stack seismic
profile with incident angle 0�e6�, Fig. 7(b) is partial angle-stack
seismic profile with incident angle 6�e12�, Fig. 7(c) is partial
angle-stack seismic profile with incident angle 12�e18�, Fig. 7(d) is
partial angle-stack seismic profile with incident angle 18�e24�,
Fig. 7(e) is partial angle-stack seismic profile with incident angle
24�e30�. The time window of seismic data is from 1900 ms to
2200 ms and time sampling interval is 2 ms. The frequency band
varies from 5 to 70 Hz, and the main frequency is 27 Hz.

Well A is used in the process of seismic inversion or initial model
1600
construction. Two oil bearing reservoirs in well A are near 1970 ms
and 2050 ms (the position marked red); the blue position indicates
the existence of water sand and white is other thing else. Fig. 8
shows the estimated parameters of field with the proposed
method. Fig. 8(a-c) display squirt fluid factor Kfs, squirt flow effect
term S and density r, respectively. From the figure we can see that,
for the overlying oil sand and underlying oil sand, squirt fluid factor
appears anomalously low value and squirt flow effect term shows
anomalously high value. Besides, density shows low value anomaly
at oil sand. In general, the inversion results make the difference
between oil layer and dry layer more obvious and show good cor-
relation with the fluid interpretation. The squirt flow effect of
mediumwith fluid filled pores and cracks is very intuitivewhen the
external force acts. And S can effectively reflect this phenomenon
under the elastic wave action as Fig. 8(b) shows. Squirt fluid factor
Kfs is equal to fluid modulus Kf divided by S, so Kfs shows the lower
anomaly when the squirt flow occurs. According to the field data
example, the proposed squirt fluid factor shows the effectiveness in
fluid discrimination. To ensure the stability of the inversion, firstly,
we processed the field seismic data to ensure the quality of seismic
data. Furthermore, the parameter to be inverted is a main
contributor to reflection coefficient equation by the contribution
analysis. Finally, prestack seismic inversion utilized the model
constraints and iteratively reweighted least square method to
optimize and solve the equation.

To test the feasibility of the proposed inversion approach in field
data, we use well B to verify the effectiveness of proposed method
in field data example. Two water bearing reservoirs in well B are
near 1020 ms and 1055 ms (the position marked blue). Fig. 9(a) and
(b) are the estimation of Russell fluid factor and P-impedance of
field data, respectively. From Fig. 9(a) we can see that the Russell
fluid factor inversion result shows low value anomaly at both water



Fig. 6. Inversion results of elastic parameters from synthetic data. Red line is inversion result, black line is model data, and green line is smooth initial model. (a) No noise. (b) S/
N ¼ 5. (c) S/N ¼ 2.
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Fig. 7. Partial angle-stack seismic profiles with different incident angle ranges. (a) Partial angle-stack seismic profile with incident angle 0�e6� . (b) Partial angle-stack seismic
profile with incident angle 6�e12� . (c) Partial angle-stack seismic profile with incident angle 12�e18� . (d) Partial angle-stack seismic profile with incident angle 18�e24� . (e) Partial
angle-stack seismic profile with incident angle 24�e30� .

Y.-R. Wang, Z.-Y. Zong and X.-Y. Yin Petroleum Science 19 (2022) 1592e1604
bearing reservoirs and oil bearing reservoirs, which makes
ambiguous fluid discrimination results. In Fig. 9(b) we can see that
P-impedance shows low value anomaly at upper water reservoir
but no obvious anomaly at lower water reservoir. Because the up-
per reservoir contains cracks, while the lower reservoir does not.
The existence of crack in reservoir leads to low value anomaly of P-
impedance. However, the P-impedance itself is insensitive to the
fluid, which causes less significantly lower anomaly. In contrast, the
squirt flow can make the difference between water bearing reser-
voir and oil bearing reservoir more obvious by considering the
squirt flow effect between cracks and pores. Therefore, according to
the contrasts of different inverted fluid factors, the squirt fluid
factor is more reliable and feasible to discriminate fluid.

6. Discussion

Russell fluid factor is constructed based on Biot theory, this
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theory doesn't consider the cracks but only take pores into
consideration. And assumption of uniform distribution of pores
ignores the influence of squirt flow on wave propagation. In order
to more accurately describe reservoir fluid in case of pores and
cracks coexist, we build a squirt fluid factor based on Tang's cracked
porous medium elastic wave theory. By testing with model pa-
rameters, seismic data and well data, we demonstrate that the
squirt fluid factor can predict the presence of possible hydrocarbon
sand and reduce the illusion of fluid identification.

However, this study has several limitations. First, there are up to
five parameters in the AVO inversion so that the prediction accu-
racy and stability is still need to be improved. To solve this problem,
we can try to develop more stable inversion algorithm or calculate
more reasonable low-frequency initial model in AVO inversion by
broadband inversion method, etc. (Zong et al., 2018). Second, how
to reveal the multi-frequency information in fluid factor as much as
possible remains challenging in the future study. In a word, the



Fig. 8. Estimation of parameters of field data with the proposed method. (a) Squirt fluid factor. (b) Squirt flow effect term. (c) Density. Red position on well A is oil and blue position
on well A is water.

Fig. 9. Estimation of parameters of field data. (a) P-impedance. (b) Russell fluid factor.
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prime objective of this paper is to estimate the squirt fluid factor
from prestack seismic data and we think that the goal is achieved.
We construct a squirt fluid factor based on the cracked porous
medium elastic wave theory, which can lead to more reliable fluid
discrimination result in seismic exploration.
7. Conclusion

Combining the unified theory for elastic wave propagation
through porous media containing cracks and petrophysical theory,
we develop a novel AVO pre-stack seismic inversion method for
fluid discrimination. A novel fluid indicator considering squirt flow
effect is constructed. Based on the squirt fluid factor, we derive a
new reflection coefficient equation. The precision analysis confirms
the effectiveness of the reflection coefficient equation. The elastic
parameters contribution analysis of reflection coefficient equation
demonstrates that the squirt fluid factor can be effectively extracted
from the seismic data. The consideration of squirt flow effect in the
proposed method can diminish the ambiguity of fluid
1603
discrimination and the Bayesian frame improves the stability of
inversion method. The model test verifies the feasibility and field
data example illustrates the practicability of this AVO inversion
approach.
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