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Abstract: Tight-sandstone gas reservoirs have low porosity and permeability, dissimilar pore types, and generally high clay content. Partial
saturation leads to local fluid flow induced by seismic waves, resulting in velocity dispersion and attenuation, and this is the reason why the
dissipation factor (Q−1 ) (inverse quality factor) is highly sensitive to fluid saturation. A relation between Q and saturation can be based on the
self-consistent approximation and poroelasticity theory, to build, in principle, a two-dimensional (2D) rock-physics template. However, there
is an ambiguity in the process of estimation because one value of Q may correspond to two saturations. Thus, this paper addresses this
limitation. Moreover, a well-log in the Sichuan Basin and reported experimental data show that these reservoirs may have a high clay content,
which affects the estimation. To take into account this factor, the hydration effect of clay is considered in the framework of the double doubleporosity theory of wave propagation. Ultrasonic measurements were performed on a tight sandstone and the spectral-ratio method was used to
estimate Q. Then, three-dimensional (3D) rock-physics templates are built by introducing the phase velocity ratio (V P =V S ), clay content, and
seismic Q estimated with an improved frequency-shift method. The template is calibrated and tested with ultrasonic, well-log, and seismic
data and applied to estimate reservoir porosity, clay content, and gas saturation on 2D and 3D seismic data. DOI: 10.1061/(ASCE)EY.19437897.0000761. © 2021 American Society of Civil Engineers.
Author keywords: Attenuation; Gas saturation; Clay content; Three-dimensional (3D) rock-physics template; Tight-sandstone reservoirs.

Introduction
With the increasing demand for hydrocarbon resources and the
depletion of conventional oil and gas formations, the development
of unconventional reservoirs has become essential (e.g., Liu et al.
2019; Guo et al. 2020a). Tight-sandstone gas plays an important
role in global unconventional resources (Zhu et al. 2008; Khlaifat
et al. 2011), with 25% of total gas production and 39% of total
reserves (Zhou et al. 2019), which is one of the most important
targets for exploration in China. Very recently, many works have
regarded the detection of fluid in this type of reservoirs (Guo et al.
2020b; Wang et al. 2020a, b).
It is well-known that pore fluids affect the physical properties of
rocks and their seismic responses (Batzle and Wang 1992). Sensitivity analysis of rock-physics properties is often used to detect reservoir fluids (Zeng et al. 2017). Experimental and theoretical
studies have shown that seismic attenuation greatly depends on
fluid type and saturation (Murphy 1982; Norris 1993; Amalokwu
et al. 2014; Solazzi et al. 2019; Zhang et al. 2015; Ba et al. 2019).
As an important indicator, wave attenuation has a more sensitive
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response to fluids than wave velocity (Pang et al. 2019; Müller
and Gurevich 2004).
Local fluid flow induced by seismic waves is considered as the
main cause of velocity dispersion and attenuation in rocks (Winker
1985; Carcione et al. 2003; White 1975; Spencer and Shine 2016;
Guo and Gurevich 2020a, b). Heterogeneities that induce local flow
and attenuation have been widely discussed in several works (Ren
et al. 2020; Müller et al. 2010; Guo et al. 2018), such as (1) pore
fluid squirted from soft to stiff pores, and (2) dissimilar medium
properties, such as patchy saturation, multi mineral composition,
and porosity variations. For instance, Pride et al. (2004) and Ba
et al. (2011) proposed a double-porosity model by considering
local fluid flow between two pore systems with different compressibility. Ba et al. (2017) combined patchy saturation and fabric
(texture) in the same poroelasticity theory and proposed a double
double-porosity model (DDP).
Seismic attenuation has already been used as a hydrocarbon indicator. Dasgupta and Clark (1998) analyzed field data and showed
that rock lithology can be discriminated with seismic Q. Cao et al.
(2018), based on geological and log data of carbonate reservoirs,
combined forward modeling and seismic inversion to estimate fluid
type and saturation from attenuation. Picotti et al. (2018) built a
rock-physics model for patchy saturation and used Q to quantitatively relate seismic attributes with porosity, permeability and fluid
saturation.
However, there is an ambiguity in the process of estimation
because in gas-water reservoirs, Q−1 first increases and then decreases with fluid saturation, and one value of Q may correspond
to two saturations (Norris 1993; Li et al. 2020; Yin et al. 1992).
Thus, it is necessary to address this limitation. Many experimental
studies on fluid-bearing sandstones showed that there is a monotonous correlation between the phase velocity ratio and fluid saturation (Wang 2016; Amalokwu et al. 2016), where this ratio is the
P-wave velocity divided by the S-wave velocity, hereafter referred
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as V P =V S . Zhou et al. (2019) analyzed the relation between
elastic attributes and reservoir properties, for instance, fluid type,
saturation and porosity, and suggested that V P =V S is closely related
to fluid content.
The well-log data in the work area (Sichuan Basin) show that
the gas reservoirs have a high clay content, which is positively
correlated with fluid saturation and V P =V S based on the data and
previous experimental studies (Han et al. 1986; Wang et al. 2006).
Hence, attenuation, V P =V S , and impedance, based on the selfconsistent approximation model and the DDP equation, are used
to build a three-dimensional (3D) rock-physics template (RPT).
Ultrasonic, log, and seismic data are used to calibrate the template,
respectively, and apply it to two-dimensional (2D) and 3D seismic
data containing three gas wells. The predictions are then compared
with actual production reports.

