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Abstract
In recent years, many important discoveries have been made in global deep oil and gas exploration, which indicates that deep 
exploration has gradually become one of the most important areas in current and future hydrocarbon exploration. However, 
the prediction of deep reservoirs is very challenging due to their low porosity and complex pore structure characteristics 
caused by the burial depth and diagenesis. Rock physics provides a link between the geologic reservoir parameters and 
seismic elastic properties and has evolved to become a key tool of quantitative seismic interpretation. Based on the min-
eral component and pore structure analysis of studied rocks, we propose an improved rock-physics model by introducing a 
third feldspar-related pore for deep-buried sandstone reservoirs to the traditional Xu–White model. This modelling process 
consists of three steps: first, rock matrix modelling using time-average equations; second, dry rock modelling using a multi-
pore analytical approximation; and third, fluid-saturated rock modelling using a patchy distribution. It has been used in total 
porosity estimation, S-wave velocity prediction and rock-physics template establishment. The applicability of the improved 
rock-physics model is verified by a theoretical quartz-water model test and a real data total porosity estimation compared 
with the traditional Xu–White model and the density method. Then, a rock-physics template is generated by the improved 
rock-physics model for porosity and gas saturation prediction using seismic data. This template is carefully calibrated and 
validated by well-log data at both the well-log scale and seismic scale. Finally, the feasibility of the established rock-physics 
template for porosity and gas saturation prediction is validated by a deep-buried sandstone reservoir application in the East 
China Sea.

Keywords Deep exploration · Gas-bearing sandstone · Pore structure · Rock-physics modelling · Seismic prediction

Introduction

With the development of deep exploration technologies in 
both the geological, geophysical theory and engineering, 
many giant oil and gas fields have been discovered in the 
world’s deep petroliferous basins (Dyman et al. 2003; Dut-
ton and Loucks 2010; Sun et al. 2013; Pang et al. 2015; Lai 
et al. 2017; Wang et al. 2018; Yuan et al. 2019a). However, 
the characterization of deep reservoirs is challenging due 
to the low porosity and complex pore structures caused by 
the burial depth and diagenesis (Zou et al. 2012; Rezaee 
et al. 2012; Lai et al. 2016). Rock physics is an effective 
tool to combine reservoir parameters (porosity, shale vol-
ume, fluid saturation, etc.) with seismic elastic parameters 
(P-wave velocity, S-wave velocity, density, etc.) (Avseth 
et al. 2005; Mavko et al. 2009; Best 2014). Depending on 
whether the combination is stepwise or unified, the applica-
tion workflow may be grouped into two categories: one is 
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the sequential or cascaded approach (Buland et al. 2008), 
and the other is the joint or simultaneous approach (Bosch 
et al. 2009; Yuan et al. 2019b). Since we mainly focus on the 
establishment and verification of an improved rock-physics 
model, we adopt the first cascaded approach to obtain the 
rock-physics modelling results. Rock-physics models can 
be used to simulate and infer possible geological scenarios 
beyond available observation data. They play an important 
role in both the seismic forward modelling analysis and the 
quantitative interpretation of seismic inversion results (Avs-
eth et al. 2005).

For high-porosity (larger than 20%) sandstones, combi-
nation of granular medium Hertz–Mindlin contact model 
and Hashin–Shtrikman bounds is often applied to calculate 
the dry rock moduli under different sorting and cementa-
tion trends (Dvorkin and Nur 1996; Ødegaard and Avseth 
2004; Mavko et al. 2009; Ruiz and Dvorkin 2009; Avseth 
et al. 2014). For this type of modelling, the key parameters 
are the amount and localization of the cement within the 
grain structure and the coordination number of grains (the 
average number of contacts per sphere). Since the initial 
cementation effect will cause a large velocity increase with 
only a small decrease in porosity, this contact-cement model 
is often found to overpredict shear stiffnesses in cemented 
sandstones when the nonuniform contacts and heterogeneous 
stress are not taken into account (Bachrach and Avseth 2008; 
Avseth et al. 2010).

For low-porosity sandstones, the influence of pore struc-
ture on elastic parameters is more significant than the lithol-
ogy variation or pore size (Berge et al. 1993; Johansen et al. 
2002), which is the main reason for the complex relationship 
between the elastic parameters and reservoir parameters of 
deep sandstone reservoirs. The inclusion models (Mavko 
et al. 2009) can take all these microstructure factors into 
account and are usually adopted for this kind of modelling. 
Kuster and Toksöz (1974) derived expressions for the effec-
tive elastic moduli by using the long-wavelength first-order 
scattering theory on the assumption of the noninteraction 
between inclusions, which means the porosity must be much 
smaller than the pore aspect ratio. To eliminate this limita-
tion, the differential effective medium (DEM) model calcu-
lates the effective elastic moduli by incrementally adding 
inclusions to the background rock matrix (Norris 1985; Zim-
merman 1985; Berryman 1992). This allows the porosity to 
be higher than the aspect ratio, and the results are always 
consistent with the rigorous bounds. However, since the 
system of ordinary differential equations is coupled in the 
DEM model, the solution must be computed by a numerical 
iterative process, which will cause tremendous computation 
time in the real 3D seismic inversion applications. Moreo-
ver, for multiple pores, the DEM model is sensitive to the 
order in which the pores are added to the background rock 
matrix (Mavko et al. 2009). To overcome these deficiencies 

