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a b s t r a c t

Recently, the great potential of seismic dispersion attributes in oil and gas exploration has attracted
extensive attention. The frequency-dependent amplitude versus offset (FAVO) technology, with disper-
sion gradient as a hydrocarbon indicator, has developed rapidly. Based on the classical AVO theory, the
technology works on the assumption that elastic parameters are frequency-dependent, and implements
FAVO inversion using spectral decomposition methods, so that it can take dispersive effects into account
and effectively overcome the limitations of the classical AVO. However, the factors that affect FAVO are
complicated. To this end, we construct a unified equation for FAVO inversion by combining several
Zoeppritz approximations. We study and compare two strategies respectively with (strategy 1) and
without (strategy 2) velocity as inversion input data. Using theoretical models, we investigate the in-
fluence of various factors, such as the Zoeppritz approximation used, P- and S-wave velocity dispersion,
inversion input data, the strong reflection caused by non-reservoir interfaces, and the noise level of the
seismic data. Our results show that FAVO inversion based on different Zoeppritz approximations gives
similar results. In addition, the inversion results of strategy 2 are generally equivalent to that of strategy
1, which means that strategy 2 can be used to obtain dispersion attributes even if the velocity is not
available. We also found that the existence of non-reservoir strong reflection interface may cause sig-
nificant false dispersion. Therefore, logging, geological, and other relevant data should be fully used to
prevent this undesirable consequence. Both the P- and S-wave related dispersion obtained from FAVO
can be used as good indicators of a hydrocarbon reservoir, but the P-wave dispersion is more reliable. In
fact, due to the mutual coupling of P- and S-wave dispersion terms, the P-wave dispersion gradient
inverted from PP reflection seismic data has a stronger hydrocarbon detection ability than the S-wave
dispersion gradient. Moreover, there is little difference in using post-stack data or pre-stack angle
gathers as inversion input when only the P-wave dispersion is desired. The real application examples
further demonstrate that dispersion attributes can not only indicate the location of a hydrocarbon
reservoir, but also, to a certain extent, reveal the physical properties of reservoirs.
© 2023 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/
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1. Introduction

The amplitude-versus-offset (AVO) analysis technology is one of
the most widely used techniques in oil exploration and production
(Ostrander, 1984; Smith and Gidlow, 1987; Russell et al., 2003). For
such amplitude-dependent techniques, parameters such as the
AVO type, intercept, and gradient are determined by analyzing
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amplitude variations in the reflection coefficient against the offset/
incident angle, and these parameters are then used to identify the
“bright spots” of hydrocarbon reservoirs (Castagna et al., 1998;
Avseth et al., 2001; Wei et al., 2008; Pan et al., 2016). During the
past years, the AVO technique has long been the most convincing
tool for predicting lithology and fluid attributes. However, this
classical technique does not account for dispersive effects, thus
exhibiting limitations in the accurate prediction of fluid distribu-
tions for lithologic and deep-water reservoirs. In fact, a large
number of studies have illustrated that the amplitude of a seismic
wave reflection is not only related to its incident angle, but also its
frequency (Chapman et al., 2006; Guo et al., 2015, 2016). For
hydrocarbon-bearing reservoir rocks in particular, the existence of
pore fluids will lead to different degrees of seismic wave dispersion
and attenuation (Batzle et al., 2006; Ludmila and Batzle, 2008;
Chen et al., 2016a, 2016b). This variability is important, as it forms
the basis for using seismic dispersion and attenuation attributes to
predict reservoirs and identify fluids (Castagna et al., 2003; Ebrom,
2004; Rapoport et al., 2004; Odebeatu et al., 2006; Zong et al., 2015;
Chen, 2020; Chen et al., 2021). Recently, with the development of
petrophysics and high-precision spectral decomposition technolo-
gies, using seismic dispersion as a fluid indicator in hydrocarbon
detection has garnered a substantial amount of research interest
(Partyka, 1999; Castagna et al., 2003; Korneev et al., 2004; Sinha
et al., 2009). The corresponding frequency-dependent AVO
(FAVO) technology has also developed rapidly (Wilson et al., 2009;
Zhang et al., 2011; Chen et al., 2015; Zong et al., 2016; Liu et al.,
2019).

FAVO predicts fluid properties and distributions by taking the
dispersion gradient as a hydrocarbon indicator. The technology
works on the assumption that model parameters are frequency
dependent, and implements the AVO inversion based on Zoeppritz
approximate equations and time-frequency analysis techniques.
FAVO has recently gone through three stages of development,
namely, frequency division recognition, frequency division AVO
analysis, and frequency-dependent AVO inversion. The frequency
division recognition stage is mainly characterized by the discovery
of “low frequency shadow” (Castagna et al., 2003; Chen et al.,
2009). Castagna et al. (2003) found that the energy mass below a
gas-bearing reservoir gradually decreases and then disappears with
increasing frequency, and this is known as the “low frequency
shadow” phenomenon. Ren et al. (2007, 2009) then showed that
changes in a formation's lithology and fluid properties represent
important influences on the distribution of seismic energy in the
frequency domain. Following these discoveries, a spectra cross-plot
technique was developed for frequency division AVO analysis. This
technique utilizes spectral decomposition at different incident
angles and discriminates gas from wet reservoirs by integrating
AVO and frequency-dependent analysis (Ren et al., 2007). However,
the spectra cross-plot method used in frequency division AVO is
qualitative. The physical mechanisms of the seismic dispersion
generated by hydrocarbon reservoirs are still not fully understood.
To further investigate the AVO response of hydrocarbon deposits,
Chapman et al. (2006) combined the AVO theory with rock physics
based on a squirt model, and studied reflections from the interface
between an elastic overburden and a dispersive equivalent medium
with frequency-dependent velocity and attenuation. They found
that the reflection coefficient at the interface exhibits apparent
frequency dependency; and that this frequency response is coupled
to AVO behavior. Using field examples, Goloshubin et al. (2006) also
discovered that oil-rich reservoirs can enhance reflection energy at
the low frequencies. Meanwhile, Batzle et al. (2006) identified
significant differences in the dispersion behavior of rocks saturated
with different fluids based on rock physics experiments.