Attenuation and Fluid Saturation:
Experiment and Theory
Laboratory Measurements
To analyze the effects of fluid saturation on attenuation, ultrasonic
measurements were performed on a tight sandstone sample, which
has a porosity of 8.64%, a permeability of 0.00038 μm2, and a dryrock density of 2.41 g=cm3 . The sample is a cylinder with a length
of 42.4 mm and diameter of 25.2 mm. An aluminum block with the
same shape and size is processed as a reference material. The temperature is 20°C, the pore pressure is 10 MPa, and the confining
pressure is 80 MPa. The wave velocities are measured with the
ultrasonic-pulse method at a frequency of approximately 1 MHz,
and the experimental setup (Guo et al. 2009; Ba et al. 2019) used is
shown in Fig. 1.
For the partial saturation (gas-water) experiment, the full water
sample is placed in an oven to change the saturation and
measure the weight of the sample to calculate it. Then, the sample
is sealed with a rubber sleeve, and corresponding confining and
pore pressures are applied. Waveforms are recorded to obtain the

velocities at different fluid saturations on the basis of the first
arrivals.
Attenuation Estimation
The ultrasonic Q is estimated by using the spectral ratio method,
and a standard aluminum rod with high Q is used as a reference
material (Toksöz et al. 1979), such that




A ðfÞ
πx
G ðfÞ
¼−
ð1Þ
f þ ln 1
ln 1
A2 ðfÞ
QV
G2 ðfÞ
where V = wave velocity of the rock sample; x = distance of wave
propagation; G1 ðfÞ − G2 ðfÞ and A1 ðfÞ − A2 ðfÞ = geometric factors and amplitude spectra of the sample and reference medium,
respectively; and f = frequency. Fig. 2 shows the estimation process. The waveforms of the reference material and sample with different fluid saturations are given and several periods are selected as
time windows [Fig. 2(a)]. A Fourier transform is applied to obtain
the spectrum at full water saturation [Fig. 2(b)], calculate the spectrum ratio curve, perform a linear fit in the main frequency band
[Fig. 2(c)], and obtain the quality factor.
Laboratory measurements to analyze the relation between the
dissipation factor and gas saturation of sandstones have been performed at various frequencies, specifically 56 Hz (Li et al. 2019),
571–647 Hz (Murphy 1982), 700 Hz (Yin et al. 1992), 0.65 MHz
[artificial sample (Amalokwu et al. 2014)], and 1 MHz (Wang
2016). These experimental results and those of the present study
are shown in Fig. 3(a). On the other hand, Fig. 3(b) exhibits theoretical results obtained by Norris (1993) and Amalokwu et al.
(2014) based on the White model (White 1975), by Müller and
Gurevich (2004) based on the Johnson model for random and periodic structures (Johnson 2011), by Zhang et al. (2015) considering
the variations of the correlation length in random patchy saturation,
and by Solazzi et al. (2019) by using a numerical upscaling procedure (Rubino et al. 2009). The porosity of the data and models
is given in the figure, and these plots indicate that attenuation increases first and then decreases with fluid saturation, and that its
value is higher at full water saturation.

Fig. 1. Schematic of the experimental apparatus: (a) transmitting piezoelectric transducer; (b) jacketed rock sample; (c) receiving piezoelectric
transducer; (d) pore fluid inlet; and (e) pore fluid outlet.
© ASCE
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Fig. 3. Dissipation factor and water saturation, and the porosity is
given: (a) measurements of this study and reported experimental
results; and (b) reported theoretical models.

Rock-Physics Model
Modeling Steps
To describe the effects of rock fabric and fluid heterogeneities on
seismic waves, a rock-physics model is built. First, the mineral
composition is analyzed, and the elastic moduli and density of
the matrix (frame) are calculated. The sandstone sample is mainly
composed of quartz and clay, with a small amount of feldspar and
cuttings. The bulk modulus of quartz is 37 GPa, and its shear modulus is 44 GPa; the clay bulk modulus is 25 GPa, and its shear modulus is 9 GPa; and the feldspar bulk modulus is 75.6 GPa, and its
shear modulus is 25.6 GPa (Mavko et al. 2009). The HashinShtrikman (HS) equations (Hashin and Shtrikman 1963) are used
to obtain the bulk and shear moduli of the mineral mixture
K HS ¼ K 1 þ

Fig. 2. Spectral-ratio method to estimate the attenuation: (a) waveforms, where the dotted line is the selected time window; (b) time
spectra; and (c) spectral ratio at the main frequency band and fit.
© ASCE
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ðK 2 − K 1 Þ−1 þ f1 K 1 þ 43 μ1

−1

ðμ2 − μ1 Þ

ð2aÞ

f2
þ 2f 1 ðK 1 þ 2μ1 Þ=½5μðK 1 þ 43 μ1 Þ
ð2bÞ
J. Energy Eng.

where K 1 and K 2 = bulk moduli of the individual phases; μ1 and μ2 =
corresponding shear moduli; and f1 and f2 = volume fractions.
Secondly, the self-consistent approximation model (SCA) is
used to add spherical pores and oblate cracks, whose aspect ratio
are 1 and 0.0005, respectively, to the mineral mixture and obtain the
dry-rock moduli. Berryman (1980) proposed the SCA equations
to compute the composite dry-rock bulk (M SC ) and shear (GSC )
moduli
X
ci ðM i − M SC ÞQi ¼ 0
ð3aÞ
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X

ci ðGi − GSC ÞPi ¼ 0

ð3bÞ

where Pi and Qi (Berryman 1980, p. 3) = geometrical factors of
the ith component; M i and Gi = bulk and shear moduli, respectively; and ci = corresponding volume fractions.
Then, the Batzle and Wang (1992) equation is used to calculate
the density and bulk modulus of the fluids at in situ conditions.
Finally, the Biot-Rayleigh (BR) theory (Ba et al. 2011, 2012; Sun
et al. 2015) is used to estimate the wave response of the saturated
rock by assuming patchy gas pockets as inclusions. Based on the
Hamilton principle, the local fluid flow mechanism interaction between different pore regions is substituted into strain and kinetic
energy, the corresponding potential, kinetic, and dissipation functions are established, and the wave propagation equations of the
double-porosity medium is obtained
N∇2 w þ ðA þ NÞ∇ε þ Q1 ∇ðξ ð2Þ þ ϕ1 ζÞ þ Q2 ∇ðξ ð2Þ − ϕ1 ζÞ
¼ ρ11 ẅ þ ρ12 Ẅ ð1Þ þ ρ13 Ẅ ð2Þ þ b1 ðẇ − Ẇ ð1Þ Þ þ b2 ðẇ − Ẇ ð2Þ Þ
ð4aÞ
Q1 ∇ε þ R1 ∇ðξ ð1Þ þ ϕ2 ζÞ ¼ ρ12 ẅ þ ρ22 Ẅ ð1Þ − b1 ðẇ − Ẇ ð1Þ Þ
ð4bÞ
Q2 ∇ε þ R2 ∇ðξ ð2Þ − ϕ1 ζÞ ¼ ρ13 ẅ þ ρ33 Ẅ ð2Þ − b2 ðẇ − Ẇ ð2Þ Þ
ð4cÞ

