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a b s t r a c t

Estimating gas enrichments is a key objective in exploring sweet spots within tight sandstone gas res-
ervoirs. However, the low sensitivity of elastic parameters to gas saturations in such formations makes it
a significant challenge to reliably estimate gas enrichments using seismic methods. Through rock
physical modeling and reservoir parameter analyses conducted in this study, a more suitable indicator
for estimating gas enrichment, termed the gas content indicator, has been proposed. This indicator is
formulated based on effective fluid bulk modulus and shear modulus and demonstrates a clear positive
correlation with gas content in tight sandstones. Moreover, a new seismic amplitude variation versus
offset (AVO) equation is derived to directly extract reservoir properties, such as the gas content indicator
and porosity, from prestack seismic data. The accuracy of this proposed AVO equation is validated
through comparison with the exact solutions provided by the Zoeppritz equation. To ensure reliable
estimations of reservoir properties from partial angle-stacked seismic data, the proposed AVO equation is
reformulated within the elastic impedance inversion framework. The estimated gas content indicator
and porosity exhibit favorable agreement with logging data, suggesting that the obtained results are
suitable for reliable predictions of tight sandstones with high gas enrichments. Furthermore, the pro-
posed methods have the potential to stimulate the advancement of other suitable inversion techniques
for directly estimating reservoir properties from seismic data across various petroleum resources.
© 2024 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

Global natural gas production has been significantly enhanced
by tight sandstones, which represent one of the primary uncon-
ventional hydrocarbon reservoirs. The foundation of high-quality
tight sandstones lies in their high gas enrichment, with a suffi-
ciently substantial gas accumulation being essential for the pro-
duction capabilities of tight sandstone gas reservoirs. Hence, gas
prediction assumes primary importance in the exploration and
development of these reservoirs. However, tight sandstone gas
reservoirs typically exhibit low porosity, low permeability, complex
pore structures, and significant heterogeneity (Liu et al., 2019; Shu
et al., 2021). The intricate elastic properties linked to gas satura-
tions and porosities in tight sandstones make considerable chal-
lenges in achieving reliable gas predictions using seismic methods
(Ren et al., 2014; Cui et al., 2017).
y Elsevier B.V. on behalf of KeAi Co
In petroleum reservoir fluid predictions, Smith and Gidlow
(1987) employed weighted stacking schemes to estimate rock
properties and identify gas presence. Fatti et al. (1994) introduced
fluid indicator traces for gas detection based on seismic amplitude
variation with offset (AVO) analysis and the mudrock line concept.
Additionally, Goodway et al. (1997) emphasized the importance of
elastic moduli over velocities and density for fluid detection, sug-
gesting the use of Lam�e impedance to distinguish reservoir fluid
types. Quakenbush et al. (2006) further proposed Poisson's
impedance as an indicator for hydrocarbon detection and porosity
prediction.

Numerous researchers have delved into pore structure analysis
using rock physics methods to enhance the precision of reservoir
property identification (Gurevich et al., 2009; Glubokovskikh et al.,
2016; Chen et al., 2023a, 2023b). Rock physics methods have been
employed to identify fluids in tight gas sandstone reservoirs (Li
et al., 2017; Yin et al., 2017). Several fluid indicators have been
proposed based on different combinations of elastic parameters.
Russell et al. (2003) proposed using the fluid term (rf) as a fluid
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discriminator, where r represents density and f denotes the Gass-
mann fluid factor. Additionally, Russell et al. (2006) introduced a
three-term approximation of the AVO equation, incorporating the
Gassmann fluid factor, shear modulus, and density. This approach
offers a means to predict fluids using prestack seismic data. Zhang
et al. (2010) claimed that the Gassmann fluid factor may lead to
ambiguities in the pore fluid identification owing to the effect of
porosity. To address this issue, numerous researchers have devel-
oped new linearized AVO approximations based on effective fluid
bulk modulus and pertinent elastic properties (Yin and Zhang,
2014; Zong et al., 2015; Zhang, 2016; Zhang et al., 2017). Addi-
tionally, based on the analyses of the relations between reservoir
properties and elastic parameters, Xu et al. (2014) contended that
the parameter l/VS (where l is the Lam�e coefficient and VS is the
shear-wave velocity) exhibits sensitivity to gas and can enhance gas
identification in tight sandstones. Huang et al. (2015) introduced a
fluid indicator linked to b2M for fluid identification, where b de-
notes the Biot coefficient and M is the term associated with the
effects of fluids and pores. Wang et al. (2020) integrated deter-
ministic and statistical rock physics approaches, introducing a joint
posterior probability to discriminate fluids. The methodology
enabled the extraction of high-precision elastic parameters from
seismic data by employing the reflectivity method. In another
study, Wang et al. (2022) introduced a novel fluid identification
parameter known as the inclusion-based effective fluid modulus,
which enhances fluid identification in tight gas-bearing reservoirs.

