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A B S T R A C T   

Tight-oil reservoirs are classified as unconventional hydrocarbon resources, having a complex system of pores 
and cracks and low porosity/permeability. A good pore-crack connectivity is required for hydrocarbon pro-
duction, but clay minerals filling the pores and throats may hinder the fluid migration. Thus, the combined 
effects of the pore-crack network and the presence of clay are the main factors controlling the reservoir prop-
erties and its storage capacity. In this study, a suite of cores was collected from a reservoir located in the north of 
the Songliao Basin (China), and establish their microstructure by scanning electron microscopy. Then, ultrasonic 
experiments were performed under in-situ conditions to analyze the influence of clay minerals and porosity on 
the elastic waves. The triple-porosity, differential-effective-medium and self-consistent theories were used to 
calculate the stiffness moduli by considering the effects of pores, cracks and clay minerals, and to analyze the 
influence of these reservoir properties on the P-wave attributes. According to attenuation, acoustic impedance 
and phase-velocity ratio, a multi-scale 3D rock-physics template was established. By using the ultrasonic, sonic- 
log and seismic data, the templates were calibrated and then the reservoir characteristics were estimated. Two 
2D seismic lines were considered and the corresponding predicted reservoir properties were compared to the 
well-log data and the actual production reports, showing that the porosity and clay content predictions are 
consistent with these data, and that the oil production areas are all located within the high-cracked porous zones. 
The 3D rock-physics templates can effectively estimate the distribution of high-quality tight-oil reservoirs.   

1. Introduction 

With the increase in petroleum consumption and the exhaustion of 
conventional reservoirs (e.g., Yan et al., 2011; Liu et al., 2019; Yu et al., 
2020), the exploration of tight-oil reservoirs is increasingly taken into 
consideration (Zhou et al., 2019). Tight oil is trapped in unconventional 
resources with low permeability and porosity, widely distributed over 
the world (Li et al., 2020). Since the development of the Bakken For-
mation in North America in 1987, the success of shale-gas exploration 
technology has opened up a new prospect for tight-oil resources devel-
opment (Li et al., 2017). These reservoirs are widely distributed in the 
Bohai, Songliao, Sichuan, Junggar, and Ordos basins of China, and have 
great petroleum potential (Yu et al., 2020). Tight-oil resources are ex-
pected to play a significant role on China’s hydrocarbon industry (Li 
et al., 2020). 

Tight-oil rocks include tight sandstones, siltstones and carbonates 
with silt or clay, which have small pore-throat diameters, high clay 

content and a complex crack structure (Ma et al., 2019, 2020). P-wave 
velocity is highly dependent on the pore system (Xu and Payne, 2009), 
such that different pore types can cause up to a 40% variation in velocity 
at the same total porosity. Thus, the pore structure (shape, size and 
connectivity) is the main factor affecting the physical properties of a 
reservoir (Sakhaee-Pour and Bryant, 2014; Xiao et al., 2018), as also has 
been shown in the other studies (Cheng et al., 2019; Ba et al., 2019). The 
microstructure of reservoir rocks significantly affects the elastic prop-
erties (Zhang et al., 2019). 

Hence, the crack structure significantly affects the fluid flow prop-
erties of the tight-oil reservoirs (Nelson, 2001; Sun et al., 2014; Benaafi 
et al., 2019; Hu et al., 2020). Recent works have analyzed the elastic 
attributes of the rocks containing cracks (Crampin and Bamford, 1977; 
Gurevich et al., 2009; Smith et al., 2009; Zhang et al., 2019). Pang et al. 
(2020) built a multi-scale rock-physics model to estimate the microcrack 
porosity in deep carbonate resources. An additional factor, other than 
cracks, is clay minerals filling the pores and throats, that prevent the 
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fluid migration (Nelson, 2009; Walderhaug et al., 2012; Stroker et al., 
2013; Xiao et al., 2018; Xi et al., 2019). Tutuncu et al. (1994) studied the 
effects of clay content, porosity and pressure on the elastic wave ve-
locities and attenuation in the salt-saturated tight sandstones based on 
ultrasonic experiments. The results showed that the clay softens the 
bonds between the grains, resulting in a lower wave velocity. Based on 
scanning electron microscopy (SEM) and nuclear magnetic resonance 
(NMR) methods, Xiao et al. (2018) found that when the clay content 
increases, the pore-volume change is negligible, but the permeability 
decreases significantly. 

