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ABSTRACT 
 
Fang, Z.J., Ba, J., Carcione, J.M., Liu, W.S. and Wang, C.S., 2022. Estimation of the 
shear-wave velocity of shale-oil reservoirs: a case study of the Chang 7 member in the 
Ordos basin. Journal of Seismic Exploration, 31: 81-104. 
 

The absence of shear-wave (S-wave) log data restricts the geophysical 
characterization and fluid identification of Chang 7 shale-oil reservoirs in Ordos Basin, 
and we have to make use of suitable rock-physics theories to overcome this problem. We 
reformulate the Xu-White model by combining the critical-porosity and Maxwell-BISQ 
models to predict the S-wave velocity, where the BISQ model includes a non-Newtonian 
(Maxwell) fluid. The approach takes into account rock composition, pore structure, fluid 
properties and saturation. Three wells with S-wave log data are considered to verify the 
feasibility of the method. The results show that the proposed reformulated approach is 
suitable for S-wave velocity estimation. 

 
KEY WORDS: shale oil, S-wave velocity prediction, Maxwell fluid, Xu-White model, 
     critical porosity model, BISQ model. 
 
INTRODUCTION 
 

The shear wave (S-wave) velocity plays an important role, as the 
compressional wave (P-wave) velocity and rock density, for AVA and AVO 
analysis of seismic data (Downton, 2005), pre-stack seismic inversion, 
reservoir property prediction and fluid identification (Smith and Gidlow, 
2000; Pang et al., 2017). Specifically, when conducting seismic inversion 
based on log data,  S-wave velocity is essential  (e.g., Vernik et al.,  2017). 
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However, due to technical and economical issues, S-wave logging is 
relatively infrequent (Tan et al., 2015). Empirical equations and 
rock-physics models can then be of great help in this sense (Li et al., 2017; 
Ba et al., 2017; Zhang et al., 2019; Zhang et al., 2021). 

 
Based on P-wave log data, porosity, rock mineral composition, shale 

content and density, empirical equations for several rocks (dolomite, 
limestone, sandstone and shale) can be established (Pickett et al., 1963; 
Castagna et al., 1985; Li, 1992). Han et al. (1986) measured 75 sandstone 
samples as a function of pressure and obtained a linear regression equation 
between the velocities. Krief et al. (1990), based experiments and theory, 
found a relationship between the squares of the P- and S-wave velocities. 
However, empirical relations have mostly a local validity. A useful 
approach is to employ neural networks, which use well-log data as training, 
and then predict reservoir properties (e.g., Qadrouh et al., 2019). Gholami et 
al. (2014) analyzed seismic attributes based on the independent variable 
analysis to predict S-wave velocity, and Parvizi et al. (2015) used genetic 
algorithms and artificial neural network this prediction. 

  
Xu and White (1995,1996) proposed a theoretical model for sand and 

mudstone formations, by combining the differential effective medium 
theory, Kuster-Toksöz model (1974) and Gassmann equation (1951). In 
their model, the pore aspect ratio is assumed to be constant (generally that 
mudstone is in the range 0.03-0.04 and that of sandstone in the range 
0.1-0.12). However other studies have shown that the pore aspect ratio is not 
constant, and it is affected by temperature, depth, pressure, etc., and varies 
over a wide range (Nur and Simmons, 1969; Brown and Korringa, 1975). 
Yan et al. (2007) proposed an empirical equation for estimating the aspect 
ratio of sandstone pores as a function of depth. 