In addition to the studies on fluid indicators mentioned above,
significant efforts have been dedicated to achieving direct inversion
of reservoir parameters from seismic data. It was generally
acknowledged that direct estimation of reservoir parameters from
prestack seismic data can help mitigate accumulative errors. Zong
et al. (2012) derived an approximate AVO equation for the direct
estimation of compression and shear moduli, which was utilized to
construct a fluid factor. Additionally, Yin et al. (2013) accomplished
a direct estimation of Russell's fluid factor through Bayesian elastic
impedance inversion. Their method offered a robust approach to
fluid detection, enhancing reservoir fluid identification. Zong and
Yin (2017) developed an AVO equation for the direct inversion of
Young's and Poisson's impedances, demonstrating promise in li-
thology and fluid prediction for unconventional resources. Jia et al.
(2018) introduced a generalized elastic impedance equation to es-
timate the gas-sensitive factor f/VS. Moreover, Gao et al. (2019)
devised a sensitive lithology indicator and an AVO equation for
sandstone identification. Additionally, Zhang et al. (2020a) formu-
lated a parameter to mitigate porosity influence in fluid detection.
Zhang et al. (2020b) proposed an oil-porosity factor and established
an AVO equation for characterizing oil-bearing reservoirs. Recently,
leveraging the double-porosity Biot-Rayleigh model, Guo et al.
(2022) developed a multi-objective seismic inversion method for
direct estimation of petrophysical parameters. Chen et al. (2022)
introduced a generalized elastic impedance equation to directly
invert VP/VS, VP, and r in gas-bearing carbonate reservoirs. In
addition, by accounting for azimuthal variations in seismic signa-
tures, Chen and Zong (2022) introduced stress-induced anisotropy
factors. Ma et al. (2023) introduced an effective fluid indicator (bKf/
4) for hydrocarbon identification in titled transversely isotropic
media, where Kf and 4 represent the fluid bulk modulus and
porosity, respectively.

In this study, the primary aim of this paper is to devise a method
for accurate gas predictions using prestack seismic data. To
accomplish this goal, a gas content indicator is first introduced
based on rock physical modeling and reservoir parameter analyses
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using well-log data. Subsequently, a seismic AVO equation that is
parameterized by the gas content indicator and porosity is derived
by incorporating rock physical relationships. An accuracy analysis
of the proposed AVO equation is then conducted. Following that,
the elastic impedance inversion scheme is employed utilizing the
derived AVO equation to directly estimate the gas content indicator
and porosity. Subsequently, the proposedmethod is applied to field
data to estimate the gas content indicator and porosity in tight
sandstone gas reservoirs. These results are then calibrated with
logging data to assess the effectiveness of our approach. Addi-
tionally, the robustness and reliability of both direct and indirect
methods are compared for estimating the gas content indicator.
2. Theory and methodology

2.1. A new AVO equation for direct estimation of reservoir
properties

Murphy et al. (1991) proposed the formulas of velocities based
on Gassmann's equation:

rV2
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4
3
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where VP, VS, and r represent the compressional wave velocity,
shear wave velocity, and density, respectively, of the saturated rock.
Also, Kdry denotes the bulk modulus of the dry rock, m signifies the
shear modulus of the rock skeleton, Ks stands for the bulk modulus
of the solid grain, Kf represents the fluid bulk modulus, 4 is the
porosity, and f represents the fluid/porosity term.

Han and Batzle (2003) proposed the simplified form of the fluid/
porosity term f as

f ¼KfGð4Þ (4)

where Gð4Þ ¼ ð1�Kdry=KsÞ2
4

.