Rock-physics templates (RPTs) establish a link between the reservoir 
microstructural properties and the seismic attributes (Odegaard and 
Avseth, 2004; Gupta et al., 2012; Nicolás-López and 
Valdiviezo-Mijangos, 2016). Classical 2D RPTs generally utilize 
phase-velocity ratio (VP/VS) and acoustic impedance to relate the 
reservoir lithology, porosity and saturation to the wave response 
(Andersen et al., 2009; Carcione and Avseth, 2015; Tucovic and 
Gegenhuber, 2017; Das et al., 2019). Golikov et al. (2012) analyzed the 
heterogeneity and anisotropy of Paleocene shale reservoirs by 
comparing the velocities of deviated and vertical wells in the North Sea, 
and established RPTs to explain variations in reservoir fluid and 
porosity. Tan et al. (2020) analyzed the rock characteristics based on 
ultrasonic experiments on the core samples, and built a brittleness RPT 
of tight-oil reservoirs by using equivalent-medium models. 

In applying RPTs to the tight-oil reservoirs, the pore-crack structure 
and the effects of clay minerals must be considered. For this purpose, the 
SEM technology and ultrasonic experiments were combined to analyze 
the structure and physical characteristics of the rock samples in this 
study. Then, on the basis of the equivalent-medium theory and the 
triple-porosity equation (Zhang et al., 2017), a tight-oil rock-physics 

Fig. 1. Thickness distribution of the mudstone (TOC > 2%) of the Qingshankou 
Formation in Northern Songliao Basin. The G depression area is shown. 

Fig. 2. SEM photographs showing (a) rock particles, (b) enlarged: intergranular pores, (c) cracks, and (d) illite minerals filling the pores.  
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model was established. Reported theories and experiments show that the 
crack system has a strong effect on wave dispersion and attenuation 
(Chapman, 2003; Carcione et al., 2013; Ba et al., 2019; Ma et al., 2019). 
Thus, the attenuation (1/Q, inverse quality factor, also called dissipation 
factor) was used to build the 3D rock-physics templates for the tight-oil 
reservoirs, which quantitatively describe the relationship between 
reservoir properties and wave attributes. The calibrations of the tem-
plates were performed by using the laboratory, log and seismic data, to 
estimate the equant porosity, crack porosity and clay content, and map 
the distribution of the high-quality reservoirs. 

2. Ultrasonic measurements 

2.1. Reservoir characteristics 

The studied reservoir is located in the G area of the depression zone 
in the north of the Songliao Basin, China (see Fig. 1). Recently, the huge 
potential tight-oil resources have been found in Qingshankou Formation 
in this area (Shi et al., 2015). The mentioned formation is divided into 
three subsections including Qingshankou 1, 2 and 3 (Ma et al., 2019). In 
Qingshankou 2 section, the high-quality source rocks have been devel-
oped, with wide distribution and good continuity, where there is a good 
source rock-reservoir combination (Shi et al., 2015), which is the target 
layer in this study. 

The reservoirs in this area have low permeabilities and abnormal 
formation pressures, with a pressure coefficient ranging from 1.20 to 
1.50. The overpressure enhances the hydrocarbon migration and accu-
mulation, and overcomes the effect of low permeability (Shi et al., 
2015). The target layer has high oil saturation and low movable 
water/light oil quality. The porosity lies between 4% and 12%, and there 
are small areas with 15%. The average value is 8.5%, and the perme-
ability ranges from 0.01 to 0.5 mD. The lithology is dominated by tight 
siltstones with high clay content. The thickness of the target layer is 
70–110 m, the pore pressure range is 22–32 MPa and the temperature is 
around 80 ◦C (Ma et al., 2019). 

The SEM of a tight-oil rock sample at different magnifications is 
shown in Fig. 2. The results of the image analysis showed that the 
reservoir storage space mainly includes the intergranular pores, dis-
solved pores and cracks, and the pore size lies between 5 and 100 μm. 
The pore structure has mainly small pores and throats, so that the 
permeability is low and the fluid flow is limited. However, secondary 
pores and cracks may contribute to the flow. The minerals mainly 
include quartz, feldspar, clay, and the small amounts of dolomite and 
calcite. The feldspar is plagioclase and potassium feldspar, and the clay 
mineral is illite. 