In light of this, Wilson et al. (2009) modified the Zoeppritz
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approximate expression proposed by Smith and Gidlow (1987), and
added the influence of velocity dispersion to the classical AVO
theory. They assumed that the impedance contrast is frequency-
related, and developed the first spectral-decomposition-based
inversion algorithm to extract dispersion attributes. Wilson et al.
(2009)'s work lays an important theoretical foundation for the
FAVO inversion. Wu et al. (2010) then combined the Wigner-Ville
distribution spectral decomposition with the FAVO technique
(Wilson et al., 2009), and applied the method to real seismic field
data. Based on the Bayesian method, Wu et al. (2015) further
applied the FAVO technique in the quantitative prediction of gas
saturation and reservoir porosity. Zhang et al. (2011) then re-
deduced the FAVO equation following the Shuey approximation
(Shuey, 1985), and classified the velocity term into the dispersion
gradient as a parameter to be inverted. Compared with the method
proposed by Wilson et al. (2009), this approach can obtain the
seismic dispersion even if the velocity is not available, making it
very convenient for practical applications. To extract high-
resolution timeefrequency depiction, Huang et al. (2017) and Liu
et al. (2018) respectively combined the FAVO inversion with
sparse constrained inversion spectral decomposition and varia-
tional model decomposition. Many other studies have also proven
that FAVO is both effective and practical, and performs well in the
detection of subtle reservoir and fluid properties (Cheng et al.,
2012; Zhang et al., 2014; Pang et al., 2018; Liu et al., 2019; Kumar
et al., 2019; Ajaz et al., 2021; Qin et al., 2021). However, factors
that affect the effectiveness of FAVO inversion are complex, such as
the selection of Zoeppritz approximation equations, the influence
of dispersive P- and S-wave velocities, the calculation of the spec-
trum balance coefficient, the side effects of strong reflection from
non-reservoir interfaces, and the noise level of the seismic data.
Few studies have investigated howand towhat degree these factors
affect FAVO inversion.

To address the abovementioned issues, here a unified equation
for FAVO inversion is presented with reference to several classical
Zoeppritz approximate equations. Two inversion strategies, whose
input either did (strategy 1) or did not (strategy 2) involve velocity,
are reviewed and compared. On this basis, the influence of the
factors mentioned above on the results of FAVO inversion are then
investigated using a theoretical model. By applying the FAVO
inversion to real seismic field data, we further verify the reliability
and practicability of the technique.
2. Methods

2.1. Classical zoeppritz approximations

The Zoeppritz approximation equation forms the mathematical
foundation of FAVO inversion. At present, commonly used Zoep-
pritz approximations include the Aki-Richard, Smith-Gidlow,
Rüger, Gary, and Goodway approximations. The expressions of
these approximations are as follows.

According to Aki and Richards (2009), the PP reflection coeffi-
cient can be approximately expressed as:
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According to Smith and Gidlow (1987), the PP reflection coef-
ficient is given by:
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According to Rüger (2002), the expression for isotropic media is
as follows:
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According to Gray et al. (1999), the expression is:

RðqÞz1
2

 
1
2
�V

2
S

V
2
P

!
1

cos2 q

Dl

l
þV

2
S

V
2
P

�
1

2 cos2 q
�2 sin2q

�
Dm
m

þ1
2

�
1� 1

2 cos2 q

�
Dr
r

(4)

According to Goodway (1997), the PP reflection coefficient has
the following form:
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where R is the PP reflection coefficient, q is the incident angle, DV ¼
V2 � V1 and Dr ¼ r2 � r1 are the velocity and density differences
between the upper and lower layers respectively (as shown in
Fig. 1), the subscripts “S” and “P” denote shear and compressional
waves respectively, V ¼ ðV2 þV1Þ =2 and r ¼ ðr2 þr1Þ =2 are the
average velocity and density between the upper and lower layers
respectively, IP ¼ rVP and IS ¼ rVS are the P-wave and S-wave im-
pedances respectively, m is the shear modulus, and l is the Lam�e
constant.
2.2. FAVO inversion equation

Based on the classical Zoeppritz approximations above, a unified
Fig. 1. Reflection and transmission at a single interface.
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form of the FAVO inversion equation is established for each of two
strategies: strategy 1, in which the velocity is considered as a
known parameter (e.g., Wilson et al., 2009), and strategy 2, in
which the velocity is regarded as an unknown parameter (e.g.,
Zhang et al., 2011). Taking the Aki-Richard approximation as an
example, the specific implementation of the two strategies is
introduced in this section. The other approximations can then be
obtained in a similar way.

(1) Inversion Strategy 1

Assuming that the velocity is known, the Aki-Richard approxi-
mate Eq. (1) can be transformed as follows:

RðqÞzAðqÞX þ BðqÞY þ CðqÞP (6)

where CðqÞ ¼ 0:5� 2 sin2 qV
2
SV

�2
P , P ¼ Dr=r and A;B are given by

Table 1. X ¼ DVP=VP and Y ¼ DVS=VS are the P- and S-wave velocity
contrast, respectively. For other Zoeppritz approximation equa-
tions, the parameters A;B;X;Y can also be found in Table 1. Note
that in strategy 1, the P- and S-wave velocities are known.

As the velocity varies with frequency f , X and Y can then be
expressed as functions of frequency as follows:

Rðq; f ÞzAðqÞXðf ÞþBðqÞYðf Þ þ CðqÞP (7)

At the reference frequency f ¼ f0, applying Taylor expansion to
the above equation delivers the following result:

DRðq; f Þ¼ ðf � f0Þ½AðqÞdXðf0ÞþBðqÞdYðf0Þ� (8)

where DRðq; f Þ ¼ Rðq; f Þ� Rðq; f0Þ, with Rðq; f0Þ ¼ AðqÞXðf0Þþ
BðqÞYðf0Þþ CðqÞP; dX ¼ vX=vf and dY ¼ vY=vf represent the
dispersion terms. The P- and S-wave related dispersion gradients
DP and DS can then be obtained from dX and dY using the re-
lationships shown in Table 1.