Defining the factor F in Eq. (5):

F ¼ 1
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(5)

Drawing upon Fatti's P-wave reflection coefficient equation
(Fatti et al., 1994) in Eq. (6), a new AVO Equation was established in
Eq. (7):
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In this newly developed AVO equation, RPP(q) is parameterized
by the reflectivity terms DF/F, D(4IS)/(4IS), Dr/r, and D4/4. Deriva-
tions from Eqs. (6) and (7) are given in Appendix A. Eq. (7) provides
a method for direct estimations of reservoir properties (such as gas
content indicator F and porosity 4) using prestack seismic data. The
proposed factor F serves as a valuable tool for discerning gas con-
tent, exhibiting greater sensitivity in identifying tight sandstones
with medium to high gas saturation compared to the fluid bulk
modulus (Kf).
2.2. Elastic impedance inversion scheme by utilizing the proposed
AVO equation

Connolly (1999) proposed the elastic impedance inversion
method, which establishes the relationship between RPP(q) and the
elastic impedance EI(q) as follows:

RPPðqÞ¼
EI2ðqÞ � EI1ðqÞ
EI2ðqÞ þ EI1ðqÞ

¼ 1
2
DEIðqÞ
EIðqÞ

z
1
2
Dln½EIðqÞ� (8)

where EI1(q) and EI2(q) are the elastic impedances of the upper and
lowermedia, respectively, across a subsurface interface. In addition,
DEI(q) and EI denotes the difference and average, respectively, of
the upper and lower impedances across the interface.

Based on the relation presented in Eq. (8), the RPP(q) in Eq. (7)
can be expressed as:

EIðqÞ¼ FaðqÞð4ISÞbðqÞrcðqÞ4dðqÞ (9)
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According to Whitecombe et al. (2002), performing the
normalization operation on Eq. (9) produces
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where F0, 40IS0, r0, and 40 are the averaged values that can be
derived from logging data for the targeted subsurface interval. In
addition, EI0 is the normalization factor that can be expressed as
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Dividing both sides of Eq. (14) with EI0 and taking the natural
logarithm on both sides of the obtained equation can produce
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Finally, the inversion framework by using different angle-
stacked seismic data can be established as8>><
>>:
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where q1, q2, q3, and q4 represent different incidence angles. The
inversion results can be solved using the least square method.
3. Results and discussion

3.1. Accuracy analysis of the new AVO equation

As shown in Fig. 1, we analyze the weighting coefficients for the
four terms in Eq. (7) for the cases of g2

dry of 1.333, 2, and 2.333,

respectively. The value of g2sat is set as 4. It is observed that the
weighting coefficients are negative for DF/F and positive for Dr/r
and D4/4. As the value of g2dry increases, the weighting coefficients

for DF/F, Dr/r, and D4/4 get closer to the zero axis and the effect of
g2
dry for these terms decreases. At the same time, the weighting

coefficients change from negative to positive for D(4IS)/(4IS).
As depicted in Fig. 2, a simple seismic model is designed to

assess the accuracy of the proposed AVO equation (Eq. (7)). In this
model, a gas-bearing tight sandstone layer is embedded within
mudstone. The properties of both the tight sandstone and



Fig. 1. Weighting coefficients for (a) DF/F, (b) D(4IS)/(4IS), (c) Dr/r, and (d) D4/4 of three different dry rock velocity ratio cases.

Fig. 2. Model for the calculation of seismic reflection coefficients.

Table 1
Properties used for the evaluation of the new AVO equation.

VP. km/s VS, km/s Р, g/cm3 М , GPa Sg 4 Kf, GPa

Mudstone 3.80 2.00 2.60 10.40 0 0.08 2.25
Sandstone 4.30 2.80 2.40 18.82 0.7 0.10 0.06
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mudstone are delineated in Table 1. The tight sandstone is set to
have higher values of VP and VS than those of the mudstone.
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Furthermore, the corresponding shear wave moduli, m, are derived
from the elastic wave velocities and densities. Additionally, the
tight sandstone is assumed to be partially gas-saturated (Sg ¼ 0.7),
while the mudstone is presumed to be completely water-saturated
(Sg ¼ 0). The porosities are set at 0.08 for the mudstone and 0.10 for
the tight sandstone. Subsequently, the corresponding fluid bulk
modulus (Kf) can be calculated utilizing Wood's equation (Kf ¼
½Sg=Kg þ ð1� SgÞ=Kw��1) (Wood, 1941), where the bulk modulus of
gas (Kg) is established as 0.04 GPa and the bulk modulus of water
(Kw) is determined as 2.25 GPa.