2.2. Laboratory experiments 

Twelve cores were collected from the target layer at the depth about 
2.2 km, and the ultrasonic experiments were performed on the samples 
under reservoir conditions. The diameter is 25 mm and the lengths are 
between 50 mm and 56 mm. Standard materials (aluminum) with the 
same size and shape were also processed. The physical characteristics of 
the samples are given in Table 1. Under in-situ conditions (temperature 

80 ◦C, pore pressure 25 MPa, and confining pressure 50 MPa), the ul-
trasonic experiments were performed on the water, gas (nitrogen), and 
oil (kerosene) saturated samples. The wave velocities were measured 
with the ultrasonic-pulse method at a frequency of 1 MHz. 

The full-gas sample is dried by using an oven, sealed with a rubber 
sleeve, under a 50 MPa confining pressure, with the given pore pressure. 
The fluid in the vessel was then heated to 80 ◦C, and the P- and S-wave 
waveforms were measured. The sample was then saturated fully with oil 
and water, and as above, the waveform was recorded to obtain the wave 
velocity. 

The P- and S-wave velocities vary with porosity and clay content 
(Fig. 3), where the velocities decrease with increasing clay content and 

Table 1 
Physical properties of the samples.  

Sample A B C D E F G H I J K L 

Lithology Muddy 
Siltstone 

Muddy 
Siltstone 

Siltstone Muddy 
Siltstone 

Siltstone Siltstone Siltstone Siltstone Siltstone Muddy 
Siltstone 

Siltstone Siltstone 

Porosity (%) 2.88 4.60 5.20 5.56 5.60 5.79 5.80 6.45 10.87 12.75 13.09 13.97 
Permeability 

(mD) 
0.0045 0.38 0.019 0.011 0.017 0.035 0.02 0.097 0.39 0.17 0.08 0.084 

Dry-rock density 
(g/cm3) 

2.61 2.56 2.58 2.53 2.52 2.41 2.55 2.38 2.29 2.3 2.28 2.26 

Clay content (%) 2.8 8.2 1.9 12.5 2.4 3.9 3 5.5 5.5 4.4 5.5 5.5  

Fig. 3. The crossplots of P- and S-wave velocities versus porosity (a) and clay 
content (b). 
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porosity. The S-wave velocity is almost the same for the different fluids. 
On the other hand, the P-wave velocities for the full-oil and full-water 
samples are similar and higher than that of the full-gas samples, but 
start to differ as porosity increases (Fig. 3a). Sample D shows lower 
values, because it comprises a high clay content. The trend of sample B 
differs from the other samples (Fig. 3b), in which the velocities being 
relatively high, likely caused by the low porosity. 

3. Rock-physics model 

The tight-oil rock pore system is complex, with equant pores and 
cracks, and a high clay content. Ba et al. (2016) regarded the clay 
minerals in the pores as inclusions, and obtained the wave properties of 

these rocks by using a double-porosity model, including velocity 
dispersion. The rock can be considered as a composite made of three 
homogeneous frames, related to intergranular pores, clay minerals and 
cracks (Fig. 4a). Here, a triple-porosity model was considered (Fig. 4b). 

The workflow for the modeling and prediction procedures is shown 
in Fig. 5. In the first step, based on the SEM observations, the mineral 
composition was established as quartz, feldspar, clay, calcite and dolo-
mite, and their bulk and shear moduli are 37/44 GPa, 37.5/15 GPa, 21/ 
7 GPa, 76.8/32 GPa and 94.9/45 GPa, respectively. Minerals were 
mixed and the modulus of the mixture (excluding clay minerals) was 
estimated with the Voigt-Reuss-Hill equation (VRH, Voigt, 1910; Reuss, 
1929; Hill, 1952). 

The stiff pores and cracks are spherical and oblate, with aspect ratios 

Fig. 4. Microstructure of a tight-oil rock (a) and a triple-porosity model (b). The quantities represent absolute porosity and volume ratio of host frame (φ2 and v2), 
crack (φ1 and v1) and clay (φ3 and v3) inclusions, where φ1 + φ2 + φ3 is the overall porosity and v1 + v2 + v3 = 1. 

Fig. 5. Workflow of the modeling and reservoir estimation.  
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of 1 and 0.0003, respectively. The differential-effective-medium (DEM) 
theory (Berryman, 1992) was used to add pores and cracks into the host 
and inclusion mineral mixture and obtain the properties of the dry host 
and inclusions. Then, the self-consistent approximation (SCA) model 
(Berryman, 1980) was used to obtain the properties of the dry rock 
without and with the clay inclusions, and finally the triple-porosity 
model to compute the properties of the saturated rock. 

