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ABSTRACT

The fluid term in the Biot-Gassmann equation plays an im-
portant role in reservoir fluid discrimination. The density term
imbedded in the fluid term, however, is difficult to estimate be-
cause it is less sensitive to seismic amplitude variations. We
combined poroelasticity theory, amplitude variation with offset
(AVO) inversion, and identification of P- and S-wave moduli to
present a stable and physically meaningful method to estimate
the fluid term, with no need for density information from pre-
stack seismic data. We used poroelasticity theory to express the
fluid term as a function of P- and S-wave moduli. The use of P-
and S-wave moduli made the derivation physically meaningful
and natural. Then we derived an AVO approximation in terms of
these moduli, which can then be directly inverted from seismic

data. Furthermore, this practical and robust AVO-inversion tech-
nique was developed in a Bayesian framework. The objective
was to obtain the maximum a posteriori solution for the P-wave
modulus, S-wave modulus, and density. Gaussian and Cauchy
distributions were used for the likelihood and a priori probabil-
ity distributions, respectively. The introduction of a low-fre-
quency constraint and statistical probability information to
the objective function rendered the inversion more stable and
less sensitive to the initial model. Tests on synthetic data showed
that all the parameters can be estimated well when no noise is
present and the estimated P- and S-wave moduli were still rea-
sonable with moderate noise and rather smooth initial model
parameters. A test on a real data set showed that the estimated
fluid term was in good agreement with the results of drilling.

INTRODUCTION

Fluid discrimination is an important task in seismic exploration
and reservoir description. The development of methods to obtain
various fluid factors from prestack seismic data has pushed the rapid
development of technology for reservoir forecasting and fluid dis-
crimination (Smith and Gidlow, 2000; Quakenbush et al., 2006).
Smith and Gidlow (1987) initially propose estimating the fluid fac-
tor and a pseudo Poisson ratio for lithology and fluid discrimina-
tion, based on a weighted stack method that used prestack seismic
data. Goodway et al. (1997) propose lambda-mu-rho (LMR) tech-
nology for fluid discrimination, but it has some limits for practical
reservoirs in porous media.
Poroelasticity theories that Biot (1941, 1956) and Gassmann

(1951) present serve as rigorous foundations and useful tools for
modeling physical rock-fluid interaction in situ and for fluid discri-
mination in exploration geophysics. Russell et al. (2003) use these
theories and derive the fluid component (ρf), which is the combi-
nation of P-wave impedance, S-wave impedance, and a constant.

They generalize the Goodway et al. (1997) amplitude variation with
offset (AVO) approximate equation by incorporating the dry and
saturated properties of the in-situ reservoir rock into the expression
for the P-wave velocity. In contrast to LMR technology, the intro-
duction of poroelasticity theory makes fluid discrimination more
applicable, at least in theory. We will focus on the extraction of
the fluid term f, which is the real factor that reflects the influence
of fluid in porous rock as Russell et al. (2011) discuss. A brief in-
troduction of these items is given in the next section, and we show
there how these equations can be derived and reparameterized with
the P-wave modulus, S-wave modulus, and dry velocity ratio, in a
direct way that yields a meaningful and natural description.
The Zoeppritz equation (Zoeppritz, 1919) is the fundamental

mathematical formula for the amplitudes of reflected and trans-
mitted plane waves when an incident P-wave strikes an elastic
boundary. Although it gives precise values of the amplitudes of
the reflected and transmitted plane waves, the difficulty in under-
standing the effects of parameter changes on the seismic amplitudes
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and the unstable solution resulting from its intrinsic nonlinearity
make it less practical than are linearized approximations to it.
The linearized approximation to the Zoeppritz equations is the basis
of AVO analysis and prestack inversion (Ikelle, 1995; Buland and
Omre, 2003; Yin et al., 2008). A summary of different parameter-
ized, linearized approximations is given by Russell et al. (2011),
and we will show how some of these approximation equations com-
pare with our novel approximation equation in terms of P-wave
modulus, S-wave modulus, and density.
AVO inversion is a well-established seismic exploration meth-