(2) Inversion Strategy 2

For actual seismic data, the velocity is usually unknown. In such
cases, the dispersion gradient attributes can be inverted by
replacing the parameter Y ¼ DVS=VS in Eq. (7) with

Y ¼ V
2
SV

�2
P ,DVS=VS (also see the parameters for strategy 2 in

Table 1). Consequently, the coefficients A and B for strategy 2
become:

AðqÞ¼0:5 cos�2 q;BðqÞ ¼ �4 sin2 q (9)

As can be seen, the inversion equations of strategies 1 and 2 are
completely consistent, just as shown in Eq. (8). The only difference
lies in the specific form and significance of parameters A, B, X, and
Y .

Considering M depth (or time) sampling points, N angles, and L
frequency sampling points, Eq. (8) can be further formatted into
matrices:
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where DR, dX, and dY are column vectors of M� 1. ~A and ~B are

matrices of M �M with ~A ¼ ðf �f0ÞAðqÞI and ~B ¼ ðf � f0ÞBðqÞI,
where I is the unit matrix of M� M. We obtain the dispersion
gradients dX and dY using the above inversion equations by the
singular value decomposition method. Then, the P- and S-wave
related dispersion gradients are obtained from dX and dY. The
inversion equations for the other Zoeppritz approximations have
forms that are consistent with that of Eq. (10). It is only necessary to
change the parameters of each equation (such as A, B, X, and Y)
according to Table 1.

2.3. Procedure for FAVO inversion

The main steps of frequency-dependent AVO inversion include
spectral decomposition, spectrum balance, and dispersion gradient
inversion. These steps can be explained as follows.

(1) Spectral decomposition is performing a time-frequency
decomposition of amplitude-preserving seismic records us-
ing time-frequency analysis methods. Time-frequency anal-
ysis is a significant technique for extracting dispersion
attributes from seismic data. Moreover, selecting an appro-
priate time-frequency analysis method is very important for
2078
frequency-dependent AVO inversion. Currently, spectral
decomposition technologies are relatively mature and have
been widely applied. These technologies include short-time
Fourier transform, wavelet transform, S transform, Gabor
transform, and the smooth pseudo-Wigner-Ville distribution
(SPWVD) method. In this study, the SPWVD method is used
for spectral decomposition due to its good performance in
balancing time resolution and frequency resolution. Hence,
we have

uðqnÞ /
SPWVD

Uðqn; flÞ (11)

where uðqnÞ is the angle gather corresponding to qn, with
u ¼ ½uðt1Þ;uðt2Þ;/;uðtMÞ�T and n ¼ 1;2; /; N. U is the time-
frequency spectrum of u, and fl represents the sampling fre-
quencies with l ¼ 1;2;/;L. In addition to angle gathers, post-stack
seismic data can also be used for FAVO inversion. However, the
post-stack data does not take angular influences into consideration,
and thus in this case only the P-wave dispersion attributes can be
obtained.

(2) Spectrum balance is applied to eliminate the influence of
seismic wavelet on the time-frequency spectrum. It ensures
that the inversion results only reflect the dispersion char-
acteristics of the real medium. Generally, actual seismic re-
cords are often approximated as the convolution of the
seismic wavelet and the reflection coefficients. Therefore,
they contain not only the reflection information, but also the
influence of the seismic wavelet. The spectrum of the seismic
wavelet changes with frequency and exhibits characteristics
tied to dispersion, thus resulting in an overprinting effect on
the seismic records. If this effect is not eliminated, the in-
fluence of the wavelet and the seismic dispersion will be
mixed, making them difficult to distinguish. In addition, the
inversion Eq. (10) also indicates that only the reflection co-
efficient is required for the FAVO inversion. Therefore, it is
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necessary to eliminate the effects of the wavelet from the
seismic signal, while retaining only the stratigraphic reflec-
tion information.

For this reason, the time-frequency spectrum U at each fre-
quency needs to be balanced using the maximum amplitude
around the elastic interface at the reference frequency f0, that is,

Uðqn; flÞ¼Uðqn; flÞwðflÞ (12)

where w is the spectrum balance coefficient, which is given by

wðflÞ¼
max
Te

½Uðqn; f0Þ�
max
Te

½Uðqn; flÞ�
(13)

where Te represents the time interval corresponding to an elastic or
non-reservoir interface. It is worth noting that in order to
completely eliminate the overprinting effect of the seismic wavelet,
the spectrum balance coefficient must be calculated using the
amplitude at the elastic or non-reservoir interface. This is because
only in the case of an elastic interface, the amplitude difference of
the time-frequency spectrum at different frequencies is completely
caused by the seismic wavelet. Therefore, selecting an appropriate
elastic interface is crucial for the spectrum balance and for the
effectiveness of FAVO inversion. In particular for actual seismic
data, a suitable non-reservoir interface must be selected as the
elastic interface with the help of logging and geological data.
Otherwise, inaccurate inversion results may be obtained.