For the properties outlined in Table 1, the PP-wave reflection
coefficients (RPP) are computed for the top and bottom interfaces of
the tight sandstone layer, as depicted in Fig. 2. Following the
approach of Russell et al. (2011), gdry is considered as an adjustable
parameter. Its determination is based on yielding reasonable esti-
mations of the reflection coefficients during modeling. Moreover,
this adjustable parameter can be optimized to achieve the most
effective discrimination between gas- and water-saturated reser-
voirs in field data applications. Russell et al. (2011) proposed a
plausible range of gdry values. In this study, the value of gdry is set to
1.58, which yields a reasonable accuracy in the calculation of RPP
using Eq. (7).

As depicted in Fig. 3, the RPP values computed using the new
AVO equation (Eq. (7)) exhibit close agreement with those obtained
through the Fatti approximation (Eq. (6)) and the exact Zoeppritz
equations (Zoeppritz, 1919). Minor deviations are observed only at
incidence angles exceeding approximately 30�. Consequently, these
results substantiate the accuracy of the proposed AVO equation.
3.2. Effectiveness evaluation of the F indicator based on logging
data analyses and rock physical modeling

The seismic two-way time (TWT) map of the targeted tight



Fig. 3. Calculated RPP values by using the Zoeppritz (black solid curves), the Fatti (blue solid curves), and the proposed AVO (red dashed curves) equations for the (a) upper and (b)
lower interfaces of the tight sandstone layer.

Fig. 4. Two-way travel time for the targeted tight sandstones. The red dots indicate the locations of the gas wells B, C, and D. The blue dots indicate the locations of the dry wells A
and E, and the black line shows the cross-well seismic line.

Fig. 5. Logging data including GR, VP, VP, r, 4, and Sg for well B.
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sandstone (Fig. 4) depicts a relatively uniform subsurface structure
of the tight formation within the studied area. Among the five
designated wells AeE, wells A and E are non-productive, while
wells B, C, and D yield gas. Fig. 5 illustrates the logging curves from
gas-producing well B, illustrating the geological structure and
3955
petrophysical properties of the tight formations. Gas-bearing tight
sandstones are discerned by relatively low GR values, high veloc-
ities, high density, and high Sg values.

We compute Kf values using Wood's equation and well-log data
obtained from the five boreholes AeE. The resulting plot of Kf



Fig. 6. Calculated Kf versus Sg for the five wells AeE.
Fig. 9. Cross-plot of Sg and 4, as color-coded by F for the five wells AeE.
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versus Sg is depicted in Fig. 6. Notably, Kf exhibits a sharp decrease
with increasing Sg for Sg < 0.2. However, for Sg > 0.2, Kf displays
reduced sensitivity to gas saturation, indicating the limitations of Kf
as a gas indicator for discriminating tight sandstones with high gas
saturation. Subsequently, the F values are computed using Eq. (5)
and logging data from the five wells AeE. The cross-plot of calcu-
lated F versus Sg demonstrates a positive correlation between the
Fig. 7. (a) Cross-plot of Sg and calculated F for the five wells A

Fig. 8. (a) Cross-plot of 4 and the calculated F for the five wells
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two factors (Fig. 7(a)). Further analysis, as depicted in Fig. 7(b),
indicates that the scattering distribution of the data points is
associated with porosity, with straight lines qualitatively repre-
senting constant 4 lines. Additionally, the cross-plot in Fig. 8(a)
reveals that the calculated F values can reflect changes in 4. How-
ever, it is observed that Sg significantly influences the relation be-
tween F and 4, as qualitatively illustrated by the constant Sg lines in
eE, and (b) the same cross-plot that is color-coded by 4.

AeE, and (b) the same cross-plot that is color-coded by Sg.



Fig. 10. Calculated F computed for varying Sg and 4 by using the rock physical
modeling method (Guo et al., 2021).

Fig. 11. Cross-plot of Sg � 4 and calculated F for the five wells AeE.
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Fig. 8(b). Thus, it is imperative to consider the comprehensive
impact of both Sg and 4 on the F factor.