 
In addition to the classic empirical and theoretical models, there are 

methods that combine theoretical and empirical models. Nur et al. (1992) 
assumed that the dry-rock modulus is linearly related to rock porosity, and 
proposed a critical porosity model. Biot (1956a, 1956b, 1962) proposed 
dynamic equations for wave propagation in fluid-saturated porous media 
and showed the existence of a slow P-wave, while Mavko and Nur (1975) 
introduced the squirt-flow mechanism based on a microscopic pore 
description, describing high-frequency velocity dispersion and attenuation. 
Dvorkin and Nur (1993) assumed that the pores are saturated with single 
fluid and presented the BISQ model. Dvorkin et al. (1994) further extended 
this model to partially saturated conditions by modifying the characteristic 
squirt length. Moreover, it is important to model the non-Newtonian 
(Maxwell) behavior of the fluids (Tsiklarui, 2002; Cui et al., 2003, 2010). 

 
Shale oil, an unconventional resource, is a relatively new field in 

petroleum production (e.g., Zou et al., 2013; EIA, 2013). As marine shale 
oil in the United States (Zhang et al., 2015), China's continental shale oil 
also has contained huge prospects for future exploration and development. 
Recently, China has discovered shale-oil resources in the Ordos Basin 
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(Zhou et al., 2018). The Chang 7 Member of this basin has high-quality 
reservoirs. We reformulate the Xu-White model by combining the 
critical-porosity and Maxwell-BISQ models to predict the S-wave velocity 
of these reservoirs. The methodology is applied to three wells from the work 
area. 

 
 
 

TARGET FORMATION AND SHALE OIL RESERVOIR 
CHARACTERISTICS 
 
Overview of the working area 

 
The Ordos Basin is a large stable polycyclic craton basin located in 

China with a gentle westward dipping monocline. It can be divided into six 
tectonic units, of which the Tianhuan Syncline and the Northern Shaanxi 
Slope are the main units (Fig. 1), and also the main hydrocarbon distribution 
areas. The Northern Shaanxi Slope, with the largest area, is the main 
distribution unit of Paleozoic natural gas and Mesozoic oil. Since the Late 
Triassic, the Ordos Basin has gradually been transformed into an inland 
lacustrine sedimentary environment, where the Yanchang Formation located 
in the Upper Triassic presents a set of fluvial-deltaic-lacustrine clastic rocks. 
The Yanchang Formation is divided into 10 oil formations, including the 
Chang 7 Member. The study area is located at the interchange of 
provenance in the southwest and northeast of the basin. The oil in the tight 
sandstone and shale within the source rocks, without long-distance 
migration and accumulation, is a typical shale oil, of high-quality in 
Changqing Oilfield. The Chang 7 formation became the main exploration 
layer in recent years. 

 
 
 

 

 

Fig. 1. Location of the Qingyang area in the Ordos Basin. 
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Lithologic characteristics of the target strata 
 

There are three types of shale-oil rocks in the Chang 7 Member of the 
Yanchang Formation. The first type is multi-stage superimposed sandstone. 
The reservoirs are mainly fine sandstones with medium thickness. Type 2 is 
shale with thin-layer sandstones (the reservoir). The content of quartz and 
feldspar in the rocks is generally more than 50%, and the thickness of a 
single sand body is 2 ~ 5 m. Type 3 is pure shale, and the reservoir is mainly 
organic rich dark mudstone and black shale, with quartz and feldspar 
content up to 50%, plus carbonate and pyrite. The content of brittle 
components can reach more than 70%, and the thickness of a single sand 
body is less than 2 m. 

 
Type 1 and 2 shale oil are mainly developed in the members of Chang 

71~ Chang 72, while Type 3 is more common in Chang 73. We mainly 
consider the Chang 71~ Chang 72 Members. Fig. 2 shows cores and thin 
section observed in the laboratory. The thin section shows that the 
composition mainly ranges from fine sand to very fine sand, and the 
interstitials are mainly carbonate minerals with a small amount of clay 
minerals, of which calcite is dominant and dolomite follows. 

 
 

 
 
 

 
Fig. 2. Cores and thin sections of the Chang 71~ Chang 72 Member, Ordos Basin.  
(a) Chang 71 core; (b) Chang 72 core; (c) thin section of Chang 71; (d) thin section of 
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Chang 72. 
  