More specifically, Berryman (1980) proposed the SCA equations to 
compute the bulk (M*

SC) and shear (G*
SC) moduli, 

∑
ci
(
Mi − M*

SC

)
Q*i = 0, (1a)  

∑
ci
(
Gi − G*

SC

)
P*i = 0, (1b)  

where P*i and Q*i (Berryman, 1980, p. 3) are the geometrical factors of 
the ith component, Mi and Gi are bulk and shear moduli, and ci is cor-
responding volume fraction for each component. 

Berryman (1992) proposed the DEM equations for the elastic moduli 
(M*,G*), 

(1 − y)
d
dy

[M*(y)] = (M2 − M*)Q(*2)(y), (2a)  

(1 − y)
d
dy

[G*(y)] = (G2 − G*)P(*2)(y), (2b)  

with initial conditions M * (0) = M1, G* (0) = G1, where M1 and G1 are 
the bulk and shear moduli of the host material, y is the content of phase 
2, and M2 and G2 are the corresponding moduli. P and Q are the as 
above. 

The Batzle and Wang (1992) equations were used to estimate the 
density and bulk modulus of the fluid. The triple-porosity medium 
equation was used for the fluid substitution to account for the effects of 
the fluid in cracks and pores on the wave velocities and attenuation. On 
the basis of the Biot-Rayleigh theory (Ba et al., 2011), the dynamic 
equations of the elastic wave propagation were established by incor-
porating the local fluid flow interaction into the dissipated energy, po-
tential energy, and kinetic energy (Zhang et al., 2017):  

Fig. 6. The relationship of velocity dispersion and attenuation of the P wave with frequency at different values of "total" porosity (a–b), crack porosity (c–d), and clay 
content (e–f), shown in ms. 

M. Pang et al.                                                                                                                                                                                                                                    



Journal of Petroleum Science and Engineering 201 (2021) 108476

6

Q1∇o+R1∇(λ1 +φ2δ12)= − a1

(
ẇ − Ẇ(1)

)
+ ρ01ẅ + ρ11Ẅ(1)

, (3b)  

Q2∇o+R2∇(λ2 − φ1δ12 +φ3δ23)= − a2

(
ẇ − Ẇ(2)

)
+ ρ02ẅ + ρ22Ẅ(2)

,

(3c)  

Q3∇o+R3∇(λ3 − φ2δ23)= − a3

(
ẇ − Ẇ(3)

)
+ ρ03ẅ + ρ33Ẅ(3)

, (3d)  

1
3

ρf δ̈12φ1φ2
2r2

12

(
φ10

φ20
+

1
5

)

+
1
3

(
η
κ2

+
η

5κ1

)

δ̇12φ10φ1φ2
2r2

12

= φ2(Q1o+R1(λ1 +φ2δ12)) − φ1(Q2o+R2(λ2 − φ1δ12 +φ3δ23)),
(3e)  

1
3
ρf δ̈23φ3φ2

2r2
23

(
φ30

φ20
+

1
5

)

+
1
3

(
η
κ2

+
η

5κ3

)

δ̇23φ30φ3φ2
2r2

23

= φ3(Q2o+R2(λ2 − φ1δ12 +φ3δ23)) − φ2(Q3o+R3(λ3 − φ2δ23)),
(3f)  

where w denotes the solid displacement vector, and the displacement 

vectors of the cracks/pores, clay and pore fluid are Ẇ(1), Ẇ(2)and Ẇ(3), 
respectively; o, λ1, λ2 and λ3 are the corresponding divergences. The 
stiffness coefficients A, N, Q1, Q2, Q3, R1, R2 and R3, the density ρ00, ρ01, 
ρ02, ρ03, ρ11, ρ22 and ρ33, and the dissipation coefficients a1, a2 and 
a3depend on the rock properties. The scalars δ12 and δ23 are the varia-
tions in fluid content between pores and cracks, and between clay 
minerals and pores, respectively. The quantitiesκ1, κ2 and κ3 are the 
permeabilities of the crack, host and clay frames, respectively; r12 and 

Fig. 7. P- (a) and S- (b) wave velocities versus porosity at different 
clay contents. 