The relationships among F, Sg, and 4 are extensively examined
utilizing well-log data (Fig. 9). Analysis reveals that higher values of
F correlate with higher values of both Sg and 4. Additionally,
employing the rock physical method proposed by Guo et al. (2021),
how F values fluctuate with changes in Sg and 4 is investigated. To
accomplish this, the fluid and elastic properties of the tight sand-
stones are computed and employed to derive F across varying levels
of Sg and 4. As illustrated in Fig. 10, the findings verify the trends
observed in the well-log data depicted in Fig. 9. This supports the
inference that F serves as a reliable indicator for both Sg and 4.
Additionally, Fig. 11 presents a cross-plot of Sg � 4 and the calcu-
lated F values for the five wells AeE. A clear positive correlation is
evident between F and Sg� 4, indicating that the F factor is effective
for identifying gas content, as represented by Sg � 4.
3.3. Real data applications

The profiles in Fig. 12 display partial angle-stacked seismic data
for incidence angles of 0�, 10�, 20�, and 30� across the five wells
AeE. The interpreted top and bottom horizons of the tight sand-
stone reservoirs are delineated by two black lines. The seismic data
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is sampled at intervals of 1 ms. Subsequently, the four partial angle-
stacked seismic profiles are used to derive elastic impedance for the
incidence angles of 0�, 10�, 20�, and 30�, as illustrated in Fig. 13.
Following the approach outlined in Section 2.2, inversion opera-
tions are subsequently conducted utilizing these elastic imped-
ances. Furthermore, the GR logging curves for the five wells AeE
are superimposed on the profiles depicted in Figs. 12 and 13.

Utilizing the method outlined in Section 2.2 and the elastic
impedances illustrated in Fig. 13, the parameters F and 4 can be
computed, with the results depicted in Figs. 14 and 15, respectively.
As indicated by the findings presented in Fig. 11, the calculated F
parameter serves as an effective indicator of Sg � 4. Consequently,
the Sg � 4 curves obtained from the logging data are overlaid in
Fig. 14. It is observed that the calculated F values exhibit a favorable
agreement with the Sg � 4 values across the wellbores AeE. The
calculated F values exhibit obvious anomalies in the gas-producing
wells B, C, and D while demonstrating relatively weak responses in
the dry wells A and E. In particular, the anomaly of the high Sg � 4

values for the thin layers can be identified by high F values. This
underscores the capability of the calculated F parameter to provide
accurate estimations of gas content in tight formations. Addition-
ally, the logging curves of 4 are superimposed on the calculated
profile of 4 in Fig. 15. The results indicate that the seismic-inverted
4 values align reasonably well with the values measured in the
wellbores AeE. The difference between the findings presented in
Figs. 14 and 15 is that the former incorporates the comprehensive
effects of gas saturation and porosity (Sg � 4).

In the current study, both Kf and m values have been computed
(Figs. 16 and 17), and the F values are derived from the definition
F ¼ 1/(Kf � m) (Fig. 18). The F values, estimated from Kf and m using
the above definition, can be compared with directly estimated
values obtained through the method proposed in this study
(Fig. 14).

Employing the AVO equation proposed by Yin and Zhang (2014),
the Kf values are predicted through elastic impedance inversion,
following a process similar to that presented in Section 2.2. The
predicted Kf values are depicted in Fig. 16. Theoretically, Kf, defined
as the pore fluid bulk modulus, can be utilized to estimate Sg.
However, as indicated by Fig. 6, direct estimation of Sg using Kf is
not feasible across the entire range of gas saturation, as Kf proves to
be insensitive to gas saturation for Sg > 0.2. Consequently, while Kf
can effectively discriminate tight sandstones with low gas satura-
tion, its capacity to identify those with medium and high gas
saturation is limited. This limitation reveals the challenges associ-
ated with accurate gas predictions in tight formations when using
the Kf parameter. Furthermore, m values (Fig. 17) can be derived
from seismic-inverted elastic parameters provided in the datasets.
Subsequently, the profile of 1/(Kf � m) can be derived using the
results presented in Figs. 16 and 17. According to the definition
F ¼ 1/(Kf � m), the results presented in Fig. 18 offer an indirect
estimation of the F parameter.

Comparing the results depicted in Figs. 14 and 18, it becomes
evident that directly inverted F values show better agreements
with the Sg � 4 loggings compared to the values obtained from 1/
Kf � m. The predicted F values successfully identify gas zones in
wells B and C within the intervals delineated by the two black solid
lines. In contrast, the anomaly responses within the same gas zones
in wells B and C appear weak. Particularly the high gas content in
the targeted interval in well C is not well recognized in the 1/
(Kf � m) profile. Moreover, the 1/(Kf � m) profile indicates high gas
content below the targeted intervals in wells B and C. However, as
indicated by the Sg � 4 loggings, this observation could be
misleading, as there are no gas indications in these deeper
formations.