of the DEM model, many approximate analytical expres-
sions are made under different assumptions. By assuming 
the variations of Poisson’s ratio caused by the changes of 
crack porosity are negligible to first order, Berryman, Pride 
and Wang (2002) deduced the analytical expressions for 
rocks with dry and saturated cracks. Keys and Xu (2002) 
decoupled the DEM system by assuming a constant dry rock 
Poisson’s ratio and obtained the analytical dry rock approxi-
mation formula, which shows a clear relationship between 
the elastic parameters and pore parameters and can be eas-
ily used for the porosity and pore aspect ratio estimation 
(Vernik and Kachanov 2010; Bai et al. 2013; Zhao et al. 
2013; Keys et al. 2017). Li and Zhang (2012) obtained the 
analytical expression of the dry rock modulus ratio for dif-
ferent specific pore shapes by assuming the linear relation-
ship between the polarization factors in the DEM system 
and the modulus ratio. In addition, Jakobsen et al. (2003a, 
b) derived the common tensor form inclusion model, which 
can consider other complicated pore microscopic features 
using the T-matrix method.

The objective of our study is to establish a suitable rock-
physics model for porosity and gas saturation prediction of 
deep-buried sandstone reservoirs. This paper is organized as 
follows: We first introduce the geological characteristics of 
studied rocks. Then, we illustrate the theory and methodol-
ogy of the improved rock-physics model. Next, we apply 
this model in total porosity estimation, S-wave velocity pre-
diction, and rock-physics template establishment. Next, we 
use the established template for porosity and gas saturation 
prediction from real seismic data to demonstrate its perfor-
mance. Finally, we discuss the parameter calibration rules, 
the assumptions and uncertainties, and the scale problem by 
using the improved rock-physics model. Several key conclu-
sions are also drawn at the end of this paper.

Geological setting

The data used in this study are from the East China Sea 
shelf basin, which is one of the key areas for offshore nat-
ural gas exploration in China (Sun et al. 2013). The main 
target layer is a Paleogene sandstone layer buried more 
than 4 km depth with an average porosity of 13%. Since 
the study area is close to the source area, the sandstone 
has a low compositional maturity and contains unsta-
ble feldspar minerals (Hu et al. 2013; Wu et al. 2017). 
Figure 1 displays the quartz–feldspar–lithic diagram for 
the Folk’s sandstone classification; we observe that the 
studied sandstone contains an average quartz content of 
67.6%, feldspar content of 16.2% and lithic content of 
17.2%. The unstable feldspar particles lay a lithologic 
basis for the development of secondary dissolution pores 
in deep-buried sandstone reservoirs (Cao et al. 2017). 
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Figure 2 shows the pore types of deep-buried sandstone 
reservoirs by scanning electron microscope (SEM) obser-
vations. We observe three pore types, which are the pri-
mary intergranular pore, the secondary dissolution intra-
granular and moldic pore, as well as a few microcracks.

The pore characteristics of rocks are closely related 
to the burial depth and diagenesis (Avseth et al. 2014). 
As the burial depth increases, the target sandstone layer 
in the study area has undergone complicated diagenesis, 
mainly including compaction, cementation and dissolu-
tion (Morad et al. 2010; Cao et al. 2017; Lai et al. 2018). 
Figure 3 displays the diagenesis and pore evolution mode 
of the target sandstone reservoirs in different stages. Stage 
I is the mechanical compaction. We see that the primary 
intergranular porosity decreases rapidly, and the contact 
pattern of mineral particles shows changes from the point 
contact to the suture line contact, accompanied by the 
quartz overgrowth phenomenon. In this stage, the sili-
ceous cement content is low, with an average content of 
only 0.5% (Hu et al. 2013). As the burial depth increases 
in stage II, the calcite and clay mineral cements begin 
to form and fill the intergranular pores (Fig. 2a), which 
also decreases the porosity. With the further increase in 
the burial depth in stage III, part of the feldspar particles 
is dissolved by organic acid, forming secondary pores, 
including intragranular dissolved pores (Fig. 2b) and mol-
dic pores (Fig. 2c), which greatly improves the reservoir 
pore space. 

Methodology and model test

The extended Xu–White model

According to the above-mentioned geological analysis, the 
major mineral components of deep-buried low-porosity 
sandstone reservoirs in the study area are quartz, feldspar 
and clay. The pore types mainly include primary quartz 
intergranular semi-stiff pores, secondary feldspar dissolu-
tion stiff pores and wet clay soft pores.

Based on the Kuster–Toksöz (1974) and the differential 
effective medium theories, Xu and White (1995) proposed a 
clay–sand mixture rock-physics model considering both sand 
pores and wet clay pores. However, it inherits the defects of 
the Kuster–Toksöz model and the DEM model, which have 
low computational efficiency and are sensitive to the pore 
addition order (Keys and Xu 2002). Here, we extend the 
Xu–White model by introducing a third type of feldspar-
related pores to establish a rock-physics model for deep-
buried low-porosity gas-bearing sandstone reservoirs. The 
modelling process is mainly divided into three steps accord-
ing to the Xu–White model framework, which includes the 
modelling of the solid rock matrix, dry rock, and fluid-sat-
urated rock (Fig. 4).