odology used to predict the earth’s elastic parameters and rock and
fluid properties based on a knowledge of elastic wave behavior and
a set of geophysical measurements. Smith and Gidlow (1987) are
the first to develop a P- and S-wave velocity reflectivity inversion
method based on P-wave AVO variation. They also show success
with a computationally simpler procedure of least-squares fitting of
a weighted stack of the traces in a CMP gather. Additionally, con-
siderable work has been carried out on AVO inversion (Buland and
Landro, 1995; Simmons and Backus, 1996; Beretta et al., 2002;
Downton and Ursenbach, 2006; Karimi et al., 2010). However,
the three-parameter AVO-inversion problem is ill posed and noise
levels may force the imposition of constraints to obtain stable and
rational inversion results. Smith and Gidlow (1987) constrain den-
sity with Gardner’s rule. Downton (2005) constrain three-parameter
AVO inversion with probabilistic constraints on local geology, and
he also estimates reliable density reflectivity, considering normal-
moveout stretch and offset-dependent tuning. Jin et al. (2000) use
singular value decomposition to stabilize the linearized P-SV reflec-
tion equations and to obtain reasonable results for synthetic and
field data. Yin et al. (2008) add point constraints to enhance inver-
sion stability. On the basis of previous studies, our current study
proposes and implements a practical AVO inversion method, based
on a novel AVO approximate equation. Gaussian and Cauchy dis-
tributions are used for the likelihood and a priori probability dis-
tributions, respectively. Because this results in weak nonlinear
solutions, the iteratively reweighted least-squares (IRLS) method
is applied for the optimization problem. We impose the low-
frequency information constraint, from well logging, onto the ob-
jective function; meanwhile, that low-frequency information is also
used to calculate the covariance matrix for each trace to improve the
decorrelation for the parameters to be inverted. We end with model
and real data case studies that illustrate the method.

POROELASTICITY THEORY WITH P- AND
S-WAVE MODULI

Poroelasticity theories Biot (1941, 1956) and Gassmann (1951)
present are the most robust and frequently implemented way to ex-
press the P- and S-wave velocities of porous rocks in terms of dif-
ferent kinds of elastic moduli. Biot (1941) and Gassmann (1951)
use either the Lamé parameters (λ and μ), or the bulk modulus
(k) and shear modulus (μ) to express the P- and S-wave velocities
in porous, saturated rocks. These two kinds of approaches lead to
the same result as shown by Garat et al. (1990). Russell et al. (2003)
use these poroelasticity theories to generalize the Goodway et al.
(1997) formulation, by incorporating dry and saturated properties
of the in-situ reservoir rock into the expression for the P-wave ve-
locity. Meanwhile, they establish a relationship between the fluid
component and the P- and S-wave impedances of the in-situ res-
ervoir rock, which could be inverted or extracted from prestack

seismic data. A constant c is hypothesized to be the ratio of the
dry-skeleton term and the dry-rock shear modulus to extract the
fluid component ρf. Here, we focus on the fluid term f, which re-
flects the influence of fluid composition as Russell et al. (2011)
discuss.
In fact, the Lamé parameter λ applied to express P-wave velocity

in isotropic, elastic nonporous, or porous media has no physical
interpretation, but it serves to simplify the stiffness matrix in
Hooke’s law (Mavko et al., 1998). We will follow the derivation
of Biot (1941), but with more meaningful elastic moduli, namely,
a P-wave modulus and an S-wave modulus, to reopen the question
of poroelasticity.
First, the P- and S-wave velocity in isotropic, elastic nonporous

media can be rewritten as

VP ¼
ffiffiffiffiffi
M
ρ

s
; VS ¼

ffiffiffi
μ

ρ

r
; (1)

where VP is the P-wave velocity, VS is the S-wave velocity, ρ is the
density,M is the P-wave modulus defined as the ratio of axial stress
to axial strain in a uniaxial-strain state, and μ is the S-wave modulus
defined as the ratio of shear stress to the shear strain (Mavko
et al., 1998).
For porous, saturated rocks, we also express the P- and S-wave

velocity in terms of P- and S-wave moduli. The relationship for the
P-wave modulus is shown as

Msat ¼ Mdry þ β2Mp; (2)

whereMsat is the P-wave modulus for the fluid-saturated rock,Mdry

is the P-wave modulus for the dry frame, β is the Biot coefficient
expressing the ratio of the volume change in the fluid to the volume
change in the formation when hydraulic or pore pressure is constant,
and Mp is the modulus representing the pressure needed to force
fluid into the formation without changing the volume.
For the corresponding S-wave modulus in porous, saturated

rocks, we have

μsat ¼ μdry; (3)

where μsat is the S-wave modulus for the fluid-saturated rock, and
μdry is the S-wave modulus for the dry frame. Thus, the shear mod-
ulus is unaffected by the pore fluid.
Then, the P- and S-wave velocities in porous, saturated rocks may

be rewritten as

ðVPÞsat ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Mdry þ β2Mp

ρsat

s
; (4)