Fig. 8. P- (a) and S- (b) wave velocities versus clay content at 
different porosities. 

N∇2w+(A+N)∇o+Q1∇(λ1 +φ2δ12)+Q2∇(λ − φ1δ12+φ3δ23)+Q3∇(λ3 − φ2δ23)

= a1

(
ẇ − Ẇ(1)

)
+a2

(
ẇ − Ẇ(2)

)
+a3

(
ẇ − Ẇ(3)

)
+ρ00ẅ+ρ01Ẅ(1)

+ρ02Ẅ(2)
+ρ03Ẅ(3)

,
(3a)   
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r23 are the radii of the cracks and clay inclusions, respectively, η is vis-
cosity, and ρf is the fluid density. 

The complex wave number k can be computed by substituting a time 
harmonic kernel into equations (3a)-(3f) (see Appendix A), then the 
equation of P-wave velocity will be obtained as (Carcione, 2014), 

V =
1

Re(v− 1)
, (4a)  

and attenuation, 

1
Q
=

Im(v2)

Re(v2)
, (4b)  

where the complex velocity v is obtained by dividing the angular fre-
quency ω by k. 

3.1. Wave properties 

We simulated the effects of pore shape and crack size by considering 
different aspect ratios and inclusion radii, respectively. The model 
properties are as the following. Minerals proportion: quartz 43.6%, 

Fig. 9. 3D RPT at 1 MHz.  

Fig. 10. 3D RPT at 10 KHz.  

Fig. 11. 3D RPT at 35 Hz.  

Fig. 12. 3D RPT and sample data, in which the color bar represents porosity. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 13. 3D RPT and sample data, in which the color bar represents clay 
content. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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feldspar 37.5%, calcite 4.6%, dolomite 2.3%, and clay mineral 12%; the 
aspect ratio of pores and cracks are 1 and 0.0003, respectively; the 
radius of crack and clay inclusions is 50 μm. The properties of oil are: 
bulk moduli 1.27 GPa; density 0.79 g/cm3; viscosity 0.0021 Pa s. The 
VRH average equations were used to compute the modulus of the min-
eral mixture. The elastic moduli of the inclusions and rock frames were 
calculated by using the DEM and SCA models. By setting an oil-saturated 
condition, the influence of the clay content, as well as total and crack 
porosities, on the P-wave attributes were first analyzed. 

The P-wave attributes vary with frequency at different reservoir 
properties (Fig. 6). In Figs. 6a and 6b, the crack porosity and clay content 
were set to 0.04% and 12%, respectively, and the total porosity varied 
as: 1%, 5%, 9%, 13% and 17%. In Figs. 6c and 6d, the porosity and clay 
content were set at 8% and 12%, respectively, and the crack porosity 
varied as: 0.032%, 0.051%, 0.07%, 0.09%, and 0.11%. Subsequently, in 
Figs. 6e and 6f, the total porosity and crack porosity were set at 8% and 
0.04%, respectively, and the clay content varied as: 2%, 6%, 10%, 14% 
and 18%. Dispersion and attenuation increase with total and crack po-
rosities as well as clay content, and two relaxation peaks were observed. 

3.2. Comparison of the model-derived results and experimental values 

The frequency is 1 MHz, and the crack porosity is 0.08%. The P- and 
S-wave velocities vary with porosity at different clay contents compared 
with the experimental values (Fig. 7). The agreement is good except for 
sample B. The relation between velocities and the clay content at 
different porosities is shown in Fig. 8. Except for sample B, the results 
agree well with the experimental values. 

3.3. 3D rock-physics templates 

The phase-velocity ratio, acoustic impedance and P-wave attenua-
tion were set as the coordinate axes. By adjusting the clay content, total 
and crack porosities, a 3D rock-physics-template (RPT) was obtained. 
Fig. 9 shows the 3D RPT at 1 MHz, where the color scale is VP/VS. The 
attenuation and VP/VS increase with increasing reservoir properties, 
while the impedance decreases. 

If the inclusion radius varies from 1 to 50 mm, the attenuation peaks 
at the sonic and seismic frequencies, respectively. The effects at 10 KHz 
and 35 Hz are shown in Figs. 10 and 11, which correspond to the sonic 
and seismic frequency bands, respectively. They are similar to the 
template at 1 MHz, except that the attenuation is stronger, and the 
seismic attributes have the same trend for the three studied reservoir 

Fig. 14. Sonic velocities at well B versus porosity.  