Step 1. Solid rock matrix effective elastic moduli calcula-
tion

Following the Xu–White model (1996), we use the time-
average equations (Wyllie et al. 1956) to calculate the effec-
tive moduli of the solid rock matrix composed of sand grains 
and clay particles. According to the clastic rock bulk volume 
formula (Guéguen and Palciauskas 1994),

where VS and VC represent the sand and clay volume of the 
whole rock; � is the total porosity. The parameters VC and 
� are obtained from well-log data. Then, we can obtain the 
sand and clay volumes of the rock matrix which are given 
by:

The P- and S-wave transit time of the rock matrix can be 
calculated using the time-average equations

and the density of the rock matrix is calculated by

(1)VS+VC + � = 1,

(2)Vm
C
=

VC

1 − �
,

(3)Vm
S
=

1 − � − VC
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,

(4)Tp
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S
T
p
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C
T
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C
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Fig. 1  Quartz–feldspar–lithic (QFL) diagram showing the mineral 
composition of deep-buried sandstone reservoirs. After Hu et  al. 
(2013)
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where Tp
m , Tp

S
 and Tp

C
 are the P-wave transit time of the rock 

matrix, sand and clay, respectively; Ts
m

 , Ts
S
 and Ts

C
 are the 

(6)�m = Vm
S
�S + Vm

C
�C,

corresponding S-wave transit time, respectively; and �m , �S 
and �C represent the corresponding density, respectively.

Then, the effective bulk modulus Km and shear modulus 
�m of solid rock matrix can be expressed as

Fig. 2  Pore types of deep-buried sandstone reservoirs by SEM observations (after Cao et al. 2017): a primary intergranular pores filled with 
authigenic kaolinite; b secondary feldspar dissolution intragranular pores; c secondary feldspar dissolution moldic pores; d microcracks

Fig. 3  Diagenesis and pore evolution mode of deep-buried sandstone reservoirs. Stage I represents mechanical compaction, stage II represents 
early cementation and stage III represents the dissolution of feldspar grains
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Step 2. Multi-pore dry rock effective elastic moduli cal-
culation

In a two-phase composite, assuming that the host mate-
rial has elastic moduli Km and �m , and the inclusion mate-
rial has elastic moduli Ki and �i , with porosity � , the effec-
tive bulk and shear moduli of this composite K∗(�) and 
�∗(�) can be obtained by solving the coupled system of 
ordinary differential equations (Berryman 1992)

where P∗
i
 and Q∗

i
 are the geometric factors associated with 

Poisson’s ratio of the composite and the aspect ratio of the 
inclusion material, respectively (Keys and Xu 2002; Berry-
man et al. 2002), and i represents the inclusion phase. The 
expressions of geometric factors can be easily found in many 

(7)Km = �m

[

(

1

T
p
m

)2

−
4

3

(

1

Ts
m

)2
]

,

(8)�m = �m

(

1

Ts
m

)2

.

(9)(1 − �)
d

d�
[K∗(�)] = [Ki − K∗(�)]P∗

i
,

(10)(1 − �)
d

d�
[�∗(�)] = [�i − �∗(�)]Q∗

i
,

published papers (Cheng and Toksöz 1979; Xu and White 
1995; Keys and Xu 2002).

For the dry rock, Ki = 0 and �i = 0 . Equations (9) and 
(10) become

Assuming that the dry rock Poisson’s ratio is constant, 
the geometric factors P∗

i
 and Q∗

i
 can be approximated by 

Pi and Qi , which are now related to Poisson’s ratio of 
the rock matrix and aspect ratio of the inclusion pores. 
In this case, the geometric factors are independent of the 
porosity � , and the ordinary differential equations system 
can be decoupled (Keys and Xu 2002). Then, integrating 
Eqs. (11) and (12) within the porosity interval 0 to �i gives

Combining the initial conditions K∗(0) = Km and 
�∗(0) = �m with Eqs. (13) and (14), the single-pore dry 
rock analytical solutions of the effective bulk and shear 
moduli can be written as

For the multi-pore system of deep-buried sandstone res-
ervoirs, we consider the total pore volume � is composed 
of quartz intergranular semi-stiff pores �Q , feldspar dis-
solution stiff pores �F and wet clay soft pores �C ; then, 
we have

Since the porosity of each pore type is proportional 
to the corresponding mineral content to the first-order 
approximation (Xu and White 1995), it can be denoted as 
�Q = aVm

S
� , �F = bVm

S
� , �C = Vm

C
� , where the coefficients 

a and b can be obtained from the analysis of rock slices. 
Finally, the multi-pore dry rock analytical approximation 
of effective bulk and shear moduli can be expressed as:

Compared with the DEM Eqs. (9) and (10), the multi-
pore dry rock analytical approximation Eqs. (18) and (19) 
are more computationally efficient and are not affected by 
the addition order of the different pore types.

(11)
d[K∗(�)]

[K∗(�)]d�
= −

P∗
i

(1 − �)
,

(12)
d[�∗(�)]

[�∗(�)]d�
= −

Q∗
i

(1 − �)
.

(13)lnK∗(�i) − lnK∗(0) = Pi ln(1 − �i),

(14)ln�∗(�i) − ln�∗(0) = Qi ln(1 − �i).