ðVSÞsat ¼
ffiffiffiffiffiffiffi
μsat
ρsat

r
¼

ffiffiffiffiffiffiffiffi
μdry
ρsat

r
; (5)

and

ρsat ¼ ρmð1 − ϕÞ þ ρwSwϕþ ρhð1 − SwÞϕ; (6)
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where ρsat is the total density value, ρm is the density of the rock
matrix if it were nonporous, ρw is the density of the water (brine),
ρh is the density of the hydrocarbon, ϕ is the porosity of the rock,
and Sw is the water saturation.Mp can be expressed as in Gassmann
(1951), but it is not discussed here because it is not our focus.
Finally, when β2Mp is defined as f, equation 2 becomes

f ¼ Msat −Mdry; (7)

while

Mdry ¼ ρdry × ðVPÞ2dry ¼
�
VP

VS

�
2

dry

× ρdry × ðVSÞ2dry

¼
�
VP

VS

�
2

dry

× μdry. (8)

With equations 3, 5, 7, and 8, it is easy to get

f ¼ Msat −
�
VP

VS

�
2

dry

× μdry ¼ Msat −
�
VP

VS

�
2

dry

× μsat. (9)

From equation 9, we can estimate the mixed fluid/rock term f
directly, with P- and S-wave moduli that can be inverted from pre-
stack seismic data with the novel AVO approximation equations that
we discuss later. The whole inferential process is meaningful and
natural, and for a target reservoir, ðVP∕VSÞ2dry can be estimated ac-
cording to the discussion as given by Russell (2003), and still, the
value of ðVP∕VSÞ2dry can vary with different rock background at dif-
ferent depths in the field data, according to well-log interpretation.

AVO APPROXIMATION EQUATION WITH P- AND
S-WAVE MODULI AND DENSITY

To describe a perfectly elastic isotropic earth medium, a combi-
nation of three parameters is needed. To estimate from seismic
data, the fluid term f according to equation 9, we derive a novel
linearized approximation using P- and S-wave moduli and
density.
Under the assumption that two solid half-spaces are welded at an

elastic interface and that only small relative changes in elastic para-
meters occur across the boundary, the P-wave reflection coefficient
in terms of changes in P-wave, S-wave, and density can be ex-
pressed as in Aki and Richards (1980):

RðθÞ ¼ 1

2

�
1 − 4

�
VS

VP

�
2

sat

sin2 θ

�
Δρ
ρ

þ sec2 θ

2

ΔVP

VP

− 4

�
VS

VP

�
2

sin2 θ
ΔVS

VS

; (10)

where θ is the incident angle, ΔVP∕VP is the P-wave velocity re-
flectivity, ΔVS∕VS is the S-wave velocity reflectivity, Δρ∕ρ is the
density reflectivity, and they can be expressed as

ΔVP

VP

¼ 2ðVP1 − VP2Þ
ðVP1 þ VP2Þ

; (11)

ΔVS

VS

¼ 2ðVS1 − VS2Þ
ðVS1 þ VS2Þ

; (12)

Δρ
ρ

¼ 2ðρ1 − ρ2Þ
ðρ1 þ ρ2Þ

; (13)

where VP1; VP2;VP1; VP2;ρ1; ρ2 are the related parameters in the
media touching at the reflector.

With the relationships between the P-wave modulus reflectivity,
S-wave modulus reflectivity, P-wave velocity, S-wave velocity, and
density reflectivity, as shown below

ΔVP

VP

¼ 1

2

�
ΔM
M

−
Δρ
ρ

�
; (14)

ΔVS

VS

¼ 1

2

�
Δμ
μ

−
Δρ
ρ

�
(15)

we derived a new approximation equation in terms of P- and S-wave
moduli

RðθÞ ¼ 1

4
sec2 θ

ΔM
M

− 2

�
VS

VP

�
2

sat

sin2 θ
Δμ
μ

þ
�
1

2
−
1

4
sec2 θ

�
Δρ
ρ

; (16)

where ΔM∕M is the P-wave modulus reflectivity, Δμ∕μ is the
S-wave modulus reflectivity, and Δρ∕ρ is the density reflectivity.
To examine the accuracy of our new Zoeppritz approximate equa-