Fig. 4. (a) P-wave velocity dispersion; and (b) dissipation factor as a
function of frequency for different water saturations.

ϕ2 ðQ1 ε þ R1 ðξ ð1Þ þ ϕ2 ζÞÞ − ϕ1 ðQ2 ε þ R2 ðξ ð2Þ − ϕ1 ζÞÞ
1
ϕ2 ϕ ϕ
1 ηϕ21 ϕ2 ϕ20 2
ζ̇R0
¼ ρf ξ̈R20 1 2 20 þ
3
ϕ10
3
κ1

ð4dÞ

where, w, W ð1Þ , and W ð2Þ denote the displacement vectors of the
frame, host fluid, and inclusion fluid, respectively; ε, ξ ð1Þ , and ξ ð2Þ =
corresponding divergences; b1 and b2 = Biot’s dissipation coefficients; ρ11 , ρ12 , ρ13 , ρ22 , and ρ33 = density coefficients; scalar
ζ = fluid variation in the local fluid flow; v1 and v2 = volume ratios
of the host medium and inclusions, respectively; ϕ10 and ϕ20 =
corresponding porosities; ϕ1 and ϕ2 = corresponding absolute
porosities (ϕ1 ¼ v1 ϕ10 and ϕ2 ¼ v2 ϕ20 ); ρf = fluid density; η =
viscosity; κ1 = permeability of the host medium; A, N, R1 , R2 , Q1 ,
and Q2 = stiffness coefficients; and R0 = inclusion radius.
A plane-wave analysis is performed to obtain the complex wave
number k, and then the wave velocity and attenuation (Appendix).
Wave Response and Fluid Saturation
Based on the established model, the P-wave velocity dispersion and
attenuation characteristics of the sandstone with different saturations
are analyzed. The proportions of quartz, clay, feldspar, and cuttings
are 68.4%, 15.2%, 7.6%, and 8.8%, respectively; the porosity is 8%,
the permeability is 0.0015 μm2, and the gas-patch radius is 50 μm.
The fluid density, bulk modulus, and viscosity are 0.089 g=cm3 ,
© ASCE

0.017 GPa, and 0.000016 Pa · s (gas), and 1.0016 g=cm3 , 2.24 GPa,
and 0.00098 Pa · s (water), respectively. The elastic moduli of the
composite mineral and skeleton are calculated by using the HS
and SCA equations, respectively. The water saturation is set to 0%,
20%, 40%, 60%, 80%, and 100%, and the other parameters are kept
constant.
Fig. 4 shows the P-wave attributes with different saturations as a
function of frequency. As water saturation increases, the P-wave
dissipation factor first increases and then decreases. The dispersion
and corresponding attenuation peaks reach a maximum at high
water saturation, which is in line with previous models and experimental results (Fig. 2).
Two-Dimensional RPT
According to the model, the attenuation and acoustical impedance
(Ip) are set as the ordinate and abscissa, respectively, adjusting
the water saturation and porosity to obtain a 2D template. Fig. 5
shows the RPT at 1 MHz, where the solid line corresponds to constant porosity and the other line to constant saturation. The results
show that the attenuation first increases and then decreases with
fluid saturation, and as porosity decreases, it shows a monotonous
downward trend and the wave impedance gradually increases.
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Fig. 5. Two-dimensional attenuation RPT at 1 MHz and ultrasonic
sample.

The laboratory data (symbols) of this study are used to calibrate
the template. By comparing the symbols with the curves, the measured porosity is in good agreement with the template. The measured saturation is basically in line with the template, and at full
water saturation, the experimental attenuation is higher than that
of the template. With increasing water saturation, the 2D template
provides two solutions, and this is a limitation. Thus, it is necessary to improve the template to solve this problem.

Reformulated Rock-Physics Model and 3D RPT
Experimental and Well-Log Data Analysis
On the basis of published experimental data and the authors’ measurements, the results show that V P =V S is closely related to saturation, as shown in Fig. 6(a). V P =V S monotonously increases with
water saturation. The log data of a gas-bearing Well A in the study
area is given (Fig. 7). Fig. 7(a) shows that the trend between V P =V S
and fluid saturation is similar to that of experimental measurements.
Figs. 7(b and c) show that the clay content of the target layer is
high, which is estimated from the Gamma-ray log [Eq. (10), Li
2018], and that V P =V S and water saturation increase with clay content. Moreover, this is also observed in the published experimental
data in Fig. 6(b), where V P =V S varies slightly with the clay content
in dry conditions, but in the water-saturated state, there is an evident
monotonously increasing trend. This is due to the hydration of clay,
which has a layered structure in which adsorbed water results
in strong repulsive force that causes the clay to expand to several
times its original thickness (Karaborni et al. 1996; Li et al. 2020).
This complex physicochemical process requires energy consumption, which reduces the surface energy of clay mineral, thus reducing the contact stiffness of rock grains, softening the shear modulus
of rocks (Murphy et al. 1984, 1986; Khazanehdari and Sothcott
2003; Li et al. 2020), and increasing V P =V S [Figs. 6(b) and 7(b)].
From Figs. 6(c) and 7(d), the porosity generally decreases
gradually with clay content, the minerals filling the pores and
cracks. Fig. 7(e) shows that the P- and S-wave velocities decrease
with porosity, where the P-wave velocity and porosity have a linear relationship. On the other hand, Fig. 7(f) indicates that V P =V S
decreases slightly with increasing porosity.
© ASCE

Fig. 6. Reported experiment results and our measurements: (a and b)
V P =V S as a function of water saturation and clay content; and
(c) relation between porosity and clay content.
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Fig. 7. Log data of Well A in the work area: (a and b) V P =V S as a function of water saturation and clay content; (c and d) water saturation as a function
of porosity and clay content; and (e and f) P- and S-wave velocities and V P =V S as a function of porosity.