Fig. 15. Sonic velocities at well B versus clay content.  

Fig. 16. 2D RPT at 10 KHz and log data, in which the color bar shows porosity. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 17. 2D RPT at 10 KHz and log data, in which the color bar represents clay 
content. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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properties. 

4. Multi-scale calibration of the 3D RPTs 

4.1. Calibration at ultrasonic frequencies 

Calibration is required for the templates, mainly including labora-
tory, well-log and seismic data. Fig. 12 compares the experimental data 

(circles) to the ultrasonic RPT, in which the black, blue and red curves 
indicate constant total porosity, crack porosity and clay content, 
respectively. The quality factor Q was estimated by using an aluminum 
block as a reference material (see equation A-4). The color bar of the 
circles is porosity, which agrees well with the template results. As 
inferred from the data and template, there is the same trend between VP/ 
VS, impedance, attenuation and porosity. Fig. 13 shows the template and 
sample data, in which the color bar indicates clay content. The clay 

Fig. 18. Seismic amplitude (a) and Q value (b) of line 1.  

Fig. 19. Acoustic impedance (a) and phase-velocity ratio (b) of line 1.  

Fig. 20. 3D RPT and actual data, in which the color bar represents porosity. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 21. 3D RPT and actual data, in which the color bar indicates clay content. 
(For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 
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Fig. 22. Seismic amplitude (a) and Q value (b) of line 2.  

Fig. 23. Acoustic impedance (a) and phase-velocity ratio (b) of line 2.  

Fig. 24. Total porosity (a), clay content (b) and crack porosity (c) of line 1.  
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content of the samples is lower than that of the template. Two trends are 
similar as a function of clay content. 

4.2. Calibration at sonic frequencies 

The sonic velocities versus porosity at well B are given in Fig. 14. The 
velocities decrease when porosity increases, which lies in the range [4, 
15] %. The clay content was calculated by using the Gamma-ray log, as 
indicated in Appendix A. Fig. 15 shows the velocities versus clay con-
tent, whose range is [5, 20] %, and, as expected, the velocities decrease 
with increasing clay content. There is a defined linear relation between 
clay content and S-wave velocity. 

Well B data was used to calibrate the template at 104 Hz. Due to the 
lack of attenuation at this frequency, the VP/VS - acoustic impedance 
template was used for comparison with the well data. Figs. 16 and 17 
show the data of well B compared to the RPT. The color bars indicate the 
porosity and clay content (circles), respectively. The behavior of the 
theory is consistent with the data, since the impedance decreases with 
increasing porosity, and VP/VS gradually increases with enhancing clay 
content. 

4.3. Estimation of attenuation 

The generalized S transform is used for the time-frequency analysis, 
based on the seismic data, and an improved frequency-shift method (see 

Fig. 25. Total porosity (a), clay content (b) and crack porosity (c) of line 2.  

Fig. 26. Comparison of the total porosity (a), clay content (b) and crack 
porosity (c) predictions with the log data (Well A) and oil production report. 

Fig. 27. Comparison of the total porosity (a), clay content (b) and crack 
porosity (c) predictions with the log data (Well B) and oil production report. 

Table 2 
Log and prediction average values for two studied wells.    

Logging data RPT results 

Well A Porosity (%) 
Clay content (%) 
Crack porosity (%) 

7.68 
14.13 

8.46 
13.49 
0.0606 

Well B Porosity (%) 
Clay content (%) 
Crack porosity (%) 

9.27 
10.75 

9.60 
9.61 
0.0688  
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equation A-5) is implemented to estimate seismic Q by assuming a 
Ricker wavelet (Pang et al., 2019, 2020). Fig. 18 shows a 2D seismic 
survey (line 1 crossing well A), the seismic amplitude and Q value of the 
reservoirs, and the line indicates the position of the well. In Fig. 18b, the 
blue and red areas represent the weak and strong attenuation, respec-
tively. The result shows that there is an abnormal attenuation in well A. 

4.4. Calibration at seismic frequencies 

The Ip and VP/VS were computed with three-dimensional inversion 
(Fig. 19). These attributes along with the seismic Q in well A were used 
to calibrate the 3D template at 35 Hz. Figs. 20 and 21 show the com-
parisons between the corresponding templates and the seismic data 
(circles). The color bars indicate porosity and clay content, respectively, 
which agree well with the templates. Low porosity and high clay content 
are observed from the templates and seismic data. By using the seismic 
data to obtain the three attributes (i.e. Ip, VP/VS and seismic Q), the best 
reservoir areas can be quantitatively predicted by superposing the 
template and data. 