(15)K∗(�i) = Km(1 − �i)
Pi ,

(16)�∗(�i) = �m(1 − �i)
Qi .

(17)� = �S + �C = �Q + �F + �C

(18)K∗(�) = Km(1 − �Q)
PQ (1 − �F)

PF (1 − �C)
PC

(19)�∗(�) = �m(1 − �Q)
QQ(1 − �F)

QF (1 − �C)
QC

Fig. 4  Schematic diagram of the extended Xu–White model for deep-
buried sandstone reservoirs (after Xu and Payne 2009). Step I repre-
sents the solid rock matrix modelling, step II represents the dry rock 
modelling, and step III represents the fluid-saturated rock modelling
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Step 3. Fluid-saturated rock effective elastic moduli cal-
culation

A fundamental assumption of Gassmann theory is that 
the pore pressures are equilibrated throughout the pore space 
(Mavko et al. 2009), which means it is appropriate for rocks 
with good fluidity and high porosity. However, due to the 
low porosity and clay–sand mixture background of deep-
buried reservoirs in this study area, the pore fluid could have 
a patchy distribution behaviour (White 1975; Müller et al. 
2010; Avseth et al. 2010).

Ignoring attenuation and dispersion caused by the wave-
induced fluid flow in porous media, patchy-saturation model 
(Mavko et al. 2009) calculates the bulk modulus of each fluid 
phase locally using the Gassmann equation with the shear 
modulus remaining unchanged. Then, the effective moduli 
of the patchy-saturated rock can be approximately estimated 
by the Reuss average. Considering the gas–water two-phase 
fluid situation, the calculation process can be described by

where Kf ,i , Ksat,i and Msat,i are the bulk modulus, saturated 
rock bulk modulus and saturated rock compressional modu-
lus of fluid phase i , respectively; Kdry and �dry are the dry 
rock bulk and shear moduli obtained in step 2; Sg and Sw are 
gas saturation and water saturation, respectively; and Msat 
and �sat are the effective compressional modulus and shear 
modulus of fluid-saturated rock, respectively.

Finally, from the saturated rock modulus we can cal-
culate the P-wave velocity Vp =

√

Msat∕�sat  and S-wave 
velocity Vs =

√

�sat∕�sat , where the bulk density is given 
by �sat = (1 − �)�m + �(Sw�w + Sg�g).

Theory model test

To analyse the applicability of the proposed extended 
Xu–White model and the influence of the pore aspect 
ratio on elastic parameters, theory model tests of single- 
and multi-pore type rocks are performed on water–quartz 
and gas–quartz systems, respectively. We take quartz as 
the host matrix, having Km = 36.6GPa , �m = 37GPa , 
�m = 2650 kg/m3 , and water or gas as the pore fluid, 

(20)Ksat,i = Kdry +
(1 − Kdry

/

Km)
2

�
/

Kf ,i + (1 − �)
/

Km − Kdry

/

K2
m

,

(21)�sat = �dry,

(22)Msat,i = Ksat,i +
4

3
�sat,

(23)Msat =

(

Sg

Msat,g

+
Sw

Msat,w

)−1

,

having Kw = 2.5GPa , �w = 1020 kg/m3 , Kg = 0.05GPa , 
�g = 140 kg/m3 (Mavko et al. 2009). The porosity range is 
set to 0–0.4. According to the average mean aspect ratios 
of different pore types defined by Xu and Payne (2009), 
the pore aspect ratios here are set to � = 0.02 (soft pores), 
� = 0.12 (semi-stiff pores) and � = 0.8 (stiff pores).

Figure 5 displays the single-pore test results. The bulk 
and shear moduli of saturated rock are calculated using dif-
ferent rock-physics modelling methods with a single-pore 
aspect ratio. In both the water saturation and gas satura-
tion models, the results of Hashin–Shtrikman bounds (black 
lines) and DEM model (blue lines) are considered as refer-
ences to compare with the results of Kuster–Toksöz model 
(green points) and the proposed extended Xu–White model 
(red points). Note that the Kuster–Toksöz model results are 
close to the DEM model only when the porosity is smaller 
than the pore aspect ratio, and some points exceed the 
Hashin–Shtrikman lower bound. When the pore aspect ratio 
is close to 1, the Kuster–Toksöz model results are close to 
the Hashin–Shtrikman upper bound. The results obtained 
by the extended Xu–White model are sound, consistent 
well with the DEM results in the given porosity interval, 
and always within the Hashin–Shtrikman upper and lower 
bounds.

Figure 6 displays the multi-pore test result. The elastic 
moduli of saturated rock are calculated using the extended 
Xu–White model with different soft and stiff pore volumes 
along with the background semi-stiff pores. The red solid 
line represents rock moduli with only semi-stiff pores. 
The lower dashed green lines and the upper dashed blue 
lines indicate the increasing volume of soft pores and stiff 
pores, respectively. From both the water saturation and gas 
saturation models, we can observe that the bulk and shear 
moduli decrease with the increase in the soft pore volume 
and increase with the increase in the stiff pore volume. This 
rule is useful in the selection and adjustment of the rock-
physics parameters in the real data application. In addition, 
the results are also consistent with the Hashin–Shtrikman 
upper and lower bounds within the given porosity range.