© ASCE
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Fig. 8. Remodeling flowchart.

Model Rebuilding and Analysis
From well-log data and published experimental studies, the target
layer has a relatively high clay content, which has important effects
on fluid saturation and porosity. The expansions of clay with water
saturation affect the particle contacts in weakly cemented sandstone, and then the elastic moduli and reservoir physical properties
(Han et al. 1986; Li et al. 2020). Thus, one has to consider this effect.
Ba et al. (2017) and Ma et al. (2019) regarded clay minerals in the
pores as inclusions and obtained the wave properties of tight rocks by
using the poroelasticity models, including velocity dispersion. Moreover, recent studies showed that there is a clay squirt-flow mechanism in argillaceous rocks, which has been successfully explained by

several models (Ba et al. 2016, 2017; Marketos and Best 2010). To
address the limitation of the 2D RPT and consider the effects of the
clay minerals, the rock-physics model is improved as shown in Fig. 8.
The clay minerals are inclusions in the DDP theory.
After adding pores and cracks to the matrix, clay minerals with
micropores are added to the dry rock as inclusions to obtain the
corresponding bulk and shear moduli. Thus, the double-porosity
structure of the matrix and inclusions and the fluids constitute a
double double-porosity model. Then, by considering patchy saturation and fabric heterogeneity, the DDP theory is used to obtain a
saturated rock-physics model. Based on the Hamilton principle, the
wave-propagation equations of the double double-porosity medium
with the two heterogeneities are obtained (Ba et al. 2017)

N∇2 w þ ðN þ AÞ∇e þ Q1 ∇ðξ ð1Þ þ ζ 12 ϕ2 þ ζ 13 ϕ3 Þ þ Q2 ∇ðξ ð2Þ − ζ 12 ϕ1 þ ζ 24 ϕ4 Þ þ Q3 ∇ðξ ð3Þ − ϕ1 ζ 13 Þ þ Q4 ∇ðξ ð4Þ − ϕ2 ζ 24 Þ
¼ ρ00 ẅ þ ρ01 Ẅ ð1Þ þ ρ02 Ẅ ð2Þ þ ρ03 Ẅ ð3Þ þ ρ04 Ẅ ð4Þ þ b1 ðẇ − Ẇ ð1Þ Þ þ b2 ðẇ − Ẇ ð2Þ Þ þ b3 ðẇ − Ẇ ð3Þ Þ þ b4 ðẇ − Ẇ ð4Þ Þ

ð5aÞ

Q1 ∇e þ R1 ∇ðξ ð1Þ þ ϕ2 ζ 12 þ ϕ3 ζ 13 Þ ¼ ρ01 ẅ þ ρ11 Ẅ ð1Þ − b1 ðẇ − Ẇ ð1Þ Þ

ð5bÞ

Q2 ∇e þ R2 ∇ðξ ð2Þ − ϕ1 ζ 12 þ ϕ4 ζ 24 Þ ¼ ρ02 ẅ þ ρ22 Ẅ ð2Þ − b2 ðẇ − Ẇ ð2Þ Þ

ð5cÞ

Q3 ∇e þ R3 ∇ðξ ð3Þ − ϕ1 ζ 13 Þ ¼ ρ03 ẅ þ ρ33 Ẅ ð3Þ − b3 ðẇ − Ẇ ð3Þ Þ

ð5dÞ

Q4 ∇e þ R4 ∇ðξ ð4Þ − ϕ2 ζ 24 Þ ¼ ρ04 ẅ þ ρ44 Ẅ ð4Þ − b4 ðẇ − Ẇ ð4Þ Þ

ð5eÞ
ð1Þ

ηf ϕ21 ϕ22 ϕ20
1 ð1Þ
ϕ21 ϕ22 ϕ20
1
þ ζ̇ 12 R212
ϕ2 ðQ1 e þ R1 ðξ ð1Þ þ ϕ2 ζ 12 þ ϕ3 ζ 13 ÞÞ − ϕ1 ðQ2 e þ R2 ðξ ð2Þ − ϕ1 ζ 12 þ ϕ4 ζ 24 ÞÞ ¼ ρf ζ̈ 12 R212
3
ϕ10 ðϕ2 þ ϕ4 Þ 3
κ1 ðϕ2 þ ϕ4 Þ

ð5fÞ

ð1Þ

ηf ϕ21 ϕ3 ϕ10
1 ð1Þ
1
ϕ3 ðQ1 e þ R1 ðξ ð1Þ þ ϕ2 ζ 12 þ ϕ3 ζ 13 ÞÞ − ϕ1 ðQ3 e þ R3 ðξ ð2Þ − ϕ1 ζ 13 ÞÞ ¼ ρf ζ̈ 13 R213 ϕ21 ϕ3 þ ζ̇ 13 R213
κ1
3
3