tion 16, we compared it with the exact Zoeppritz equation. Figure 1a
displays the reflection coefficient with the exact Zoeppritz equation
(solid in red), Aki-Richards approximate equation (equation 10,
thin solid in green), and the new approximate equation (dashed
in black). The P-wave velocity, S-wave velocity, and density in
the upper media are 2857 m∕s, 1666 m∕s, and 2275 kg∕m3, re-
spectively, and in the lower media, they are 2898 m∕s,
1290 m∕s, and 2425 kg∕m3, respectively. Figure 1b displays the
difference of the reflection coefficients from the exact Zoeppritz
equation of the Aki-Richards approximate equation (solid in green)
and of the new approximate equation (dashed in black). Figure 1c is
a composite showing the synthetic common midpoint profile with
the exact (red), Aki-Richards approximate equation (green), and the
new approximate equation (black), all with the same Ricker wave-
let. Note from Figure 1 that our new approximate approach is close
to the modeling result from the exact Zoeppritz equation until the
incident angle reaches 50°.

AVO INVERSION FOR P- AND S-WAVE MODULI

AVO inversion can be implemented with a Bayesian scheme
(Buland and Omre, 2003). It can combine the observed data with
any prior information. In this paper, we present a robust AVO in-
version method with equation 16 and a convolution operation as the
forward solver in the Bayesian paradigm. We chose a Cauchy prob-
ability distribution as the prior probability distribution because it

AVO inversion with P- and S-wave moduli N19
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can lead to a high resolution result (Sacchi and Ulrych, 1995;
Theune et al., 2010). When there is a strong degree of correlation
among the three parameters to be inverted, Alemie and Sacchi
(2011) apply a Trivariate Cauchy distribution as prior information,
and this not only leads to a high-resolution inversion result, but also
incorporates the correlation. In this paper, we apply the Cauchy and
an operator to decorrelate the parameters via the diagonalization of
the covariance matrix. Furthermore, the low-frequency models from
the well logs are incorporated into the objective function to enhance
the stability and accuracy of the inversion.
The posterior probability distribution of the estimated model

parameters in AVO inversion is expressed as the joint distribution
of prior probability pðmÞ and likelihood pðdjmÞ as follows:

pðmjdÞ ¼ pðmÞpðdjmÞR
pðdjmÞdm ∝ pðmÞpðdjmÞ; (17)

where pð•Þ means the probability density function, m means the
parameter matrix to be inverted, namely, the P-wave modulus,
S-wave modulus, and density reflectivity. Cauchy and Gaussian
probability distributions for the prior probability distribution
pðmÞ and likelihood function pðdjmÞ are given as equations 18
and 19, respectively,

pðdjmÞ ¼ 1ffiffiffiffiffi
2π

p
σn

exp

�
−ðd −GmÞTðd −GmÞ

2σ2n

�
; (18)

pðmÞ ¼ 1

ðπσmÞN
YN
i¼1

�
1

1þm2
i ∕σ2m

�
; (19)

where σ2n and σ2m are the variance of the noise and model parameters,
respectively, and G is a pseudo-wavelet matrix considering the dec-
orrelation of the parameters to be inverted, while simultaneously
containing the effect of incident angles and wavelet (Downton
and Lines, 2004).

Substitute equations 18 and 19 into equation 17, and after some
algebraic operation, the initial objective function for the maximum a
posteriori solution inversion can be expressed as

FðmÞ ¼ ðd − GmÞTðd − GmÞ þ 2σ2n
XM
i¼1

lnð1þm2
i ∕σ2mÞ.

(20)

Yin et al. (2008) add point constraints to enhance inversion
stability. Here, we combine the low-frequency information con-
straint, which can be more easily estimated from well logging, with
equation 20. Taking the low-frequency constraint on the P-wave
modulus, for example, the relationship between P-wave modulus
reflectivity matrix Mr and P-wave modulus matrix M is

1

2
ln

MðtÞ
Mðt0Þ

¼
Z

t

t0

MrðτÞdτ. (21)

Similarly,

1

2
ln

μðtÞ
μðt0Þ

¼
Z

t

t0

μrðτÞdτ; (22)

1

2
ln

DðtÞ
Dðt0Þ

¼
Z

t

t0

DrðτÞdτ; (23)

where μr and Dr are the S-wave modulus and density modulus re-
flectivity matrix, respectively; μ and D are the S-wave modulus and
density modulus matrix, respectively. Combining equation 21 with
equation 23 into the initial objective function (found in equation 20),
yields the final objective function,