(3) Dispersion gradient inversion is realized by solving Eq. (10).
We first calculate the difference between the amplitude at
each frequency and that at the reference frequency using the
balanced time-frequency spectrum, as follows:

DRðqn; flÞ¼Uðqn; flÞ � Uðqn; f0Þ (15)

Then, the singular value decomposition method is utilized to
obtain the dispersion gradients.
3. Analyses based on theoretical models

In this section, we investigate the factors that affect the accuracy
of FAVO inversion using a wedge-layeredmodel illustrated in Fig. 2.
In themodel, the first and second layers are elastic media, while the
wedge-shaped regions of the upper and lower halves of the last
layer are dispersive and elastic media, respectively. The density of
the dispersive medium is 2.6 g cm�3, and the velocity dispersion
curves of the P- and S-waves are shown on the right-hand side of
Fig. 2. The Ricker wavelet with a dominant frequency of 30 Hz is
used in the test, and the synthetic seismograms of the wedge-
Fig. 2. Wedge-lay
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layered model are simulated by the frequency-domain reflectivity
method proposed by Liu et al. (2016). The results are shown in
Fig. 3, in which Fig. 3a is the zero-offset (vertical incidence) seismic
section, and Fig. 3b shows the angle gathers at Trace 300.
3.1. Zoeppritz approximations

We first investigate the influence of the Zoeppritz approxima-
tions on FAVO inversion. Strategies 1 and 2 are respectively used to
invert the dispersion gradients based on the five classical Zoeppritz
approximations listed in Table 1. The time-frequency spectra of the
angle gathers are obtained using the SPWVD spectral decomposi-
tion techniquewith a timewindow of 0.044 s. Then, we balance the
time-frequency spectra at each frequency using the maximum
amplitude around the elastic interface (the corresponding time
interval is 0.02e0.10 s) at the dominant frequency 30 Hz. Figs. 4 and
5 compare the time-frequency spectra of the seismic records before
and after the spectrum balance. As can be seen, the amplitude at
each frequency is normalized to the same level at the elastic
interface after the spectrum balance, while at the dispersive
interface it remains different. This is because the spectrum differ-
ence at the elastic interface is caused only by the wavelet, while
that at the dispersive interface is affected by the dispersion effects
of both the wavelet and the medium. The spectrum balance elim-
inates the effects of the seismic wavelet and maintains the
dispersion attributes of the medium. Therefore, this process largely
determines the reliability of the inversion results.

Using the angle gathers at Trace 300 (as shown in Fig. 3b) as the
input data, we perform FAVO inversion with strategies 1 and 2,
respectively. The obtained dispersion gradients are shown in Figs. 6
and 7. The dispersion gradients of P- and S-waves obtained by
different Zoeppritz approximations are compared in these figures,
including the Aki-Richard, Smith-Gidlow, Rüger, Gary, and Good-
way approximation equations. We also introduce a factor (z) to
quantitatively evaluate the indicating ability of the dispersion
gradients obtained in different cases. For the FAVO inversion, a high
dispersion gradient indicates a greater possibility of hydrocarbon.
Therefore, the fluid indicating ability depends on the amplitude of
the dispersion gradient, that is, the larger the dispersion gradient
the better the indication ability. However, elastic layers can also
cause dispersions, but only dispersion from the dispersive layer is
considered “true” dispersion. Those results from the elastic layers
are considered “false” dispersions due to the use of spectrum
decomposition (e.g. the small dispersions around the elastic
interface in Figs. 6 and 7). Therefore, to better evaluate the fluid
indicating ability, we define the factor (z) as the ratio of the mini-
mum peak value of the dispersion gradient in the dispersive in-
terval to the maximum peak amplitude in the elastic interval. The
maximum peak value of the dispersion gradient in the dispersive
interval can also be used, but we believe it is more objective and
ered model.



Fig. 3. Synthetic seismogram of the wedge-layered model: (a) zero-offset (vertical incidence) seismic section and (b) angle gathers at Trace 300.

Fig. 4. The results of spectral decomposition: (a) the original seismogram, and the time-frequency spectra of the seismogram (b) before and (c) after spectrum balance.

Fig. 5. Comparison of the time-frequency spectra of the seismic records at different frequencies (a) before and (b) after the spectrum balance.
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reasonable to adopt the minimum one. By doing so, the magnitude
of the factor (z) can effectively reflect the fluid indicating ability.
The larger the value of z, the better the indicating ability. Table 2
lists the corresponding z values for strategies 1 and 2 based on
different Zoeppritz approximations, where zP and zS denote the
indicating ability factors for P- and S-wave dispersion gradients,
respectively.

In Figs. 6 and 7, the larger dispersion gradients indicate more
effective reservoir indicators. They show that the dispersion gra-
dients obtained from the five Zoeppritz approximations exhibit
apparent anomalies at the top and bottom of the dispersive layer,
indicating that dispersion attributes can effectively locate reser-
voirs. In addition, the inversion results of the Aki-Richard and
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Goodway approximations agree completely and their indicating
ability factors are also exactly congruent (see Table 2). This arises
because the inversion equations (or parameters AðqÞ and BðqÞ) for
the two methods are essentially the same (as shown in Table 1),
that is, both their velocity dispersion and wave impedance
dispersion gradients are equivalent. For the sake of convenience
during comparison, we normalize the inversion results using their
maximum values. The normalized P-wave dispersion gradients
based on different Zoeppritz approximations are almost congruent,
regardless of the strategy used. However, the S-wave dispersion
gradient of the Rüger equation shows an apparent inconsistency
with the results from the other equations, with obvious dispersion
anomalies also at the interface of the elastic layer. Table 2 also



Fig. 6. Comparison of inversion results calculated using strategy 1 based on different approximate Zoeppritz approximations. (a and b) Unnormalized and normalized P-wave
dispersion gradients; (c and d) Unnormalized and normalized S-wave dispersion gradients.

Fig. 7. Comparison of inversion results calculated using strategy 2 based on different approximate Zoeppritz approximations. (a and b) Unnormalized and normalized P-wave
dispersion gradients; (c and d) Unnormalized and normalized S-wave dispersion gradients.
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suggests that the indicating ability factor in this case is extremely
small (zS ¼ 1.26). It means that S-wave dispersion gradient ob-
tained by the Rüger equation is not effective at indicating the
2081
presence of reservoirs compared to the other Zoeppritz approxi-
mations. In addition, Figs. 6 and 7 reveal that the dispersion gra-
dients based on strategies 1 and 2 are largely consistent after



Table 2
Indicating ability factors for strategies 1 and 2 based on different Zoeppritz approximations.