5. Prediction 

Seismic Q (Fig. 22), VP/VS and Ip (Fig. 23) were also extracted for 
line 2 in well B. The reservoir porosities and clay content were quanti-
tatively estimated for the two survey lines by overlapping these seismic 
attributes onto the RPT. Figs. 24 and 25 show the 2D estimation profiles 
of the total porosity, clay content and crack porosity of the two survey 
lines. The results show that the clay content, total porosity and crack 
porosity of the reservoirs range in 5–20%, 3–15%, and 0.02–0.12%, 
respectively. Compared to well A, well B shows higher total (equant) and 
crack porosities, and lower clay content. Thus, the area where well B is 
located has a better connectivity and higher oil storage potential. The 
reports indicate that the oil production from wells A and B are 0.012 and 
7.39 tons per day, respectively, which is in good agreement with the 
estimations. 

Figs. 26 and 27 compare the predictions in wells A and B with the 
actual production reports and log data, respectively. The porosity and 
clay content curves of the two wells are similar to the predictions, and 
the oil producing sections are distributed in areas with high crack 
porosity. 

The storage conditions and actual results of two wells were compared 
by averaging the log curves and predictions (Table 2). Compared to the 
log data, the predictions at two wells represent higher porosity and 
lower clay content. Moreover, the total and crack porosities in well B are 
higher than well A, while the clay content is lower. Thus, well B has 
better reservoir properties and higher storage capacity, which is 
consistent with the actual oil production results. 

6. Conclusions 

Scanning electron microscope (SEM) and ultrasonic experiments 
were performed on a suite of rock samples from the target formation to 
establish the microstructural characteristics of the tight-oil reservoirs 
rocks and to investigate the effects of porosity and clay content on the 
wave velocities. The complex micro-structural features of these rocks 
were simulated with the self-consistent and differential-effective- 
medium (DEM) theories, and a triple-porosity model to obtain the 
fluid-saturated properties. The effects of round pores, cracks and clay 
minerals on the dispersion and attenuation of P-wave velocity were 
analyzed. Then, the wave velocities with clay content and porosity were 
compared to the experimental data. The model made it possible to build 
a multi-scale 3D rock-physics template. Ultrasonic waveforms, log and 
seismic data were used to estimate the attenuation of the rock samples, 
the clay content and the seismic Q. The templates are calibrated and 
then used to estimate reservoir properties. 

Two 2D seismic lines crossing two wells were considered. The 3D 
template was used to predict the reservoir properties. The obtained re-
sults were compared to the log data and production reports, which 
represented a good agreement. One of the studied wells shows higher 
total (equant) and crack porosities and lower clay content, which agrees 
with the production reports. 
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Appendix B. Supplementary data 

Supplementary data to this article can be found online at https://doi.org/10.1016/j.petrol.2021.108476. 

Appendix A 

Dispersion equations 

The k is obtained by substituting a time harmonic kernel ei(ωt− k⋅x) into equations (3a)-(3f) as, 
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⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

b11k2 + c11 b12k2 + c12 b13k2 + c13 b14k2 + c14
b21k2 + c21 b22k2 + c22 b23k2 + c23 b24k2 + c24
b31k2 + c31 b32k2 + c32 b33k2 + c33 b34k2 + c34
b41k2 + c41 b42k2 + c42 b43k2 + c43 b44k2 + c44

⃒
⃒
⃒
⃒
⃒
⃒
⃒
⃒

= 0, (A-1) 

and 

b11 = A + 2N + (Q1φ2 − Q2φ1)M
(12)
0 + (Q2φ3 − Q3φ2)M

(23)
0 ,

b21 = Q1 + φ2R1M(12)
0 , b31 = Q2 − R2

(
φ1M(12)

0 − φ3M(23)
0

)
,

b41 = Q3 − φ2R3M(23)
0 ,

b12 = Q1 + (Q1φ2 − Q2φ1)M
(12)
1 + (Q2φ3 − Q3φ2)M

(23)
1 ,

b22 = R1 + φ2R1M(12)
1 , b32 = − R2

(
φ1M(12)