Log-data analysis 
 

The physical properties of Chang 7 Member reservoirs show that the 
porosity is in the range 4 ~ 12%, and the permeability is in the range 0.01 ~ 
0.50 mD (Fig. 3), which indicate tight reservoirs. Figs. 4 and 5 show the 
wave velocities as a function of porosity for different water saturations and 
shale content, respectively. Water saturation (shale content) are be divided 
into two ranges: 0 ~ 50% and 50 ~ 100% are the low and high saturation 
(shale content) areas, respectively. As indicated by the red line, delimiting 
different areas, both the P- and S-wave velocities decrease with increasing 
porosity. In addition, the velocities decrease for increasing shale content 
(e.g., Carcione et al., 2000). 

 
  

 
Fig. 3. Statistical distribution of porosity (a) and permeability (b) of the cores. 

 

 
 
Fig. 4. P- (a) and S-wave (b) velocity as a function of porosity for different water 
saturations.  
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Fig. 5. P- (a) and S-wave (b) velocity as a function of porosity for different. shale 
content. 

 

 

Fig. 6. Rock-physics modeling flow chart. 
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THEORY AND METHODS 
 

The Chang 7 Member can be roughly divided into two lithological 
sections, of which the Chang 71-Chang 72 Members are mainly tight 
sandstone and siltstone and the Chang 73 Member is mainly pure shale. We 
reformulate the Xu-White model (see Appendix A) to apply it to tight 
sandstone and siltstone, where minerals are a mixture of quartz, potassium 
feldspar, plagioclase, carbonate fragments and clay. We consider soft pores 
(clay pores and microfractures) and stiff pores (mainly in feldspar) and an 
oil-water mixture. 

 
Three steps are considered, where we obtain the stiffness moduli of (1) 

the mineral mixture; (2) the dry rock; and (3) the wet rock. See the 
workflow in Fig. 6. 

 
 

Critical-porosity model 
 

In the course of diagenesis, porosity gradually decreases to zero with 
compaction and cementation. As shown in Fig. 7, a critical porosity exist 
during this process, when the porosity is less than a critical value, the 
constituent minerals aggregate together to form a load-bearing skeleton. 
When the porosity exceeds the critical porosity, the minerals are not 
load-bearing and the stress is transmitted mainly through the fluid (Nur, 
1992). 

 

 
 
Fig. 7. Schematic diagram of critical porosity during rock consolidation (according to 
Nur et al., 1992). 
 

 

Nur et al. (1992) propose  
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where dK  and dµ  are the dry-rock bulk and shear moduli, mK  and mµ  
are the mineral bulk and shear moduli, φ  and cφ  are the porosity and 
critical porosity, respectively. Nur et al. (1992) considered that the critical 
porosity depends on the rock type. For example, cφ ≈0.6 and cφ ≈0.4 for 
dolomite and sandstone, respectively. In tight sandstones and shales, the 
critical porosity is difficult to determine. 
  

To obtain mK  and mµ , the Voigt-Reuss-Hill and 
Hashin-Shtrikman-Hill averages or time-average equation can be applied 
(e.g., Qadrouh et al., 2020). When the rock components and their 
combinations are relatively complex, the self-consistent theory can be used 
instead, while for rocks with a few components and tight structure, the 
Voigt-Reuss-Hill average is 
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where iK  and iµ  are the bulk and shear moduli of the minerals, and iρ  
their density. The mineral/fluid properties are given in Table 1. 
 
Table 1. Physical properties of the rock (Mavko et al., 1988). 