Aki-Richard Smith-Gidlow Ruger Gary Goodway

zP Strategy 1 15.05 15.17 15.65 6.97 15.05
Strategy 2 15.05 15.17 15.65 15.05 15.05

zS Strategy 1 5.27 3.73 1.26 5.27 5.27
Strategy 2 5.27 3.97 1.26 5.27 5.27

Fig. 8. The influence of velocity dispersions with different characteristic frequencies. AeC: Dispersive P-wave velocity and constant S-wave velocity of 3.04 km s�1. DeF: Dispersive
S-wave velocity and constant P-wave velocity of 5.91 km s�1. The short black lines approximate the slope of the curve at the reference frequency.
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normalization. The indicating ability factors obtained by strategy 1
and strategy 2 are also very similar, except the Gary equation (see
Table 2) in which case zP ¼ 6.97 for Strategy 1 and zP ¼ 15.05 for
Strategy 2. However, by examining the dispersion gradients for the
Gary equation shown in Fig. 6b, we think this difference is
acceptable. These results indicate that when the velocity is not
available, it is still feasible to use strategy 2 to obtain reliable
dispersion attributes. In fact, because it does not require velocity
information, strategy 2 is much simpler to apply, and has advan-
tages in practical applications compared with strategy 1. Based on
Fig. 9. Dispersion gradients for (a) P- and (b) S-waves. Case 1: only P-wave velocity is dispe
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the above analysis, the Goodway approximation based on strategy
2 will be used to perform the FAVO inversion in the following tests.

3.2. P- and S-wave velocity dispersion

Next, we analyze the influence of the velocity dispersion on
FAVO results. Firstly, we investigate the effects of velocity disper-
sions with different characteristic frequencies using several nu-
merical experiments (A, B, …, F). For experiments A-C, the S-wave
velocities are frequency-independent and equal to 3.04 km s�1,
rsive; Case 2: only S-wave velocity is dispersive; Case 3: both velocities are dispersive.



Table 3
Indicating ability factors for the three cases shown in Fig. 9

P-wave velocity (Case 1) S-wave velocity (Case 2) P- and S-wave velocities (Case 3)

zP 15.40 3.32 15.05
zS 3.27 3.37 5.27
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while the P-wave velocities are dispersive with different charac-
teristic frequencies and vary with the frequency in the same way
(see Fig. 8a). In contrast, for experiments D-F, the P-wave velocities
are constant (5.91 km s�1) but the S-wave velocities are frequency-
dependent (see Fig. 8c). The corresponding inversion results for all
cases are shown in Fig. 8. As can be seen, the inverted dispersion
gradients increase with increasing slope of the velocity dispersion
at the reference frequency, which indicates that the inversion re-
sults obtained by FAVO technique can only reflect the slope of the
velocity dispersion (or the dispersion gradient) at the reference
frequency. This can also be inferred from the FAVO inversion theory.
The Taylor expansion of the Zoeppritz approximations at the
reference frequency in the theory has already determined that the
FAVO inversion results can only reflect the velocity dispersion at the
reference frequency.

Then, we examine whether the FAVO method could invert the
pure P-wave and S-wave dispersions from the seismic records.
Three cases are considered here: (1) only the P-wave velocity in the
dispersive layer is dispersive, and the S-wave velocity is
3.04 km s�1, (2) only the S-wave velocity is dispersive, and the P-
wave velocity is 5.91 km s�1, and (3) both P- and S- wave velocities
are dispersive (see Fig. 2).

Fig. 9 shows the inversion results of P- and S-wave dispersion
gradients in the three cases, and Table 3 provides the correspond-
ing indicating ability factors. For the P-wave dispersion gradient,
significant anomalies occur at the dispersive interfaces in cases
whenever P-wave velocity is dispersive, while the S-wave velocity
dispersion has much less contribution to the P-wave dispersion
gradient. We can also observe from Table 3 that the P-wave indi-
cating ability factors are around 15 in Case 1 and Case 3, but only
3.32 in Case 2. In contrast, the inversion results for the S-wave
dispersion gradient demonstrate obvious anomalies in all three
cases. In particular, for case 1 in which only P-wave velocity
dispersion exists, the S-wave dispersion anomaly is also unex-
pectedly significant with an indicating ability factor of 3.27. Note
that the indicating ability factor in Case 3 (where only the S-wave
velocity is dispersive) is only 3.37. This phenomenon may have
been caused by the linear coupling between P- and S-wave
dispersion terms during the inversion, which implies that it is
difficult to obtain pure S-wave dispersion attributes using FAVO
inversion based on PP reflection seismic data. In other words,
although one can obtain the dispersion attributes of P- and S-waves
Fig. 10. (a) P- and (b) S-wave dispersion gradients calculated using the synthetic post-stack
wave dispersion gradients.
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using PP reflection angle gathers, FAVO inversion delivers a much
lower accuracy for the S-wave dispersion than that of the P-wave
dispersion due to the coupling effect of P- and S-wave dispersion
terms. The obtained dispersion of S-wave may be caused by either
the coupling effect or by the actual S-wave dispersion of the me-
dium, which as a resultmakes it difficult to identify the origin of the
dispersion. In addition, Table 3 illustrates that the indicating ability
of the S-wave dispersion gradient is muchweaker than that of the P
wave. Therefore, when PP reflection seismic data is utilized for
reservoir prediction and fluid identification, the P-wave dispersion
gradient appears to be more suitable than the S-wave dispersion
gradient as a fluid indicator for hydrocarbon detection.
3.3. Inversion input data

For practical applications, researchers often focus more on P-
wave dispersion. To obtain the P-wave dispersion attributes, either
post-stack seismic records (self-excitation and self-gathering) or
pre-stack angle gathers are generally used in the FAVO inversion.
This section compares the inversion results of the dispersion gra-
dients obtained using these two kinds of synthetic seismic data as
inversion inputs.