Figure 1. Comparison of the exact Zoeppritz
equation, the Aki-Richards approximate equation,
and the approximate equation in terms of P-wave
modulus, S-wavemodulus, and density. (a) Reflec-
tion coefficient with the exact Zoeppritz equation,
the Aki-Richards approximate equation, and the
approximate equation in terms of the P-wave mod-
ulus, S-wave modulus, and density. (b) Difference
of reflection coefficients from the exact Zoeppritz
equation, the Aki-Richards approximate equation,
and the approximate equation in terms of the P-
wave modulus, S-wave modulus, and density
(c) Synthetic common midpoint profile with the
exact Zoeppritz equation, the Aki-Richards ap-
proximate equation, and the approximate equation
in terms of the P-wave modulus, S-wave modulus,
and density with the same Ricker wavelet.
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FðmÞ ¼ ðd −GmÞTðd −GmÞ þ 2σ2n
XM
i¼1

lnð1þm2
i ∕σ2mi

Þ

þ λMðηM − PMrÞTðηM − PMrÞ
þ λμðημ − PμrÞTðημ − PμrÞ
þ λDðηD − PDrÞTðηD − PDrÞ; (24)

where λM; λμ; λD are the constraint coefficients for the P-wave
modulus, the S-wave modulus, and the density, P is ∫ t

t0
dτ,

and

ηM ¼ 1

2
lnðM∕M0Þ; (25)

ηM ¼ 1∕2 � lnðμ∕μ0Þ; (26)

ηM ¼ 1∕2 � lnðD∕D0Þ; (27)

whereM0, μ0, and D0 are the initial P-wave modulus, S-wave mod-
ulus, and density, which can be estimated from log curves. We solve
equation 24 with the IRLS method (Daubechies et al., 2010).
With only a few iterations, the algorithm can obtain reasonable
convergence.

EXAMPLE RESULTS

Synthetic test

We test the inversion method on a synthetic earth profile with real
well logs from well A. The seismic forward modeling is implemen-
ted using a convolution of the exact Zoeppritz equation with a Rick-
er wavelet, whose main frequency is 40 Hz, directly in the time-
angle domain. Figure 2a, 2b, 2c, and 2d shows the synthetic com-
mon midpoint profile of well A with different S/N. S/N is the ratio
between the root mean square amplitude of the signal and the root
mean square amplitude of the noise, with the noise normally dis-
tributed. Figure 3a, 3b, 3c, and 3d shows the relevant original (in
blue), initial (in green), and inverted (in red) P-wave modulus,
S-wave modulus, and density curves, respectively, for four different

S/Ns. The original moduli are from well logs, and they have been
transformed from the depth domain to the time domain. The initial
models are obtained by smoothing the original models. We perform
the inversion with the novel approximate equation 16. From Fig-
ure 3a, we see that all the parameters can be inverted well when
there is no noise in the synthetic data and with a rather smooth initial
P-wave modulus, S-wave modulus, and density. To test the stability
of the inversion method, we add random Gaussian noise to the syn-
thetic traces, with different S/N, as displayed in Figure 3b, 3c, and
3d. The S/N is 2:1, 1:1, and 1:2, respectively. It is easy to demon-
strate that the P- and S-wave moduli can be estimated reasonably
even in the case with an S/N of 1:2 using the same smooth initial
model as in the case with no noise, but the density does not fare
as well.

Inversion of real data and fluid term calculation

An amplitude-preserving processing procedure was used for the
real data to make sure final prestack amplitudes represent the reflec-
tion strength of the subsurface interfaces as nearly as possible. A
small 3D field data set was used for inversion. We chose a CMP
gather of one inline record with the known well at CMP 100
(we show just a few gathers) containing two effective oil reservoirs
shown by the two yellow arrows in Figure 4. The gather is recorded
in the time-offset domain, and we transform it to the time-angle
domain prior to inversion; the maximum incident angle is around
30°. Figure 5a, 5b, and 5c shows the inverted P-wave modulus, S-
wave modulus, and density, respectively, and the original and in-
verted curves at the well location are displayed in blue and red, re-
spectively. We can see that the inverted P- and S-wave moduli,
obtained with very smooth initial models, show good agreement
with the known logs. The inverted density, however, shows uncer-
tainty and departs significantly from the original density. With the
reasonable inverted P- and S-wave moduli ii, we can easily use
equation 9 to get the more credible fluid term profile displayed
in Figure 6. Here c is 2.238 based on statistical analysis. For details
of how to get c, refer to Russell et al. (2003). Two oil reservoirs can
be clearly identified in the fluid term profile, and the fluid term cal-
culated from the inverted P- and S-wave moduli shows good agree-
ment with drilling results.