Application

Diagnostics of well‑log data

Well-log data can effectively reflect the properties of rocks 
and pore fluids underground and are often used in the cali-
bration and verification of rock-physics models. The quality 
of well logs has a significant influence on reservoir char-
acteristics analysis and the establishment of rock-physics 
templates. Figure 7 displays the original well logs and 
interpreted log-facies for the target interval of a calibration 
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well W1. The data set contains a complete set of well logs, 
including sonic logs (P- and S-wave velocities), a density log 
and petrophysical curves (porosity, shale volume and water 
saturation). Two main gas-bearing sandstone reservoirs are 
shown in yellow facies; their thicknesses are about 15 m 
and 20 m; and the average porosity inside the reservoir is 
approximately 13%. The original porosity curve in Fig. 7d 
is the effective porosity. Note that the shale layers have zero 
porosity and 100% shale volume values, as shown by the red 
arrows in Fig. 7. These values are not appropriate for rock-
physics modelling. In addition, due to these zero porosity 
values, the crossplots of the effective porosity versus the 
P- and S-wave velocity in Fig. 8 show a messy distribution, 
especially the shale and siltstone points in the marked red 
ellipses. Thus, we need to estimate the total porosity before 
rock-physics modelling.

Since rock-physics models predict P- and S-wave veloci-
ties from the total porosity and shale volume, they can be 
used in an inversion mode to estimate a total porosity curve 
that matches the measured velocities. We use the extended 
Xu–White model to estimate the total porosity constrained 
by the measured P-wave velocity and compare the results 
with the conventional Xu–White model and density method. 
The estimated total porosity is then used in the prediction of 
the S-wave velocity. Because no constraint is imposed on the 
predicted S-wave velocity, the match between the predicted 
and measured S-wave velocities can reflect the reliability 
of the total porosity estimation result to some extent. The 
rock properties for the total porosity estimation using the 
extended Xu–White model and the conventional Xu–White 
model are listed in Table 1. Among them, the solid parame-
ters (bulk modulus, shear modulus and density) and the pore 
aspect ratios are determined from the calibration of well W1; 

Fig. 5  Single-pore-saturated rock modelling with different pore aspect ratios, water-saturated bulk modulus (a) and shear modulus (b) versus 
porosity, gas-saturated bulk modulus (c) and shear modulus (d) versus porosity
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the fluid parameters are calculated by the Batzle–Wang for-
mulas (1992) at a temperature of 170 °C and a pore pressure 
of 25 MPa for the target zone. In the extended Xu–White 
model, we consider three pore types, the intergranular semi-
stiff pore, feldspar dissolution stiff pore and wet clay soft 
pore, while in the conventional Xu–White model, only two 
pore types, the semi-stiff pore and soft pore, are considered.

Figure 9a shows the corrected and original shale volume 
curves. The corrected curve is more reasonable as it does not 
contain 100% shale volume values, considering the exist-
ence of bound wet clay pores in shale layers. Figure 9b com-
pares the estimated total porosity curves using the extended 
Xu–White model, conventional Xu–White model and density 
method. The density-estimated porosity (green) has values that 
exceed the general sandstone critical porosity; the extended 
Xu–White model result (red) is close to the conventional 
Xu–White model result (blue) overall but is more accurate at 
the sandstone reservoir locations, as the red arrows show. Fig-
ure 9c–e shows the comparisons of the predicted and measured 
P- and S-wave velocities and densities, using the total porosity 
estimated by the extended and conventional Xu–White models, 

respectively. Since the measured P-wave velocity is used as a 
constraint in the total porosity estimation, the predicted P-wave 
velocity curves overlap with each other as expected. The 
S-wave velocity predicted by the extended Xu–White model 
(red) matches better with the measured S-wave velocity (black) 
than the conventional Xu–White model result (blue), which 
indicates that the total porosity estimated by the extended 
model is more reliable. In addition, the predicted density pro-
vides a more realistic value than the original density at the 
location where the calliper log shows an expansion in Fig. 9f.

Furthermore, we replace the original effective porosity of 
the crossplots in Fig. 8 with the estimated total porosity by 
the extended Xu–White model, as shown in Fig. 10. Note 
that the crossplots show clear rock-physics characteristics in 
this case. The scattered data points of different lithologies 
distributed regularly between the theoretical clean sandstone 
line and pure shale line, and the shale volume trend is con-
sistent with the log interpretation results, as the black arrows 
indicate.

(a) (b)

(c) (d)

Fig. 6  Multi-pore-saturated rock modelling with different volumes of soft and stiff pores, water-saturated bulk modulus (a) and shear modulus 
(b) versus porosity, gas-saturated bulk modulus (c) and shear modulus (d) versus porosity
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Fig. 7  Original log data of well W1. a P-wave velocity; b S-wave 
velocity; c density; d porosity; e shale volume; f water saturation; g 
facies defined by well-log interpretation. In the facies profile, shale 

is dark green, siltstone is light green, the coal formation is black, the 
water-saturated sandstone is blue, and the gas-bearing sandstone is 
yellow

Fig. 8  Crossplots of P-wave velocity (a) and S-wave velocity (b) versus the original effective porosity from well W1