Fig. 10 presents the dispersion gradient results calculated based
on post-stack data and pre-stack angle gathers (5e40�, with an
angular interval of 5�) respectively. We can see that when the post-
stack gathers are used as the input data, only the P-wave dispersion
gradient could be obtained. In addition, the results of the P-wave
dispersion gradient acquired using the two kinds of synthetic data
are almost identical, with a high P-wave indicating ability factor of
10.83 and 16.38 respectively. This indicates that, in practical ap-
plications, we can invert the P-wave dispersion gradient directly
from the post-stack seismic data. In fact, the actual post-stack
seismic data generally has a higher signal-to-noise ratio than the
pre-stack angle gather data, and hence is more beneficial to the
accurate inversion of the P-wave dispersion. Therefore, if only the
P-wave dispersion information is desired, post-stack data can meet
the principal requirements. On the other hand, the main purpose of
using angle gathers as the inversion input is to obtain the S-wave
dispersion. However, the analysis presented in Section 3.2 has
demonstrated the difficulty of obtaining pure S-wave dispersion
based on PP reflection seismic data.
seismic data and angle gathers. zP ; zS are the indicating ability factors for the P- and S-



Fig. 11. Energy side leakage phenomenon in presence of a strong reflection elastic interface: (a) balanced time-frequency spectrum; (b) spectrum difference, which denotes the
deviation between the amplitudes at dominant frequency and at other frequencies.

Fig. 12. Dispersion gradient obtained by FAVO inversion in presence of a strong reflection elastic interface.
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3.4. Elastic strong reflection interface

To discuss the influence of the elastic strong reflection interface
on the FAVO inversion, wemodify the model parameters of the first
elastic layer as VP ¼ 5:0 km=s, VS ¼ 2:8 km=s, and r ¼ 2:5 g=cm3,
so that the first interface is converted into a strongly reflective
interface. Due to the spectrum decomposition technology used, it is
generally difficult to normalize the amplitude at each frequency
near the elastic interface into a completely consistent state after the
spectrum balance. Therefore, the amplitude inconsistency is inev-
itable near the peak of the spectrum at the elastic interface (see
black dotted frames in Fig. 11a), though it can be more or less sig-
nificant. We call this phenomenon “energy side leakage.” For a
general elastic interface, the effect of the energy side leakage is
often negligible, so its influence can be ignored. However, for strong
reflection interface, the order of magnitude of the energy side
leakage will likely be equal to or even larger than the desired
dispersion gradient (as shown in Fig. 11b), and thus cannot be
ignored.

Fig. 12 presents the inversion results in presence of a strong
reflection elastic interface. As shown in Fig. 12a, apparent anoma-
lies occur at the dispersive interfaces and also on both sides of the
strong reflection interface. Fig. 12b shows that the anomalies near
the elastic interface are especially evident (see those encircled by
the red dotted frame). This “false” P-wave dispersion is even higher
than the actual P-wave dispersion at the dispersive interface. Such a
phenomenon could cause a confusion between the strong non-
reservoir interface and the actual reservoir in the real application
of FAVO inversion to seismic field data, and further increase the
difficulty of reservoir prediction and fluid discrimination. It could
even lead to a completely wrong conclusion. In contrast, the S-wave
dispersion gradient here shows a relatively slight reaction to the
elastic interface due to the much weaker S-wave impedance
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contrast. To circumvent the negative effects of energy side leakage,
we can identify and eliminate the strong reflection non-reservoir
interface before FAVO inversion with the help of well logging and
geological data. From Fig. 12, we can also see that large dispersion
anomalies also appear in the thinner wedge-shaped region. This is
caused by the tuning effect of the thin layers. Therefore, the in-
fluences of thin layers should also be carefully considered during
the FAVO inversion.

3.5. The influence of noise

To further investigate the influence of noise on the inversion
results, different levels of Gaussian random noise (i.e., 3%, 5%, 10%,
15%, which denote the ratio of noise energy to signal energy) are
added to Fig. 3b to generate noisy angle gathers, as shown in Fig. 13.
The quality of the angle gathers becomes worse with increased
noise, and when the noise level is higher than 5%, some useful in-
formation in the angle gathers is smeared.

Fig.14 shows the inverted P- and S-wave dispersion gradients by
FAVO inversion from the noisy angle gathers with different levels of
Gaussian random noise. Table 4 lists the corresponding indicating
ability factors. It is shown that with increases in noise level, the
indicating ability of the P- and S-wave dispersion gradients is
weakened. Nevertheless, Fig. 14 illustrates that the P-wave indi-
cating ability factor is still within an acceptable range even in the
case of 15% noise. For this case, the P-wave indicating ability factor
is 12.4. Compared with the P-wave gradient, the S-wave dispersion
gradient has a much weaker indicating capability at all noise levels
and its maximum indicating ability factor is only 5.27.

3.6. Comparison with iso-frequency anomalies

To compare the dispersion gradient attributes with the iso-



Fig. 13. The angle gathers at Trace 300 with (a) 3%, (b) 5%, (c) 10%, and (d) 15% Gaussian random noise.

Fig. 14. The normalized (a) P- and (b) S-wave dispersion gradients obtained by FAVO inversion with different levels of Gaussian random noise.

Table 4
Indicating ability factors for the cases with different Gaussian random noise.

Noise 0% 3% 5% 10% 15%

zP 15.05 13.40 13.13 12.73 12.40
zS 5.27 3.53 3.29 2.93 2.71

F. Ouyang, X.-Z. Liu, B. Wang et al. Petroleum Science 20 (2023) 2075e2091
frequency anomalies, we also calculate iso-frequency data using
the SPWVD spectral decomposition technique. Fig. 15 presents the
iso-frequency sections (15 Hz, 25 Hz and 35 Hz) obtained from the
synthetic seismic datawith different incident angles for thewedge-
layered model. We can see that for all the incident angles, strong
energy appears at both the top and bottom of the dispersive layer at
a low frequency of 15 Hz, and then gradually decreases with
increasing frequency. In contrast, the energy at the elastic interface
shows no frequency dependency, and only varies with the angle of
incidence due to the effect of amplitude versus angle. For the
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wedge-layered model considered, the amplitude of the seismic
data increases with the incident angle (see Fig. 3b) and thus ex-
hibits a strong energy at 30� for all frequencies. Fig. 15 illustrates
that although the iso-frequency anomaly can indicate the gas
reservoir, it may also indicate some other non-reservoir bodies with
strong energies, such as the elastic interface in this example.
Therefore, the iso-frequency anomaly is not the best choice for
hydrocarbon detection.