 

Mineral/Fluid Density 
(g·cm-3) 

Bulk 
modulus 

(GPa) 

Shear 
modulus 

(GPa) 
Quartz 2.65 37 44 
Potassium 
Feldspar 2.56 48 24 
Plagioclase 2.63 75.6 25.6 
Calcite 2.71 76.8 32 
Clay 2.6 21 7 
Water 1 2.25 0 
Oil 0.8 1.02 0 

 
 
Bulk modulus of the fluid mixture 
 

Three methods can be used to compute the bulk modulus of the fluid 
mixture: (1) Brie et al. (1995) for gas-fluid patchy mixtures; (2) The 
isostress Wood equation when the fluids are microscopically mixed; (3) 
Voigt equation as an upper limit in the patchy case. 
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We use the Wood equation:  

     
1

w o
f

w o

S SK
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−
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,                                   (3) 

where, wK , oK  and wS , oS  are the bulk moduli and saturations of water 
and oil, respectively, the latter satisfy w o 1S S+ = . 

The composite density is  

    f w w o oS Sρ ρ ρ= +   ,                                       (4) 

where wρ  and oρ  are the densities of water and oil, respectively. 

 
 
Determination of the critical porosity 

 
Let us introduce a critical-porosity parameter c=1- /D φ φ . In order to 

obtain D , the critical-porosity model and Maxwell-BISQ model are 
combined to compute the P-wave velocities, and an objective function is 
established by considering a known experimental P-wave velocity (e.g., 
from logs) and the theoretical velocity. 

  
When the porefill is a Maxwell fluid, following Dvorkin et al. (1993), 

in order to take into account the squirt-flow mechanism in the Biot-Tsiklauri 
model, we replace the viscosity correction factor ( )F ω  (Cui et al., 2004) in 
the BISQ model with M ( )F ω  (Cui et al. 2003, 2010). 

 
      M c( ) i( / ) ( ) / [ ( ) 1].F Z Zω ω ω ω ω= −                           (5) 

where 

      1 00
( ) 2 ( ) / [ ( )] ( )d ,Z J a aJ a f a aω β β β

∞
= ∫  

      
2 2

M f( i ) / ,tβ ω ω ρ η= +  

where M ( )F ω  is the viscosity correction factor which is generalized to the 
case of a Maxwell fluid with an arbitrary pore size distribution (Cui et al., 
2003), ω  and cω  are the angular and Biot’s transition frequency, 
respectively, Mt  is the relaxation time (hereafter M  denotes Maxwell), 0J  
and 1J  are Bessel functions of orders zero and one, and η  is the fluid 
viscosity. The general equations that govern wave propagation in 
non-Newtonian (Maxwell) fluid-saturated porous media are given in 
Appendix B. 
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The P-wave velocities are  

     p1,2 p1,2( ) 1/ ReV D Y=   ,                                 (6) 
 
where P1 and P2 denote compressional waves of the first kind and second 
kind, respectively. 
 

The rootsY are determined from 

    2
2 1 0 0c Y c Y c− + =   ,                                     (7) 

where  

2
2
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d m
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M
ˆ ( )M MS ω= , 

f m m d m f/ [ (1 / ) ]M K K K K K Kφ φ= + − − , 

eff Mi / [ ( )]ρ η ωκ ω= , 

1
M 0 M( ) [ ( ) i / ]cFκ ω κ ω ω ω −= −  , 

M 1 M M 0 M( ) 1 2J ( ) / [ J ( )]S R R Rω λ λ λ= −  , 

M eff ( ) /Mλ ω ρ ω=  , 

where ω  and cω  are the angular and Biot frequencies, respectively, 0κ  
and M ( )κ ω  are the static and dynamic permeabilities, respectively, η  is 
the fluid viscosity, R  is the characteristic squirt-flow length, effρ  is the 
effective density of the fluid in relative motion, and ρ is the composite 
density, i.e., m f(1 )ρ ρ φ ρ φ= − + .  
 

The objective function minimizes the difference between the model 
and experimental velocities, 

 

     p p| ( ) |V D Vε = −   ,                                    (8) 
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where Vp(D) is the P-wave velocity from eq. (6), and Vp is the experimental 
one. 
 