The effectiveness of the F parameter for gas prediction is further



Fig. 12. Profiles of the partial angle-stacked seismic (a) 0� , (b) 10� , (c) 20� , and (d) 30� , which are superimposed by GR loggings for the five wells A-E. The interpreted top and
bottom of the tight sandstone gas reservoirs are marked by two black lines. The “Amp.” is the abbreviation of amplitude.
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validated by its ability to reasonably identify thin gas layers in the
shallower formations of wells B, D, and E. The better performance of
F, in comparison to 1/(Kf � m), in gas prediction can be explained by
the fact that direct inversion of reservoir parameters would reduce
cumulative errors in calculations, as discussed by Zhang et al.
(2020b).

Finally, three-dimensional (3D) volumes of F and 4 are depicted
in Figs. 19 and 20, respectively. The calculated F values exhibit more
concentrated anomaly distributions compared to the calculated 4.
This can be attributed to the fact that higher F values correspond to
both higher porosity and higher gas saturation in tight formations.
Consequently, the obtained F parameter offers estimations of the
spatial distributions of gas content (Fig.19). Moreover, it facilitates a
comprehensive characterization of tight sandstones by integrating
the assessed porosity (Fig. 20) and other reservoir properties (such
as brittleness and microcracks) estimated from seismic data.
4. Discussion

Identifying sweet spots with high gas enrichment represents a
primary task in the exploration of tight sandstone gas reservoirs.
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Evaluating gas enrichment should also consider the effect of gas
saturation and porosity. To address this challenge, the factor F,
formulated in terms of Kf and m (Eq. (5)), is proposed as an indicator
for gas enrichment estimation. Quantitative analyses utilizing log-
ging data demonstrate an obvious positive correlation between F
and Sg � 4. This correlation, as depicted in Fig. 11, shows that F is an
effective indicator for estimating gas enrichment.

Additionally, a new AVO equation (Eq. (7)), parameterized in
terms of F, 4, and relevant elastic parameters, is proposed in this
study. This equation facilitates the extraction of reservoir property
information directly from prestack seismic data. Validated through
the comparison of reflection coefficients calculated using the new
AVO equation with those obtained from exact solutions of the
Zoeppritz equations (Fig. 3), the proposed AVO equation demon-
strates high accuracy. While several inversion methods can be
employed by solving the objective function defined by the newAVO
equation and logging data of reservoir properties, the elastic
impedance approach emerges as a robust alternative for the
inversion of the reservoir properties. This method effectively pre-
vents the influence of errors in the measurement of reservoir
properties, thereby enhancing the stability of the inversion. The



Fig. 13. Profiles of the elastic impedances (a) EI(0�), (b) EI(10�), (c) EI(20�), and (d) EI(30�), which are superimposed by GR loggings for the five wells AeE. The interpreted top and
bottom of the tight sandstone gas reservoirs are marked by two black lines.

Fig. 14. Calculated profile of F, with superimposed Sg � 4 loggings for the five wellbores AeE. The interpreted top and bottom of the tight sandstone gas reservoirs are marked by
two black lines.
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fundamental requirement for employing elastic impedance in
prestack inversion is the reasonable accuracy of the new AVO
equation, as validated in Fig. 3. Additionally, elastic impedances for
various incidence angles can be obtained through routine proced-
ures using the methods outlined by Connolly (1999) and
Whitecombe et al. (2002). Consequently, the proposed AVO equa-
tion is reformulated into the elastic impedance inversion frame-
work (Eq. (17)), enabling direct estimations of F and 4 from partial
3959
angle-stacked seismic data.
As depicted in Figs. 14 and 15, the estimated F and 4 values

exhibit favorable agreement with the logging data, suggesting that
these parameters offer reliable predictions of the extent of high gas
enrichments in tight sandstones. Additionally, another method for
indirectly estimating F values (Fig. 18) has been considered,
involving the calculation of both Kf and m (Figs. 16 and 17), followed
by the derivation of F using the definition F ¼ 1/Kf m (Eq. (5)). As



Fig. 15. Calculated profile of 4, with superimposed 4 loggings for the five wellbores AeE. The interpreted top and bottom of the tight sandstone gas reservoirs are marked by two
black lines.