In contrast, the inverted dispersion gradient attributes using the
FAVO technique have higher resolution because it removes the
band-pass filter effect of the wavelet (see Fig. 16a and b). The
dispersion gradients at the elastic interface are rather small
compared with those at the dispersive interfaces, and thus can
indicate the reservoir more accurately. In addition, the P-wave
dispersion gradient shows better indicating ability than the S-wave
dispersion gradient. From Fig. 16, we can also observe that there are
significant tuning effects in both elastic and dispersive cases when
the thickness of the wedge-shaped interlayer is < 100 m. With



Fig. 15. Iso-frequency sections for the wedge-layered model: (aec) 15 Hz, 25 Hz, and 35 Hz sections with an incident angle of 0� (corresponding to the post-stack case), and the iso-
frequency sections with an incident angle of (def) 15� and (gei) 30� (corresponding to the pre-stack case).

Fig. 16. The P- and S-wave dispersion gradients obtained by FAVO inversion for the dispersive (a, b) and elastic (c, d) wedge-layered model. Significant tuning effects can be
observed in both the elastic and dispersive cases when the thickness of the wedge-shaped interlayer is less than 100 m.

Fig. 17. Seismic physical model. (a) Post-stack seismic profile, (b) lenses in the physical model, and (c) spectrum of the seismograms.
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Fig. 18. Iso-frequency sections obtained from the post-stack data of the seismic physical model: (a) 5 Hz, (b) 9 Hz, (c) 13 Hz and (d) 17 Hz.
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further increase in thickness, the tuning effects weaken and then
disappear. This suggests that the dispersion gradients obtained by
FAVO inversion have difficulties in indicating hydrocarbon reser-
voirs with small thicknesses. Therefore, both the iso-frequency
method and the FAVO technique suffer from thin bed tuning ef-
fects. In this case, logging, geological, and other relevant data
should be integrated with the dispersion gradients to help distin-
guish whether the anomalies are caused by thin hydrocarbon res-
ervoirs or other non-reservoir bodies.
4. Practical applications

This section presents the application of FAVO inversion to actual
seismic data. The Goodway approximation and SPWVD spectral
decomposition technique are employed.
4.1. Seismic physical model

The seismic physical model used here consists of two regions: a
gas-bearing region and an oil-bearing region. The gas-bearing re-
gion consists of lenses containing gas-water mixtures with
different gas content, while the oil-bearing region comprises of oil-
saturated lenses with different porosities (as shown in Fig.17b). The
physical model and the lenses are composed of quartz sand and
cemented mixtures (such as epoxy resin, silicone rubber, and
curing agent). The length, width, and thickness of each lens are
10 cm � 5 cm � 1 cm, respectively. During the seismic physical
simulation, the physical model is placed in water, and the source
and geophone are excited and received on the water surface.
Fig. 17a displays the post-stack seismic section of the seismic
physical model. The spectrum analysis of the received seismic re-
cords reveals that the dominant frequency of the signal is about
10 Hz with a frequency band of 0e40 Hz (see Fig. 17c).

Fig. 18 shows the iso-frequency sections (5 Hz, 9 Hz, 13 Hz, and
17 Hz) obtained from the post-stack seismic data of the physical
model. We can observe that the energy in both the gas-bearing and
oil-bearing regions is strong at low frequencies, but decreases
rapidly with increased frequency, especially in the gas-bearing
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region. In addition, no obvious low-frequency shadow phenomena
are observed for the physical model, probably due to the narrow
frequency band of the seismic data and the simple structure of the
physical model.

In the FAVO inversion, the dominant frequency of the signal is
taken as the reference frequency, and the SPWVD technique with a
time window of 0.09 s is applied to perform the spectral decom-
position. The maximum amplitude within 2.8e2.9 s denotes the
location of the elastic interface and is used to calculate the
weighted spectrum balance coefficient. To prevent energy side
leakage and obtain accurate P-wave dispersion, the strong reflec-
tion interface between the solid model and water was eliminated,
and only the effective post-stack data for the solid model area are
retained (Fig. 17a). Fig. 19 shows the time-frequency spectra of the
post-stack seismic data before and after the spectrum balance
recorded at Trace 270. It can be observed that the reflection am-
plitudes at all frequencies are almost consistent after spectrum
balance, except for those at the time interval 3e3.4 s (i.e., the gas-
bearing region).

Fig. 20 presents the P-wave dispersion gradient attribute section
estimated by FAVO inversion for the physical model. As can be seen,
obvious dispersion anomalies occur in both the gas-bearing and oil-
bearing regions, and the P-wave dispersion gradient also exhibits
an obvious change with the gas content. At an intermediate gas
content, the dispersion is the highest, and while the gas content
further decreases or increases, the dispersion becomes weaker. This
result has a good agreement with the White's partial saturation
theory (White et al., 1976). It can also be observed from Fig. 20 that
when the oil content is high, the indicating ability of the dispersion
gradient becomes much weaker. This indicates that it is more
difficult for the dispersion gradient to detect a reservoir with a high
oil saturation compared with a gas-bearing reservoir. In addition,
since the lenses are very thin, the P-wave dispersion attribute could
not clearly depict the boundary of the lenses. Instead, it could only
reflect their general location. Nevertheless, the FAVO inversion
based on the SPWVD technique and Goodway approximation
generally performs well in hydrocarbon detection.



Fig. 19. The results of spectral decomposition for Trace 270: (a) the original seismogram, and the time-frequency spectra of the seismogram (b, d) before and (c, e) after spectrum
balance.