An iterative algorithm is used to solve the objective function to obtain 
the optimal D 

 
S velocity based on D 
 

By substituting D into eq. (1), we obtain the dry-rock shear modulus 
dµ and the S-wave velocity as 

    sat dµ µ=   ,                                             (9) 

    
sat

sV
µ
ρ

=
  

.                                         (10) 

where satµ  is the fluid-saturated rock shear moduli. 
 
 
EXAMPLES 
 

To validate the method, log data from the Qingyang area, Ordos Basin, 
are considered, which is mainly located within the 71-72 sections of the 
Chang 7 Member. The target layers are mainly tight sandstones and 
siltstones, and the lithology distribution is complex. It is difficult to identify 
the lithology according to wave impedance. We have S log data in three 
wells, which are used for calibration. 

 
Wells A, B and C with S-wave velocity logs are considered in the 

examples. The depth of the target layer in well A is 1906 ~ 1980 m, and the 
oil-bearing layers are in the ranges 1920 ~ 1923 m and 1949 ~ 1952 m. The 
same quantities for well B are 1905 ~ 2016 m, and 1930 ~ 1935 m, 1939 ~ 
1948 m, 1952 ~ 1956 m and 1961 ~ 1964 m.  For well C, we have 1885 ~ 
1960 m, and 1894 ~1899 m, 1901 ~1905 m and 1957 ~ 1960 m, 
respectively. 

   
The main input parameters are density, porosity, shale content, water 

saturation, and P-wave velocity. Fig. 8 shows D  obtained with eq. (8) and 
the three well logs. Figs. 9 - 11 respectively give the logging curves of wells 
A, B and C, as well as the predicted S-wave velocity and relative error. The 
two sets show a good agreement. We compute the relative error between the 
classical Xu-White model and the reformulated model in Table 2. As can be 
seen, the latter model improves the prediction, where the average relative 
error of the three wells is 4.3-4.8%. 
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Table 2. Average relative errors of the S-wave prediction of the two models. 
 

Well Relative error of the 
reformulated model (%) 

 
Relative error of the classical 

Xu-White model (%) 
 

 
A 
 

B 

 
4.3 

 
4.6 

 
10.8 

 
 9.4 

 
C 

 
4.8 

  
12 

   

 

 

 
 

Fig. 8. D  variation with depth in well A (a), well B (b) and well C (c). 
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Fig. 9. Logs of density (Den), porosity (Por), shale content (Sh), water saturation (Sw), 
P-wave velocity (VP) and S-wave velocity (Vs) in Well A. The red curve denotes the 
estimated S-wave velocity by the reformulated model, the blue curve denotes the S-wave 
velocity by the classical Xu-White model, and the relative error is given. 
 
 

 

Fig. 10. Same as Fig. 9 for well B. 
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Fig. 11. Same as Fig. 9 for well C. 

  
The distribution diagram of the S-wave velocity error corresponding 

to the two models is shown in Figs. 12-14, where we can see that the error 
of the classical Xu-White model is higher. 

 
  

 
 
 
Fig. 12. Error in Well A corresponding to the reformulated model (a) and classical 
Xu-White model (b). 
 



95 
 

 
Fig. 13 Same as Fig. 12 for well B. 

   

 
Fig. 14. Same as Fig. 12 for well C. 

 
Figs. 15, 16 and 17 show crossplots between the estimated and 

experimental S-wave velocities in wells A, B and C, respectively. The 
estimated values of the reformulated model correlate better with the 
experimental ones. Fig. 16 (a) shows that there are larger errors within the 
zone indicated by the red rectangle. By checking the log data of Well B, 
these scatters are considered as anomalies. All Figs. (b) show that the 
classical model has large errors when the shale content is relatively high 
(see blue rectangles). 
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Fig. 15. Crossplot of the measured and estimated S-wave velocities in Well A by the 
reformulated (a) and classical Xu-White (b) models. 
  