Fig. 16. Profile of Kf, superimposed by Sg loggings for the five wellbores AeE. The interpreted top and bottom of the tight sandstone gas reservoirs are marked by two black lines.
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Fig. 17. Profile of m, superimposed by GR loggings for the five wellbores AeE. The interpreted top and bottom of the tight sandstone gas reservoirs are marked by two black lines.

Fig. 18. Profile of 1/(Kf � m), superimposed by Sg � 4 loggings for the five wellbores AeE. The interpreted top and bottom of the tight sandstone gas reservoirs are marked by two
black lines.
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discussed in Section 3.3, the F factor obtained through the direct
inversion method (Fig. 14) presents a more reasonable estimation
of gas-bearing tight sandstones compared to the indirect method
(Fig. 18). The enhanced reliability of the estimated F factor (Fig. 14)
can be explained by the fact that the direct inversion procedure
would reduce cumulative errors in calculations (Zhang et al.,
2020b).

In conclusion, the computed 3D volumes of F and 4 values
(Figs. 19 and 20) have provided essential information about the
reservoir properties for the identification of sweet spots in tight
sandstone reservoirs. However, while the proposed method has
3960
been successfully applied for reservoir property estimations, it is
important to note that different effective reservoir parameters can
be explored based on logging data analyses and rock physical
modeling, especially for other hydrocarbon reservoirs.

5. Conclusions

In this study, a new AVO equation parameterized by indicators
of gas content, porosity, and relevant elastic parameters has been
proposed. This equation enables the direct extraction of reservoir
properties from prestack seismic data for tight gas sandstones. The



Fig. 19. 3D volume of the F parameter for the studied area with the five wellbores AeE.

Fig. 20. 3D volume of the 4 parameter for the studied area with the five wellbores AeE.
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proposed gas content indicator, formulated in terms of effective
fluid bulk modulus and shear modulus, exhibits an evident positive
correlation with gas content based on logging data analyses.
Comparisons demonstrate that it can achieve a reasonable accuracy
with the proposed AVO equation compared to the exact resolutions
provided by the Zoeppritz equation. An elastic impedance inversion
approach is developed utilizing the proposed AVO equation. The
purpose of this inversion method is to enable robust estimations of
reservoir properties from prestack seismic data. Additionally, the
estimated gas content indicator and porosity demonstrate good
agreement with logging data, suggesting that these parameters
offer reliable predictions of high gas enrichment in tight sand-
stones. The methods presented in this study may serve as inspi-
ration for the development of other direct estimation methods for
various types of hydrocarbon resources and properties.
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Appendix A. Establishment of the new AVO equation

Murphy et al. (1991) proposed the formulas of velocities based
on Gassmann's equation:

rV2
P ¼Kdry þ

4
3
mþ f (A.1)

rV2
S ¼m (A.2)

f ¼

�
1� Kdry

Ks

�2

4
Kf
þ 1�4

Ks
� Kdry

K2
s

(A.3)

where VP, VS, and r represent the compressional wave velocity,
shear wave velocity, and density, respectively, of the saturated rock.
Also, Kdry denotes the bulk modulus of the dry rock, m signifies the
shear modulus of the rock skeleton, Ks stands for the bulk modulus
of the solid grain, Kf represents the fluid bulk modulus, 4 is the
porosity, and f represents the fluid/porosity term.

On the other hand, Russell et al. (2011) presented

g2dry ¼
Kdry

m
þ 4
3

(A.4)

gsat ¼
�
VP

VS

�
sat

(A.5)

Multiplying both sides of Eq. (A.4) by m and then substituting Eq.
(A.2) into the resulting formula yields

g2dryrV
2
S ¼Kdry þ

4
3
m (A.6)

Further, combining Eq. (A.6) and Eq. (A.1) produces

f ¼ rV2
P � g2dryrV

2
S (A.7)

Dividing both sides of Eq. (A.7) with rVP
2 and incorporating the

expression in Eq. (A.5) generate

f
rV2

P

¼
rV2

P � g2dryrV
2
S

rV2
P

¼ 1�
g2dry

g2sat
(A.8)

Eq. (A.8) can be reformulated by employing the definition IP ¼
rVP:

IP¼
f

VP

 
1� g2

dry

g2
sat

! (A.9)