1 − φ3M(23)
1

)
,

b42 = − φ2R3M(23)
1 ,

b13 = Q2 + (Q1φ2 − Q2φ1)M
(12)
2 + (Q2φ3 − Q3φ2)M

(23)
2 ,

b23 = φ2R1M(12)
2 , b33 = R2

(
1 − φ1M(12)

2 + φ3M(23)
2

)
,

b43 = − φ2R3M(23)
2 ,

b14 = Q3 + (Q1φ2 − Q2φ1)M
(12)
3 + (Q2φ3 − Q3φ2)M

(23)
3 ,

b24 = φ2R1M(12)
3 , b34 = R2

(
− φ1M(12)

3 + φ3M(23)
3

)
,

b44 = R3

(
1 − φ2M(23)

3

)
,

c11 = − ρ00ω2 + iω(a1 + a2 + a3), c21 = − ρ01ω2 − iωa1,

c31 = − ρ02ω2 − iωa2, c41 = − ρ03ω2 − iωa3,

c12 = − ρ01ω2 − iωa1, c22 = − ρ11ω2 + iωa1,

c32 = c34 = 0, c42 = c43 = 0,
c13 = − ρ02ω2 − iωa2, c23 = c24 = 0, c33 = − ρ22ω2 + iωa2,

c14 = − ρ03ω2 − iωa3, c44 = − ρ33ω2 + iωa3,

(A-2)  

where 

S12 =
− φ1φ2

2r2
12ω

(
ωρf (φ10/φ20 + 1/5) + i(η/κ2 + η/(5κ1) )φ10

)

3
− φ2

1R2 − φ2
2R1,

S23 =
− φ3φ2

2r2
23ω

(
ωρf (φ30/φ20 + 1/5) + i(η/κ2 + η/(5κ3) )φ30

)

3
− φ2

2R3 − φ2
3R2,

M(12)
0 =

(Q1φ2 − Q2φ1)/S12 + φ1φ3R2(Q2φ3 − Q3φ2)/(S12S23)

1 + (φ1φ3R2)
2/
(S12S23)

,

M(23)
0 =

(
− M(12)

0 φ1φ3R2 + Q2φ3 − Q3φ2

)/
S23,

M(12)
1 =

φ2R1/S12

1 + (φ1φ3R2)
2/
(S12S23)

,M(23)
1 = − M(12)

1 φ1φ3R2
/

S23,

M(12)
2 =

− φ1R2
/

S12 + φ1φ2
3R2

2

/
(S12S23)

1 + (φ1φ3R2)
2/
(S12S23)

,

M(23)
2 =

(
− M(12)

2 φ1φ3R2 + φ3R2

)/
S23,

M(12)
3 =

− φ1φ2φ3R2R3/(S12S23)

1 + (φ1φ3R2)
2/
(S12S23)

,

M(23)
3 =

(
− M(12)

3 φ1φ3R2 − φ2R3

)/
S23.

(A-3)  

Q estimation 

The spectral-ratio method is (Toksöz et al., 1979; Ma and Ba, 2020), 
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ln
[

A1(f )
A2(f )

]

= ln
[

G1(f )
G2(f )

]

−
πf x
VQ

, (A-4) 

where A1(f)/A2(f) is the spectra, x is the sample length, G(f) is the geometrical factor, and V is the P-wave velocity. On the other hand, the seismic 
attenuation can be obtained from (Pang et al., 2020), 

1
Q
=

16
(
f 2
C0 − f 2

C1

)

̅̅̅̅̅
π5

√
tf 2

C0fC1
, (A-5)  

where fc0/fc1 is the centroid frequency of the signal before/after propagation, and t is the propagation time. 

Clay-volume estimation 

The Gamma-ray (Gr) log yields the clay content. The equations are (Li 2018), 

IGr = (Gr − Grmin)/(Grmax − Grmin), (A-6)  

Ms =
(
2β*IGr − 1

)/
(2β − 1) (A-7)  

where IGr is the mud-content index, Gr, Grmin and Grmax are the natural Gr values of the layer, sandstone and mudstone, respectively, Ms is the clay 
volume and β is the Hirsch index, which is related to the formation age (new: 3.7; old: 2). The target layer is the Mesozoic Cretaceous Upper System 
Qingshankou formation, which was formed during the first lake flooding period. The thickness of the continuous deposition reaches 550 m, and there 
is no older formation, so the target layer is considered to be a new stratum. 
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