ð5gÞ

ð1Þ

ηf ϕ22 ϕ4 ϕ20
1 ð1Þ
1
ϕ4 ðQ2 e þ R2 ðξ ð2Þ − ϕ1 ζ 12 þ ϕ4 ζ 24 ÞÞ − ϕ2 ðQ4 e þ R4 ðξ ð4Þ − ϕ2 ζ 24 ÞÞ ¼ ρf ζ̈ 24 R224 ϕ22 ϕ4 þ ζ̇ 24 R224
3
3
κ2

where, w, W ð1Þ , W ð2Þ , W ð3Þ , and W ð4Þ represent the displacement
vectors of the frame, fluid Phases 1 and 2 in the host medium, and
Phases 3 and 4 in inclusions (clay), respectively; ε, ξ ð1Þ , ξ ð2Þ , ξ ð3Þ ,
and ξ ð4Þ = corresponding divergences; scalars ζ 12 , ζ 13 , and ζ 24 =
fluid variations in of local fluid flow; ϕ1 , ϕ2 , ϕ3 , and ϕ4 = porosities
of the four fluid phases; R12 = inclusion radius; R13 and R24 =
gas pocket radius in host and inclusions, respectively; ϕ10 and
© ASCE

ð5hÞ

ϕ20 = corresponding absolute porosities; v1 and v2 = relative volð1Þ
ume ratios; κ1 and κ2 = permeabilities; ηf = host fluid viscosity;
ð1Þ

ρf = mass density; b1 , b2 , b3 , and b4 = Biot’s dissipation coefficients; ρ00 , ρ01 , ρ02 , ρ03 , ρ11 , ρ22 , and ρ33 = density coefficients;
and A, N, R1 , R2 , R3 , R4 , Q1 , Q2 , Q3 , and Q4 = stiffnesses coefficients. Velocity and attenuation can be obtained with a planewave analysis (Appendix).

04021011-7

J. Energy Eng., 2021, 147(3): 04021011

J. Energy Eng.

Downloaded from ascelibrary.org by Hohai University Library on 09/12/21. Copyright ASCE. For personal use only; all rights reserved.

Fig. 9. (a) P-wave velocity dispersion; and (b) attenuation as a function
of frequency for different water saturations and porosities.

Fig. 10. (a) P-wave velocity dispersion; and (b) attenuation as a function of frequency for different water saturations and clay content.

Similarly, based on the improved model, it is analyzed how the
wave response is affected by fluid saturation, clay content, and
porosity. The gas-patch radii R13 and R24 are 50 and 1 μm, respectively, and the inclusion radius is 50 μm; ϕ20 is 0.025, and the same
parameters of the 2D template are kept. The water saturation is set
to 0%, 25%, 50%, 75%, and 100%, the porosity is 3%, 6%, and 9%,
and the clay content is 5%, 10%, and 15%. Figs. 9 and 10 show the
P-wave attributes at different saturations, porosities, and clay contents. The velocity dispersion and corresponding attenuation peaks
first increase and then decrease with water saturation increase,
reaching a maximum at high saturations. The figures show that the
P-wave velocity decreases rapidly as porosity increases, but it
slowly decreases with clay content.
Three-Dimensional RPT at Ultrasonic Frequencies
A 3D RPT at 1 MHz is given in Fig. 11 based on V P =V S , attenuation, and impedance. This template overcomes the ambiguity of
estimating saturation with attenuation. The symbols represent
the measurement, the measurement bar is water saturation, the
dotted line is 2% clay content, the solid line is 12% clay content,
and the black dotted line is constant porosity. Similar to the 2D
template, as water saturation increases, attenuation first increases
© ASCE

Fig. 11. Three-dimensional attenuation RPT at 1 MHz and experimental data.
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Seismic-Attenuation Estimation
The centroid frequency-shift method was proposed by Quan and
Harris (1997) to estimate the seismic Q. This method is stable when
the signal-to-noise ratio is low. However, due to the assumption that
the wavelet amplitude spectrum is Gaussian, there are limitations in
actual applications. Zhang and Ulrych (2002) proposed a peak
frequency-shift method based on the assumption that the seismic
source is a Ricker wavelet, which is more reliable. However, the
stability depends on the accurate extraction of the peak frequency,
which is highly affected by the time window choice, noise interference, and other factors. To solve these problems, Pang et al.
(2019, 2020) used an improved frequency-shift method to calculate
Q by assuming a Ricker wavelet
pﬃﬃﬃﬃﬃ
π5 tf C1 f 2C0
Q¼
ð6Þ
16ðf2C0 − f2C1 Þ
Fig. 12. Three-dimensional attenuation RPT at 35 Hz.

and then decreases, and impedance and V P =V S increase. As clay
content increases, the fabric heterogeneity and squirt-flow effect
increase, resulting in stronger attenuation. The template predicts
similar wave responses of the measurement with increasing water
saturation, and the porosity also agrees.

where f C0 and fC1 = centroid frequency of the signal before and
after propagation, respectively; and t = travel time.
Based on seismic data in the study area, the generalized
S-transform is used for time-frequency analysis, and Eq. (6) is
used to estimate the seismic Q. Fig. 13 shows a survey line along
three gas-bearing Wells, A, B, and C, where the dotted lines show
their locations. The corresponding seismic amplitude and Q value
profiles (Fig. 13) are given.
Seismic-Template Calibration

Three-Dimensional RPT at Seismic Frequencies
The rock-physics model is extended from the microscale to the mesoscale (by considering gas pockets and clay inclusions with a radius
of 50 mm). Fig. 12 shows the 3D RPT at seismic frequencies
(35 Hz), indicating that the wave response to fluid saturation, porosity, and clay content is similar to that of the ultrasonic template,
except there is stronger attenuation in the seismic case. The 3D
RPT can then be used to quantitatively characterize reservoir gas
saturation.