Fig. 20. P-wave dispersion gradient calculated using the post-stack data of the seismic
physical model.
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4.2. Tight sandstone reservoir

We further apply the FAVO inversion in detecting a real gas-
bearing tight sandstone reservoir, the post-stack seismic section
of which is shown in Fig. 21. Three post-stack seismic traces are
randomly selected to determine the dominant frequency of the
seismic data. A Fourier transform is performed to obtain the
frequency-domain spectrum shown in Fig. 21b. As can be seen, the
dominant frequency of the tight sandstone seismic data is about
24 Hz, and the effective frequency band is 0e60 Hz. Therefore,
24 Hz is chosen as the reference frequency for the FAVO inversion.
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In addition, the well-seismic calibration and gas tests suggest that
the total gas production of well W1 is approximately 37.5 � 104 m3,
with the corresponding gas-bearing interval on the seismic profile
being 1.67e1.68 s, and the total gas production of well W2 is about
48.0 � 104 m3, with the corresponding gas-bearing interval on the
seismic profile being 1.68e1.69 s. The total gas production of well
W3 is 10.8� 104 m3 and the corresponding gas-bearing location on
the seismic profile is at 1.68 s.

Fig. 22 shows the P-wave dispersion attributes for the gas-
bearing tight sandstone reservoir. It can be seen that the P-wave
dispersion exhibits obvious anomalies near the gas-bearing posi-
tions of the three wells. For W1 and W2, the peak value of the P-
wave dispersion corresponds to their respective gas-bearing posi-
tion. For well W3, the P-wave dispersion exhibits a relative lower
anomaly at the gas-bearing location. Fig. 23 compares the total gas
production and the P-wave dispersion at the gas-bearing locations
of these three wells. As can be seen, W1 and W2 are high-
production wells, while W3 has a relatively lower production. In
addition, the P-wave dispersion at the gas-bearing positions of the
three wells is positively correlated with the total gas production. It
indicates that the P-wave dispersion can not only indicate the
location of the gas reservoir, but can also reflect said reservoir's
physical properties to a certain extent.

To further demonstrate the indicating ability of the dispersion
gradient, we compare it with four commonly-used conventional
seismic attributes, including the Russell fluid factor, AVO gradient
attribute, AVO intercept attribute, and shear modulus (as shown in
Fig. 24). As can be seen, high values of the Russell fluid factor and
AVO gradient appear above the gas-bearing reservoir, and no
anomalies are observed in the target hydrocarbon accumulation.



Fig. 21. (a) Post-stack seismic section and (b) spectrum of hydrocarbon-bearing tight sandstone reservoir.

Fig. 22. P-wave dispersion for the gas-bearing tight sandstone reservoir. The yellow
lines denote the curves of the P-wave dispersion gradient at the location of the wells.

Fig. 23. Total gas production for three wells and the corresponding P-wave dispersion
at gas-bearing positions.
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This suggests that the Russell fluid factor and AVO gradient are not
good hydrocarbon indicators in this context. In contrast, the AVO
intercept and shear modulus have better indicating abilities.
Obviously, anomalous values of the AVO intercept and shear
modulus are observed around the hydrocarbon reservoir. However,
one can also see significant anomalies caused by non-reservoir
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interfaces, which as a result blurs the useful fluid information. In
comparison with conventional attributes, the dispersion gradient
given in Fig. 22 has a much higher resolution and is less susceptible
to the impacts of non-reservoir bodies. Overall, these results
demonstrate that the dispersion gradient attribute obtained by
FAVO inversion has a better fluid indicating ability for hydrocarbon
detection, compared to the conventional seismic attributes.
5. Conclusions

We have proposed a unified equation for FAVO inversion by
combining several classical Zoeppritz approximation equations, as
well as two inversion strategies. Based on a theoretical model, the
influences of various factors on the FAVO inversion are analyzed,
such as the selection of the Zoeppritz approximation, the degree of
velocity dispersion, the selection of inversion input data, and the
effects of a strong elastic reflection interface. The results show that:
(1) the Aki-Richard, Smith-Gidlow, and Goodway approximations
deliver similar inversion results, while the Gary equation shows a
slightly different trend around the elastic layer. However, all these
approximations have a better performance than the Rüger equa-
tion. (2) The inversion accuracies of strategies 1 and 2 are generally
similar, which implies that even if the velocity information is not
available, one can still obtain accurate dispersion attributes using
strategy 2. (3) For FAVO inversion based on PP reflection seismic
data, the P-wave dispersion gradient is found to be more suitable
than the S-wave dispersion gradient as a hydrocarbon indicator. (4)
If only the P-wave dispersion attribute is desired, using either post-
stack data or pre-stack angle gathers as input data have little effect
on the inversion results. (5) A strong reflection interface will lead to
energy side leakage in FAVO inversion, which may cause a signifi-
cant “false” P-wave dispersion that poses difficulty on differenti-
ating reservoir and non-reservoir regions. The negative effects of
this phenomenon can be prevented by eliminating the strong
reflection interface with the help of logging and geological data. (6)
The tuning effects of thin layers should also be accounted in FAVO
inversion. In addition, we also verify the reliability and practica-
bility of the FAVO technique by applying it to a seismic physical
model and the seismic field data. The application examples
demonstrate that the dispersion attributes obtained with FAVO
inversion have higher resolution for hydrocarbon detection
compared to the commonly-used seismic attributes. Moreover, the
dispersion attributes could not only indicate the location of a hy-
drocarbon reservoir, but could also reflect its physical properties to
a certain extent. However, to diminish the ambiguity of reservoir
characterization and improve the reliability of the inversion results
in real applications, FAVO inversion must be integrated with the
drilling and geological information.



Fig. 24. The normalized results of conventional seismic attributes for the gas-bearing tight sandstone reservoir: (a) Russell fluid factor, (b) AVO gradient, (c) AVO intercept, and (d)
shear modulus.
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