 
 

Fig. 16. Same as Fig. 15 for well B. 

  

 
 

Fig. 17. Same as Fig. 15 for well C. 
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The ratio of P- and S-wave velocities (VP/VS) (and Poisson ratio) is a 

frequently-used attribute for reservoir assessment, lithology identification 
and rock physics research  (Carcione and Cavallini, 2002; Lee, 2003; 
Bhuiyan and Holt, 2012; Bhakta and Landrø, 2014; Aryanti et al., 2018), 
and can be used as a quality control factor in S-wave velocity estimation. 
VP/VS of oil-saturated or gas-saturated rocks is generally less than that of 
water-saturated rocks (Vanorio et al., 2006). In general, the bulk modulus of 
in-situ water is higher than that of oil/gas, so the P-wave velocity of a 
water-saturated rock is higher than that saturated by oil and gas. 

 
Figs. 18-20 show gamma ray (GR) and Poisson's ratio (PR) from the 

experimental velocities, and VP/VS as a function of depth for the three. The 
trends of the different curves are basically consistent. In particular, the black 
dotted line indicates the oil-bearing sections of the target formation. It can 
be seen that the VP/VS is relatively low in these sections. 
 
 

 

 

 

Fig. 18. Gamma ray, Poisson's ratio, and VP/VS as a function of depth in well A. 
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Fig. 19. Same as Fig. 18 for well B. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 20. Same as Fig. 18 for well C. 
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CONCLUSIONS 
 

We have developed a methodology based on the Xu-White model to 
estimate the S-wave velocity of shale-oil rocks, combining the 
critical-porosity and the Maxwell-BISQ models. An objective function 
considering the experimental (log) and theoretical wet-rock S-wave 
velocities is set to obtain the critical porosity as a function of depth, the 
dry-rock shear modulus and the wet-rock S-wave velocities to make 
predictions away from the well logs. Comparisons with the classical 
Xu-White model show that the velocities predicted by the reformulated 
model are in better agreement with the log data. The developed method can 
be useful to deal with complex pore-space configurations, such as those 
unconventional reservoirs. 
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APPENDIX A 
 
XU-WHITE MODEL 

 
The Xu-White model considers an argillaceous sandstone with small 

and large aspect-ration pores, present the shaley and sandy parts, 
respectively. The bulk and shear moduli of the dry rock are calculated by 
using Kuster-Toksöz model (1974) and differential equivalent medium 
theory (DEM). The equations are 

      cl s= ,φ φ φ+                                                             (A-1) 
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where clφ  and sφ  are the shaly and sandy porosities, respectively, clv  and 
sv  are their corresponding volume percentages, lα  is the aspect ratio. The 

scalars iijjT  and ijijT  are functions of the aspect ratio, and the properties of 
the matrix and the fluid are given in Appendix C. 
 

The Gassmann equation (Gassmann, 1951; Carcione, 2014) model is 
used to obtain the P-wave velocity:  
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where satK  is the fluid-saturated rock bulk moduli. 

The fluid-saturated rock P- and S-wave velocities are calculated by 
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APPENDIX B 
 

The general equations that govern wave propagation in non-Newtonian 
(Maxwell) fluid-saturated porous media are (Cui et al., 2010) 

 

      
µd∇

2u + (Ĥ −µd )∇∇⋅u +Ĉ ∇⋅w = ρ !!u + ρf !!w
∇(
⌢
C ∇⋅u +

⌢
M ∇⋅w ) = ρf !!u + ρeff !!w

,                         (B-1) 

 
where u  and w  are the skeleton and fluid displacement vectors, 
respectively. 
 

APPENDIX C 

COEFFICIENTS OF THE KUSTER AND TOKSÖZ THEORY 
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where K  and µ  are the bulk and shear moduli of the solid in which the 
pores are embedded, and K ʹ  and µʹ  those of the inclusions. 
 