The 3D RPT is calibrated based on log and poststack seismic data.
Attenuation is estimated by using Eq. (6), and V P and V P =V S are
extracted from the seismic traces around the borehole location by
using a three-term inversion method (Aki and Richards 1980).
Based on the prestack angle gathers, the partial stack method is
used to obtain seismic data, which improves the signal-to-noise
ratio and suppresses random noises, and then the more reliable inversion results are obtained. Fig. 14 shows the V P =V S and acoustic
impedance profiles. Then, the three seismic attributes of the trace
at Well A are extracted, and the log data (porosity, fluid saturation

Fig. 13. Two-dimensional seismic profiles of (a) amplitude; and (b) attenuation of the target layer.
© ASCE
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Fig. 14. Two-dimensional seismic profiles of (a) impedance; and (b) V P =V S of the target layer.

Fig. 15. Three-dimensional RPT at 35 Hz and field data. Color bar
indicates porosity.

and clay content) are used as properties corresponding to the seismic data.
The seismic data are projected to calibrate the RPT, as shown in
Figs. 15–17, where the measurement bars indicate porosity, clay
content, and water saturation, respectively. By comparing the
symbols with the RPT, the trend is consistent with the reservoir
properties. The porosity is low, and the clay minerals have a good
hydrophilicity. Then, a quantitative prediction of porosity, clay
content, and saturation based on the RPT is performed.

Application to Seismic Data
The work area is located in the western depression belt in the
Sichuan Basin, China. The tight sandstone reservoirs in this area
are rich in natural gas resources, and the main gas production layer
is the Xujiahe Formation of Upper Triassic. The stratum can be
© ASCE

Fig. 16. Three-dimensional RPT at 35 Hz and field data. Color bar
indicates clay content.

divided into Xu 1, 2, 3, 4, 5, and 6 sections, where Xu 2 is a
lacustrine-type braided river delta sedimentary system (Wang et al.
2020c; Wu et al. 2020; Zhang et al. 2020). There are high-quality
source rocks with strong hydrocarbon generation capacity and rich
natural gas resources (Zhu et al. 2008).
The reservoirs are generally tight, with low porosity and
permeability, forming geological features of diverse micropore
structures, development of clay minerals, and heterogeneous
distribution of pore fluids. The size of mineral grains is mainly
medium to fine, the sorting is good, and the grains are mediumpoorly rounded (Zhu et al. 2008; Wang et al. 2011). The mineral
composition of the target rocks is mainly quartz, clay mineral, and
a small amount of feldspar and cuttings. The depth of the target
layer is about 4,700–5,200 m, the temperature is 80°C–100°C,
the confining pressure range is 90–110 MPa, and pore pressure
is 50–60 MPa.
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fluid saturation, showing that porosity is about 2%–8%, and the
formation is generally tight, which is consistent with the regional
geology. The areas where the three wells are located all show higher
porosity, where Well B has the highest gas saturation, followed by
Wells C and A. The prediction of clay content is opposite to the gas
saturation. By comparing the two profiles, there is a good correlation between water saturation and clay content and the areas with
higher gas saturation have lower clay content.
Fig. 19 shows a 3D estimation horizontal section of porosity, clay
content, and fluid saturation (92.93 km2 ). The results show similar
predictions as given previously. In actual gas tests, Well B is a highproduction gas well, with a gas production of 1.012 × 106 m3 per
day and a water production of 9.5 m3 per day. Well C produces
2.99819 × 105 m3 per day of gas and 114.1 m3 per day of water.
Well A produces 3.6 × 103 m3 per day of gas and 282 m3 per day
of water. Comparing the actual production reports and estimations,
the predictions are consistent.
Fig. 17. Three-dimensional RPT at 35 Hz and field data. Color bar
indicates water saturation.

Based on the 3D RPT, the seismic attributes are superimposed
on the template, and the grid searching method is used to estimate
the corresponding reservoir properties. Given the seismic data, the
reservoir parameters can be estimated by minimizing the square of
the difference between the seismic data and template of the three
attributes. Fig. 18 shows 2D profiles of porosity, clay content, and

Conclusions
This study has developed a methodology to predict gas saturation,
porosity, and clay content in tight sandstones by using rock-physics
templates based on seismic Q. First, ultrasonic experiments were
performed and Q was calculated with a spectral-ratio method.
These measurements and previous experimental and theoretical
studies show and confirm that attenuation is very sensitive to fluid
saturation. Then, the authors established a rock-physics model
by using the self-consistent approximation and a double-porosity

Fig. 18. Two-dimensional estimation results of (a) porosity; (b) clay content; and (c) water saturation.
© ASCE
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clay must be considered because it affects saturation and V P =V S .
Hence, clay minerals are considered as inclusions, and the model
was improved by using a double double-porosity theory to model
the effects of fluid and fabric heterogeneities. This leads to a 3D
RPT, which overcomes the ambiguity and takes into account the
hydration of clays. By using an improved frequency-shift method
to obtain Q, the template was calibrated with the ultrasonic, welllog, and seismic data, respectively. The method was applied to 2D
and 3D seismic data, showing that the estimations are consistent
with gas production reports at three wells in the Sichuan Basin.
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Appendix. Dispersion Equations and
Clay-Volume Estimation
Dispersion Equation of the BR Theory
Substituting a plane P-wave kernel into Eqs. (4a)–(4d) yields the
complex wave number k

 a k2 þ b
 11
11

 a21 k2 þ b21


 a31 k2 þ b31

a12 k2 þ b12
a22 k2 þ b22
a32 k2 þ b32


a13 k2 þ b13 

a23 k2 þ b23  ¼ 0

a33 k2 þ b33 

ð7aÞ

where
a11 ¼ A þ 2N þ iðQ2 ϕ1 − Q1 ϕ2 Þx1 ;
b11 ¼ −ρ11 ω2 þ iωðb1 þ b2 Þ
a12 ¼ Q1 þ iðQ2 ϕ1 − Q1 ϕ2 Þx2 ;

b12 ¼ −ρ12 ω2 − iωb1

a13 ¼ Q2 þ iðQ2 ϕ1 − Q1 ϕ2 Þx3 ;

b13 ¼ −ρ13 ω2 − iωb2

a21 ¼ Q1 − iR1 ϕ2 x3 ;