Multiplying both sides of Eq. (A.9) by m and using the simplified
form of the fluid/porosity term f provided by Han and Batzle
(2003):

f ¼KfGð4Þ (A.10)

where Gð4Þ ¼ ð1�Kdry=KsÞ2
4

, and Ks is the bulk modulus of the solid

grain.
3962
Eq. (A.9) can be further expressed as

IPm¼
KfmGð4Þ

VP

 
1� g2

dry

g2
sat

! (A.11)

After multiplying r2VPð1� g2
dry =g

2
satÞ on both sides of Eq. (A.11)

and by defining the factor F in Eq. (A.12):

F ¼ 1
Kfm

(A.12)

Eq. (A.11) can be reorganized as

IPmr
2VP

 
1�

g2dry

g2sat

!
¼Gð4Þr2

F
(A.13)

Based on the analysis of well-log data, the proposed F parameter
demonstrates strong agreement with gas content, defined as the
product of porosity (4) and gas saturation (Sg) (as elaborated
above). Thus, the proposed F parameter can serve as an effective
indicator of gas content for characterizing tight sandstones.

Based on the relation:

gsat ¼
�
VP

VS

�
sat

¼
�
IP
IS

�
sat

(A.14)

and the expression I2S ¼ mr, Eq. (A.13) can be reformulated as

I2P I
2
S � g2dryI

4
S ¼

Gð4Þr2
F

(A.15)

By defining

A¼ I2P I
2
S � g2dryI

4
S (A.16)

and

B¼Gð4Þr2
F

(A.17)

The differences in values A and B across a subsurface interface
can be obtained using the chain rule of multi-variable calculus
applied to Eqs. (A.16) and (A.17):

DA¼ vA
vIP

DIP þ
vA
vIS

DIS (A.18)

DB¼ vB
vGð4ÞDGð4Þ þ

vB
vr

Drþ vB
vF

DF (A.19)

Also, substituting Eq. (A.16) into Eq. (A.18) produces

DA¼2IPI
2
SDIP þ

�
2I2P IS � 4g2dryI

3
S

�
DIS (A.20)

Furthermore, by considering the expression of A in Eq. (A.16)
and the relation IP ¼ ISgsat that can be obtained from Eq. (A.14), the
following expression can be obtained:

DA
A

¼ 2g2sat
g2sat � g2dry

DIP
IP

þ
2g2sat � 4g2dry
g2sat � g2dry

DIS
IS

(A.21)

In addition, substituting Eq. (A.17) into Eq. (A.19) produces
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DB¼ � Gð4Þr2DF
F2

þ r2DGð4Þ
F

þ 2rGð4ÞDr
F

(A.22)

Then, the termDB=B can be obtained fromEqs. (A.17) and (A.22):

DB
B

¼ � DF
F

þ DGð4Þ
Gð4Þ þ 2

Dr
r

(A.23)

According to the results of Yin and Zhang (2014):
RPPðqÞ¼
�
1þ tan2 q

��
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DGð4Þ
Gð4Þ ¼D4

4
(A.24)

Eq. (A.23) can be reformulated as

DB
B

¼ � DF
F

þ D4
4

þ 2
Dr
r

(A.25)

For A ¼ Bs0, we can reasonably assume DA ¼ DB and further
have DA=A ¼ DB=B. Therefore, combining Eqs. (A.21) and (A.25)
gives

2g2sat
g2sat � g2dry

DIP
IP

þ
2g2sat � 4g2dry
g2sat � g2dry

DIS
IS

¼ �DF
F

þ D4
4

þ 2
Dr
r

(A.26)

which can be further reorganized as

DIP
IP

¼
g2sat � g2dry

2g2sat

�
� DF

F
þD4

4
þ2

Dr
r

�
�
g2sat � 2g2dry

g2sat

DIS
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(A.27)

Substituting Eq. (A.27) into Fatti's P-wave reflection coefficient
equation (Fatti et al., 1994)
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RPPðqÞ¼
�
1þ tan2 q

�
2

DIP
IP

� 4
g2sat

sin2 q
DIS
IS

�
 
tan2 q

2

� 2
g2sat

sin2 q

!
Dr
r

(A.28)

can produce
Eq. (A.29) can be further reformulated as

2

In this newly developed AVO equation, RPP(q) is parameterized
by the reflectivity terms DF/F, D(4IS)/(4IS), Dr/r, and D4/4. Eq. (A.30)
provides a method for direct estimations of reservoir properties
(such as gas content indicator F and porosity 4) using prestack
seismic data.
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