Table 1  Rock-physics model 
parameters for total porosity 
estimation

The extended Xu–White model uses the semi-stiff, stiff and soft pores, while the conventional Xu–White 
model uses only the semi-stiff and soft pores

Lithology or fluid Bulk modu-
lus (GPa)

Shear modu-
lus (GPa)

Density (g/cm3) Pore type Pore aspect ratio

Sand 43.00 32.00 2.66 Semi-stiff 0.12
Stiff 0.60

Clay 25.00 9.00 2.58 Soft 0.05
Water 2.33 0.00 0.95
Gas 0.05 0.00 0.14
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Establishment and verification of rock‑physics 
template

Rock-physics templates (RPTs) are charts or templates of 
rock-physics models for the interpretation of lithology and 
hydrocarbons (Ødegaard and Avseth 2004; Chi and Han 
2009; Avseth et al. 2010). RPTs consist of crossplots of seis-
mic parameters (e.g. acoustic impedance vs. Vp/Vs ratios), 

which allow us to perform the rock-physics analysis of both 
well data and elastic inversion results.

Figure 11 displays the crossplots of acoustic impedance 
versus Vp/Vs ratios for the target zone of the calibration well 
W1, superimposed with RPT generated from the extended 
Xu–White model using the previous rock parameters in 
Table 1. The porosity range is set from 0 to 20%, and the 
shale volume and the water saturation ranges are set from 0 
to 100%. Their variation trends are shown by arrows in each 

Fig. 9  Total porosity estimation-related curves. a Shale volume; b 
porosity; c P-wave velocity; d S-wave velocity; e density; f calliper 
log. The measured P-wave velocity is used as a constraint to invert 

the total porosity, and the measured S-wave velocity is used as a ref-
erence to test the total porosity estimation result

Fig. 10  Crossplots of P-wave velocity (a) and S-wave velocity (b) versus the estimated total porosity. The blue line and black line represent the 
theoretical clean sand line and the pure shale line, respectively. The black arrows indicate the increasing direction of the shale volume
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crossplot of Fig. 11. The green solid line represents pure 
shale; the blue and red solid lines represent water- and gas-
saturated sandstone with 5% clay content, respectively; and 
the black solid lines and the yellow dotted lines represent 
isolines of porosity and water saturation, respectively. Note 
that the RPT-indicated porosity for the data points in the 
reservoir zone is approximately 10–15%, which is consist-
ent with the porosity shown by the colour-coded values of 
these points in Fig. 11a. The RPT-indicated water saturation 
and shale volume are also consistent with the corresponding 
colour-coded values in Fig. 11b, c. In addition, in Fig. 11d, 
we observe that the artificial log-interpreted gas-bearing 
sandstone points almost fall in the reservoir zone, and the 
water-saturated sandstone, siltstone and shale points sit just 
between the theoretical water-saturated sandstone line and 
pure shale line.

Our rock-physics model uses patchy distribution to cal-
culate fluid-saturated rock moduli, as previously mentioned. 
For comparison, we here assume a uniform distribution of 
fluid in the RPT modelling. The result is shown in Fig. 12. 
Note that the main difference in Figs. 11b and 12 is the 
water saturation of the template. In the patchy distribution 

mode, the elastic properties show a more linear change with 
increasing gas saturation, as shown by the yellow dotted 
lines in Fig. 11b, while in the uniform distribution mode, 

Fig. 11  Acoustic impedance versus Vp/Vs crossplots of well-log data from calibration well W1 superimposed with the modelled RPT and col-
our-coded by: a porosity, b water saturation, c shale volume and d well-log interpretation conclusions

Fig. 12  Acoustic impedance versus Vp/Vs crossplots of well-log data 
from calibration well W1 superimposed with the comparative RPT 
using uniform fluid distribution and colour-coded by water saturation
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a small amount of gas will cause almost the same elastic 
properties as the commercial amount of gas, as shown by 
the yellow circles in Fig. 12. In addition, the RPT-indicated 
minimum water saturation under the uniform distribution 
assumption is approximately 80%, which is not consistent 
with the minimum colour-coded values of data points, which 
is approximately 35%. This demonstrates that the patchy dis-
tribution assumption of the fluid saturation mode tends to 
be more suitable than the uniform distribution in our case.

To investigate the scale effect on the RPT, we apply a 
moving-window Backus averaging method (Lindsay and 
Van Koughnet 2001) to upscale the log curves to seismic 
scale in Fig. 13. The size of the upscaling window at a 
certain depth is dynamically determined by estimating the 
temporal wavelength from a chosen upscaling frequency 
and the velocity at that depth. The upscaling frequency 
here is set to 100 Hz according to the bandwidth of the 
seismic inversion results. Note that the ranges of the P- and 
S-wave velocity and density curves decrease substantially 
in Fig. 13 due to the filtering effect of the Backus average. 
After this, the scattered data points in Fig. 14 are trans-
formed to the seismic scale. We observe that the best-fit 
template clay content value decreases from 0.95 to 0.85 
when the data points upscale from the well-log scale to 
the seismic scale.