Figure 2. Synthetic trace with different S/N of
well A: (a) no noise, (b) S∕N ¼ 2, (c) S∕N ¼ 1,
(d) S∕N ¼ 1∕2.
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DISCUSSION

We used the poroelasticity theory to reformulate AVO inversion
in terms of the P-wave modulus, S-wave modulus, and density.
With this formulation, the fluid term f can be computed from
the inverted compressional and shear moduli, without explicitly
using the inverted density. The density is difficult to invert. Down-
ton (2005) points out that large angles of incidence and large offsets
are needed to determine density through AVO inversion. He also

finds that the estimated density reflectivity shows more bias than
the P- and S-impedance reflectivities when noise exists; i.e., the es-
timated density is more contaminated by noise than the estimated P-
and S-impedance reflectivities, even with large incident angles.
From Figure 3a, when there is no noise, the method presented here
could well estimate the P-wave modulus, S-wave modulus, and den-
sity with a moderate maximum incident angle; however, the esti-
mated density shows more bias when noise exists, as shown in
Figure 3b, 3c, and 3d. From Figure 5c, we see that we could

Figure 3. Model inversion result with different S/N (red is the inversion result, blue is the original model, and green is the initial model): (a) no
noise, (b) S∕N ¼ 2, (c) S∕N ¼ 1, (d) S∕N ¼ 1∕2.

N22 Zong et al.
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not estimate a reasonable density profile because the maximum an-
gle of incidence is only around 30°. Our formulation of the fluid
response and AVO inversion gives the fluid term f in terms of
the inverted products M and mu, without explicitly using the in-
verted density. We suggest that this formulation might minimize
the effect of noise on the estimation of the fluid term f.
In addition to reformulating the poroelasticity theory and AVO

inversion in terms of P- and S-wave moduli, we show that the ap-
proximate equation and fluid term f may also be expressed in terms
of Lamé parameters, bulk modulus or Young’s modulus, and so on.
An approximate equation in term of the Lamé parameters (Good-
way et al., 1997) lays the foundation for the following LMR tech-
nology, In practice, however, the physical meaning the first Lamé
parameter λ is still controversial, and the Lamé parameter λ used to
express P-wave velocity in isotropic, elastic nonporous, or porous
media has no physical interpretation, but it serves to simplify the
stiffness matrix in Hooke’s law (Mavko et al., 1998).

CONCLUSIONS

In this paper, we introduced the P- and S-wave moduli into por-
oelasticity theory and AVO approximation, with which we pre-
sented a stable method to estimate the fluid term from prestack
CMP seismic data. The introduction of P- and S-wave moduli into
poroelasticity illustrated that we could get the fluid term f directly
in theory, in a way that is meaningful and natural. The introduction
of P- and S-wave moduli into the AVO approximation made it pos-
sible for the P- and S-wave moduli to be inverted directly from seis-
mic data and also made the derivation of the AVO approximation
combining poroelasticity and the AVO technology easy and mean-
ingful. Compared with other indirect ways, such as those that invert
the P-wave, S-wave impedances/velocities, and density simulta-
neously, our method does not need the density parameter, which
is not easy to estimate due to the limits of geometry and noise levels
in prestack data. Compared with direct inversion, this method can
been seen as a helpful alternative approach to determine f from

Figure 4. CMP gather of inline with the known well.

Figure 5. Profiles of inverted parameters with
smooth initial models through the known well
(a) P-wave modulus, (b) S-wave modulus, and
(c) density.

Figure 6. Fluid term of inline with the known well.
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prestack seismic data, especially in some cases in which ðVS∕VPÞ2dry
varies with depth.
We also presented a stable method to invert for P- and S-wave

moduli based on our novel AVO approximate equation. The intro-
duction of a low-frequency constraint and statistical probability in-
formation to the objective function renders the inversion more stable
and less sensitive to the initial model. A synthetic test showed that
this inversion method could obtain stable results for P- and S-wave
moduli, starting from a very smooth initial model, even when the
noise level is very high. It provided less reliable information about
the density. The field test served to confirm the validity of the meth-
od, and it also showed that this fluid-term method for fluid discri-
mination could be applicable to oil reservoir identification.
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