b21 ¼ −ρ12 ω2 − iωb1

a22 ¼ R1 − iR1 ϕ2 x2 ;

b22 ¼ −ρ22 ω2 þ iωb1

a23 ¼ −iR1 ϕ2 x3 ;

b23 ¼ 0;

b31 ¼ −ρ13 ω2 − iωb2 ;

a31 ¼ Q2 þ iR2 ϕ1 x1 ;

a32 ¼ iR2 ϕ1 x2 ;

b32 ¼ 0a33 ¼ R2 þ iR2 ϕ1 x3 ;

b33 ¼ −ρ33 ω2 þ iωb2

ð7bÞ

and
x1 ¼ iðϕ2 Q1 − ϕ1 Q2 Þ=Z;

x2 ¼ iϕ2 R1 =Z;

x3 ¼ −iϕ1 R2 =Z
Z¼

iωηϕ21 ϕ2 ϕ20 R20 ρf ω2 R20 ϕ21 ϕ2 ϕ20
−
− ðϕ22 R1 þ ϕ21 R2 Þ
3κ10
3ϕ10

ð7cÞ

The P-wave velocity and quality factor can be expressed in
terms of the complex velocity v ¼ ω=k (Carcione 2014)
V P ¼ ½Reðv−1 Þ−1

Fig. 19. Three-dimensional horizontal section estimation results of
(a) porosity; (b) clay content; and (c) water saturation.

Q¼
theory to obtain the wave response. Based on these models, a 2D
RPT was built by using Q and calibrated with ultrasonic data.
The template is able to distinguish fluid saturation, but there is
an ambiguity that limits its application because the same Q can be
related to different saturations. Moreover, the effect of hydration of
© ASCE

Reðv2 Þ
Imðv2 Þ

ð8aÞ
ð8bÞ

Dispersion Equation of the DDP Theory
Similarly, by substituting a plane-wave kernel into Eqs. (5a)–(5h),
one obtains
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 a11 k2 þ b11


 a21 k2 þ b21


 a31 k2 þ b31

 a k2 þ b
 41
41

 a k2 þ b
51

51


a12 k2 þ b12 a13 k2 þ b13 a14 k2 þ b14 a15 k2 þ b15 

a22 k2 þ b22 a23 k2 þ b23 a24 k2 þ b24 a25 k2 þ b25 

a32 k2 þ b32 a33 k2 þ b33 a34 k2 þ b34 a35 k2 þ b35  ¼ 0

a42 k2 þ b42 a43 k2 þ b43 a44 k2 þ b44 a45 k2 þ b45 

a52 k2 þ b52 a53 k2 þ b53 a54 k2 þ b54 a55 k2 þ b55 

ð9aÞ

where
ð12Þ

a11 ¼ A þ 2N þ ðQ1 ϕ2 − Q2 ϕ1 ÞM 0
ð12Þ

þ ðQ1 ϕ3 − Q3 ϕ1 ÞM 1

ð12Þ

þ ðQ1 ϕ3 − Q3 ϕ1 ÞM 2

ð12Þ

þ ðQ1 ϕ3 − Q3 ϕ1 ÞM 3

ð12Þ

þ ðQ1 ϕ3 − Q3 ϕ1 ÞM 4
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a12 ¼ Q1 þ ðQ1 ϕ2 − Q2 ϕ1 ÞM 1
a13 ¼ Q2 þ ðQ1 ϕ2 − Q2 ϕ1 ÞM 2
a14 ¼ Q3 þ ðQ1 ϕ2 − Q2 ϕ1 ÞM 3
a15 ¼ Q4 þ ðQ1 ϕ2 − Q2 ϕ1 ÞM 4
ð12Þ

þ R1 ϕ 3 M 0 ;

ð12Þ

þ R2 ϕ 4 M 2 ;

a21 ¼ Q1 þ R1 ϕ2 M 0
a33 ¼ R2 − R2 ϕ1 M 2

ð13Þ

a41 ¼ Q3 − R3 ϕ1 M 0 ;
ð13Þ

ð13Þ

þ ðQ1 ϕ3 − Q3 ϕ1 ÞM 0

ð24Þ

þ ðQ2 ϕ4 − Q4 ϕ2 ÞM 1

ð24Þ

ð13Þ

þ ðQ2 ϕ4 − Q4 ϕ2 ÞM 2

ð13Þ

þ ðQ2 ϕ4 − Q4 ϕ2 ÞM 3

ð13Þ

þ ðQ2 ϕ4 − Q4 ϕ2 ÞM 4

ð24Þ
ð24Þ
ð24Þ

a22 ¼ R1 þ R1 ϕ2 M 1

ð12Þ

ð24Þ

a34 ¼ −R2 ϕ1 M 3

ð12Þ

ð13Þ

ð13Þ

þ R1 ϕ 3 M 1
ð24Þ

ð12Þ

þ R2 ϕ4 M 3 a35 ¼ −R2 ϕ1 M 4
ð13Þ

a42 ¼ −R3 ϕ1 M1 ;

a44 ¼ R3 − R3 ϕ1 M 3 ;

ð24Þ

ð24Þ

a52 ¼ −R4 ϕ2 M 1 ;

b11 ¼ −ρ00 ω2 þ iωðb1 þ b2 þ b3 þ b4 Þ;