Then, a verification well, W2, is selected to verify the 
reliability of the template. Figure 15 displays the crossplots 

of the acoustic impedance versus Vp/Vs ratios for the target 
interval of the verification well W2, superimposed with the 
same RPT calibrated by well W1 at the well-log scale. Note 
that the template-indicated gas-bearing sandstone porosity 
range (10–14%), minimum water saturation (50%) and shale 
volume trend are consistent with the colour-coded values of 
scattered data points. In addition, the upscaled data points 

Fig. 13  Backus average upscal-
ing of well-log data; the black 
curves represent the original log 
data, and the red curves repre-
sent seismic-scale log data

Fig. 14  Acoustic impedance versus Vp/Vs crossplots of seismic-scale 
log data in Fig. 13 superimposed with RPTs with different clay con-
tents and colour-coded by water saturation
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in Fig. 16 also match well with the seismic-scale template in 
which the clay content is equal to 0.85. These demonstrate 
a good validity of the established RPT at both the well-log 
and the seismic scales.

Porosity and gas saturation prediction

In the following section, we apply the established RPT 
to predict the porosity and gas saturation of deep-buried 
sandstone reservoirs from the prestack seismic data. Fig-
ure 17 displays three partial angle stack seismic sections 
passing through well W1 which is located at CDP 1071. 
The inserted well synthetic seismic records in each section 
are calculated from the elastic parameters (P- and S-wave 
velocity and density) of well-log data and a 30-Hz zero-
phase Ricker wavelet using the Aki and Richards equa-
tion (2002) with the corresponding average incident angles 
of 9°, 15°, 21°. Note that the synthetic seismic records 
match well with the real seismic data and has an obvi-
ous amplitude-versus-angle (AVA) response at the gas 
layers. The seismic amplitude decreases as the incidence 
angle increases, which can also be observed from the 

Fig. 15  Acoustic impedance versus Vp/Vs crossplots of well-log data from verification well W2 superimposed with the same rock-physics tem-
plate calibrated by well W1 and colour-coded by: a porosity, b water saturation, c shale volume and d well-log interpretation conclusions

Fig. 16  Acoustic impedance versus Vp/Vs crossplots of seismic-scale 
log data from verification well W2 superimposed with RPTs with dif-
ferent clay contents and colour-coded by water saturation
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borehole-side seismic data. Figure 18 shows the acoustic 
impedance and Vp/Vs inversion results for the seismic line 
in Fig. 17 using the Bayesian linearized AVO inversion 
(Buland and Omre 2003). Arrows indicate two gas-bearing 

sandstone reservoirs with medium acoustic impedance and 
low Vp/Vs values. Note that we can only roughly esti-
mate the locations of two gas layers just from the inversion 
results. However, with the RPT, we can further estimate 

Fig. 17  Partial angle stack seismic sections crossing well W1 with 
average incident angles of 9°, 15°, 21°, respectively. The inserted well 
curve represents the calibrated synthetic seismic records generated by 

the corresponding average incident angles; the reservoir interpretation 
results are displayed on the right side; yellow rectangle represents gas 
sand and blue rectangles represent brine sand



571Acta Geophysica (2019) 67:557–575 

1 3

the porosity and gas saturation of gas-bearing sandstone 
reservoirs.

Figure 19 displays the projection of the acoustic imped-
ance and Vp/Vs data pairs onto the seismic-scale RPT. These 
projection points are relatively concentrated due to the limited 
frequency bandwidth of the seismic inversion data. Points that 
fall in the reservoir zone are defined as sandstone reservoirs. In 
addition, based on the position of these projection data points, 
we can directly transform the acoustic impedance and Vp/Vs 
data pairs into the porosity and gas saturation data pairs. The 
porosity and gas saturation of points that fall outside the res-
ervoir zone are set to zero. That is to say, we only focus on 
the porosity and gas saturation of sandstone reservoirs and 
ignore that of shale or siltstone. Figure 20 shows the prediction 

results of the porosity and gas saturation. Note that the pre-
dicted porosity and gas saturation are in good agreement with 
the well-log data. These results demonstrate the validity of 
the improved rock-physics model and can be used as a guid-
ance for the further deep-buried gas reservoir exploration in 
this area.

Discussion

A practical workflow for rock-physics modelling of deep-
buried sandstone gas reservoirs with complex pore struc-
tures has been proposed. For clay–sand mixture layers, 
the Xu–White model can estimate both P- and S-wave 

Fig. 18  Prestack seismic inversion results of acoustic impedance (a) and Vp/Vs (b) with the corresponding log cures inserted. Arrows indicate 
the locations of two gas reservoirs in well W1
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velocities over the full range of siliciclastic rocks from 
clean sandstones to pure shales, whether consolidated 
or moderately unconsolidated (Xu and White 1996). We 
extend the Xu–White model, originally accounts for two 
pore types (wet clay soft pore and quartz intergranular 
semi-stiff pores), to our case by introducing a third feld-
spar-related dissolution stiff pore. Our extended Xu–White 
model consists of three steps: (1) rock matrix modelling 
using time-average equations; (2) dry rock modelling 
using a multi-pore analytical approximation; and (3) fluid-
saturated rock modelling using patchy saturation.