ð24Þ

þ R2 ϕ4 M 4 ;
ð13Þ

a43 ¼ −R3 ϕ1 M 2

a51 ¼ Q4 − R4 ϕ2 M 0 ;

a55 ¼ R4 − R4 ϕ2 M 4

ð13Þ

ð13Þ

ð24Þ

a45 ¼ −R3 ϕ1 M 4

ð24Þ

þ ðQ2 ϕ4 − Q4 ϕ2 ÞM 0

a53 ¼ −R4 ϕ2 M 2

b12 ¼ −ρ01 ω2 − iωb1 ;

b13 ¼ −ρ02 ω2 − iωb2

b14 ¼ −ρ03 ω2 þ iωb3 ;

b15 ¼ −ρ04 ω2 − iωb4 ;

b21 ¼ −ρ01 ω2 − iωb1 ;

b22 ¼ −ρ11 ω2 þ iωb1

b23 ¼ b24 ¼ b25 ¼ 0;

b31 ¼ −ρ02 ω2 − iωb2 ;

b33 ¼ −ρ22 ω2 þ iωb2 ;

b32 ¼ b34 ¼ b35 ¼ 0

b41 ¼ −ρ03 ω2 − iωb3 ;

b44 ¼ −ρ33 ω2 þ iωb3 ;

b42 ¼ b43 ¼ b45 ¼ 0

b55 ¼ −ρ44 ω2 þ iωb4 ;

ð24Þ

a54 ¼ −R4 ϕ2 M 3 ;

b51 ¼ −ρ04 ω2 − iωb4 ;

b52 ¼ b53 ¼ b54 ¼ 0

ð9bÞ

where
ð12Þ

¼

ðQ1 ϕ2 − Q2 ϕ1 Þ=S12 þ R1 ϕ2 ϕ3 ðQ1 ϕ3 − Q3 ϕ1 Þ=ðS12 S13 Þ − R2 ϕ1 ϕ4 ðQ2 ϕ4 − Q4 ϕ2 Þ=ðS12 S24 Þ
1 − ðR1 ϕ2 ϕ3 Þ2 =ðS12 S13 Þ − ðR2 ϕ1 ϕ4 Þ2 =ðS12 S24 Þ

ð12Þ

¼

R1 ϕ2 =S12 þ ϕ2 ðR1 ϕ3 Þ2 =ðS12 S13 Þ
1 − ðR1 ϕ2 ϕ3 Þ2 =ðS12 S13 Þ − ðR2 ϕ1 ϕ4 Þ2 =ðS12 S24 Þ

ð12Þ

¼

−R2 ϕ1 =S12 − ϕ1 ðR2 ϕ4 Þ2 =ðS12 S24 Þ
1 − ðR1 ϕ2 ϕ3 Þ2 =ðS12 S13 Þ − ðR2 ϕ1 ϕ4 Þ2 =ðS12 S24 Þ

ð12Þ

¼

−ϕ1 ϕ2 ϕ4 R1 R3 =ðS12 S13 Þ
1 − ðR1 ϕ2 ϕ3 Þ2 =ðS12 S13 Þ − ðR2 ϕ1 ϕ4 Þ2 =ðS12 S24 Þ

ð12Þ

¼

ϕ1 ϕ2 ϕ4 R2 R4 =ðS12 S24 Þ
1 − ðR1 ϕ2 ϕ3 Þ2 =ðS12 S13 Þ − ðR2 ϕ1 ϕ4 Þ2 =ðS12 S24 Þ

ð13Þ

¼ ðM 0 R1 ϕ2 ϕ3 þ ϕ3 Q1 − ϕ1 Q3 Þ=S13 ;

ð13Þ

¼ ðM 2 R1 ϕ2 ϕ3 Þ=S13 ;

ð13Þ

¼ ðM 4 R1 ϕ2 ϕ3 Þ=S13 ;

ð24Þ

¼ ð−M 1 R2 ϕ1 ϕ4 Þ=S24 ;

ð24Þ

¼ ð−M 3 R2 ϕ1 ϕ4 Þ=S24 ;

M0
M1
M2
M3
M4
M0
M2
M4
M1
M3

ð12Þ
ð12Þ

M3

ð12Þ

M0

S12 ¼

¼ ð−M 0 R2 ϕ1 ϕ4 þ Q2 ϕ4 − Q4 ϕ2 Þ=S24

M4

3ðϕ2 þ ϕ4 Þκ1
iωηf R213 ϕ21 ϕ3 ϕ10
3κ1
ð1Þ

S24 ¼

ð24Þ

ð12Þ

ð12Þ

ð12Þ

ð24Þ

¼ ð−M2 R2 ϕ1 ϕ4 þ R2 ϕ4 Þ=S24

ð12Þ

ð24Þ

¼ ð−M4 R2 ϕ1 ϕ4 − R2 ϕ4 Þ=S24

ð12Þ

ð1Þ

−

ð1Þ

S13 ¼

¼ ðM 3 R1 ϕ2 ϕ3 − ϕ3 R1 Þ=S13

M2

ð1Þ

ð12Þ

¼ ðM 1 R1 ϕ2 ϕ3 þ ϕ3 R1 Þ=S13

ð13Þ

ð12Þ

iωηf R212 ϕ21 ϕ22 ϕ20

ð13Þ

M1

ρf ω2 R212 ϕ21 ϕ22 ϕ20
3ϕ10 ðϕ2 þ ϕ4 Þ

− ðϕ22 R1 þ ϕ21 R2 Þ

ð1Þ

−

ρf ω2 R213 ϕ21 ϕ3
3

− ðϕ23 R1 þ ϕ21 R3 Þ

ð1Þ

iωηf R224 ϕ22 ϕ4 ϕ20 ρf ω2 R224 ϕ22 ϕ4
−
− ðϕ24 R2 þ ϕ22 R4 Þ
3κ2
3

ð9cÞ

The P-wave velocity and quality factor can be obtained from the complex wave number k, as in the BR theory.
© ASCE
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Clay-Volume Estimation
The gamma ray (Gr) log yields the clay content. The equations are
(Li 2018)
I Gr ¼ ðGr − Grmin Þ=ðGrmax − Grmin Þ

ð10aÞ

Ms ¼ ð2βIGr − 1Þ=ð2β − 1Þ

ð10bÞ
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where I GR = mud-content index; Gr, Grmin , and Grmax = natural
gamma values of the layer, sandstone, and mudstone, respectively;
Ms = clay volume; and β = Hirsch index (3.7).
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available from the corresponding author upon reasonable request.
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