The input parameters required by the extended Xu–White 
model include the elastic moduli and densities of mineral 
particles and pore fluids, the porosity and shale volume of 
the rock frame, and three pore aspect ratios for three types of 
pores. For mixed minerals, the elastic moduli and density of 
clays are variable and not very well known, leading to uncer-
tainties in the rock matrix modelling. The estimation of these 
parameters relies on careful calibration of well logs through 
trial-and-error experiments. In practice, the parameters 
calibration process has certain rules to follow; that is, the 
mineral moduli and density control the overall adjustment 

of the predicted P- and S-wave velocity and density curves, 
while the pore aspect ratios act as a local adjustment, in 
which larger pore aspect ratios correspond to higher values 
of predicted velocities. Utilizing these rules can make the 
calibration process easier. When the predicted curves match 
well with the measured logs, we can determine these input 
rock-physics modelling parameters.

In dry rock modelling, by assuming a constant dry 
rock Poisson’s ratio, we decouple the differential effective 
medium equations and then derive a multi-pore analytical 
approximation for the dry rock moduli calculation. Despite 
this assumption, we note that the Poisson’s ratio derived 
from the multi-pore dry rock approximation in Eqs. (18) 
and (19) is not constant. In fact, the constant assumption 
is not a rigorous restriction to the dry rock Poisson’s ratio, 
because we only apply this assumption in the calculation of 
geometry parameters Pi and Qi , and the final expressions of 
dry rock moduli are still related to porosity. In addition, to 
force the dry rock Poisson’s ratio to be constant will result in 
a poor approximation for the shear-wave velocity (Keys and 
Xu 2002). On the other hand, for rock-physics templates in 
Fig. 11, note that Vp/Vs varies with porosity, especially for 

Fig. 19  Reservoir zone in 
seismic-scale RPT colour-coded 
by template-indicated porosity 
(a) and gas saturation (b); the 
projected black points represent 
acoustic impedance and the Vp/
Vs data pairs from the seismic 
inversion
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the gas-saturated sandstone model. However, also note that 
the increase in clay content will cause a more drastic varia-
tion of Vp/Vs, because the rock matrix is more sensitive to 
the clay content variation than the high-porosity rocks (Avs-
eth et al. 2010). This means that the variation degree of Vp/
Vs depends on the clay content of the rock matrix. There-
fore, when sandstone contains clay, the dry rock Poisson’s 
ratio will change with porosity, which also indicates that 
the dry rock Poisson’s should not be forced to be constant.

The clay content in sandstone is also an important 
parameter related to the scale effect, reservoir heterogene-
ity and saturation distribution (Jakobsen et al. 2003b). For 
thin-interbedded sand and shale layers, upscaling means an 
increase in the intercalating shale, which, in turn, increases 
reservoir heterogeneity and thus affects the fluid satura-
tion distribution pattern. At the well-log scale, the reser-
voir sandstone data in the studied wells match nicely with 
the template when the clay content is 0.95, which is basi-
cally consistent with the shale volume log curve values at 
sandstone locations. When upscaling to the seismic scale 
using the Backus average, the P- and S-wave velocity and 
density curves become smooth and concentrated, and the 
best-fit clay content value for the template changes. A dif-
ferent upscaling frequency corresponds to a different best-fit 
template, which leads to uncertainties in seismic interpreta-
tion. In our case, we set the upscaling frequency based on 
the frequency band of seismic inversion results. Both the 

observations at the well-log scale and the seismic scale are 
consistent with a patchy-saturation behaviour. One possible 
explanation is that the heterogeneities caused by clay content 
in sandstone control the saturation pattern, even in seismic 
scale, the seismic wave may experience patchy saturation 
when the thickness of clay–sand mixture layer is relatively 
large (Avseth et al. 2010).

In addition to the two main uncertainties associated 
with the above-mentioned clay properties, the extended 
Xu–White model is also limited by several basic assump-
tions inherited from the DEM model such as the isotropic, 
linear, and elastic rock and idealized ellipsoidal pore geom-
etries (Mavko et al. 2009). Besides, we have not consid-
ered uncertainties caused by shale-related anisotropy and 
fluid-flow-related dispersion and attenuation, which will 
be investigated in future research to obtain a better model. 
Despite these uncertainties, we have found that the extended 
Xu–White model is useful for modelling deep-buried sand-
stone reservoirs, and it can also be applied to other types of 
rocks which have complex pore structures, such as carbon-
ate rock.

Fig. 20  Prediction results of 
porosity (a) and gas saturation 
(b) for deep-buried sandstone 
reservoirs with corresponding 
porosity and gas saturation log 
curves inserted
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Conclusions

We have proposed an improved rock-physics model for deep-
buried sandstone reservoirs based on the geological charac-
teristics analysis. This model can handle complex pore struc-
ture rocks with high computational efficiency compared to 
the differential effective medium theory. It has been used in 
total porosity estimation and S-wave velocity prediction; the 
results show that our model is more accurate than the density 
method and the conventional Xu–White model, which con-
siders only two pore types. The rock-physics template gener-
ated by the extended Xu–White model provides a very useful 
tool for the porosity and gas saturation prediction of deep-
buried gas reservoirs. The template needs to be carefully cal-
ibrated and validated by well-log data while honouring local 
geologic factors. The reliability of the template depends on 
the input data quality and the model assumptions. Moreo-
ver, the scale effects on the template should be considered 
when we move from the well-log scale to the seismic scale. 
Nevertheless, the established rock-physics template shows 
good performance in the porosity and saturation prediction 
of gas reservoirs and can help reduce risk in the deep seismic 
exploration and prospect evaluation.
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