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ABSTRACT 

Elastic wave velocities are often used to interpret formation properties, such as porosity, 

mineralogy, and lithology. Shear wave velocity systematics are valuable in creating elastic 

models when only P-wave sonics exists in legacy wells. Although considerable research has 

been carried out on conventional reservoir velocity systematics, the systematics for 

unconventional formations remain ill defined. In this study, a Vs-Vp systematic is developed 

for the Meramec formation, using laboratory pulse transmission ultrasonic measurements. The 

influences of porosity and mineralogy on velocities are discussed and a comparison between 

Meramec velocity systematic and existing literature systematics is provided. 

The Vp and Vs measurements on 385 dodecane saturated core samples (106 vertical and 279 

horizontal plugs), from seven Meramec wells were acquired. Porosity and mineralogy were 

also measured on each core plug. We propose two approaches to estimate Vs from Vp: 1) 

ignoring anisotropy, we combine both Vp and Vs measurements from all vertical plugs and 

low anisotropy horizontal plugs to create a single systematic, and 2) considering anisotropy, 

Vp measurements from horizontal plugs were corrected based on the Thomsen’s 

compressional wave anisotropy parameter and the systematics were generated. 

The Meramec formation has weak shear wave anisotropy, typically < 10%. Analysis shows 

that velocities are more sensitive to porosity than mineralogy by a factor of approximately 10. 

The Vp and Vs dependencies are shown below, for dodecane saturated samples (∅ is the 

volume fraction pores, C is the weight fraction clay, using vertical and horizontal samples with 

low anisotropy): 

Vp=6.4-1.5C-15.5φ (R2=0.5) 
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Vs=3.6-0.9C-5.1φ (R2=0.4) 

The shear wave systematics for dodecane saturated measurements are (All velocities are km/s.): 

Method 1: Vs= 0.90 + 0.42Vp (R2=0.7) 

Method 2: Vs= 0.20 + 0.56Vp (R2=0.6) 

The first equation has a smaller residual and estimated error than the second equation. Using 

the first equation, the Meramec velocity systematic shows good agreement with dipole wireline 

measurements even though there is a substantial difference in measurement frequencies. The 

Meramec velocity systematics are considerably different from published systematics. Seven 

Meramec layers can also be grouped into three groups based on the Vp-Vs equations and 

lithology.  

The Meramec shear-wave systematics can be applied in wireline and seismic analyses. The 

result shows that the method of ignoring anisotropy provides a better Vs estimation than the 

method considering anisotropy. However, the second method can be potentially applied to a 

formation that has high anisotropy. Applying Castagna's mudrock equation, using 

compressional wave velocity to predict shear wave velocities yield an estimation error 6% to 

16% in Vs. It is critical to generate specific velocity systematics which are calibrated to the 

formation of interest.
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1 INTRODUCTION 

Elastic wave velocities are often used to interpret formation properties, such as porosity, 

mineralogy, and lithology. Shear-wave velocity (Vs) is potentially useful in unconventional 

reservoirs for formation evaluation, completion design (Rickman et al., 2008), seismic 

calibration (Vernik, 2016) and as a lithology discriminator (Pickett, 1963; Aranibar et al., 2013; 

Tran, 2014). However, legacy shear-wave sonic velocity logs may be few, while compressional 

wave sonic velocity logs are more common. Therefore, velocity systematics are valuable in 

creating elastic models when only P-wave logs exists in legacy wells. 

A widely used method to generate empirical correlations relating the velocities to rock 

parameters is laboratory ultrasonic measurements of compressional and shear wave velocities. 

Velocities are useful tools for porosity estimation. One of the best-known historical examples 

is Wyllie’s equation (Wyllie, 1956). Wyllie (1957) admitted the physics behind his law was 

flawed but argued that it seemed to work anyway. Raymer et al. (1980) modified this formula 

by suggesting different laws for different porosity ranges. These models work for certain rock 

types, but do not have general applicability. 

Velocities also can be used for lithology identification. Pickett (1963) found a useful 

correlation between mineralogy and the ratio of compressional to shear velocities.  

Several attempts have been made to estimate the effect of clay content on acoustic velocities 

(Tosaya and Nur, 1982; Kowallis et al. 1984; Castagna et al. 1985; Han et al. 1986). These 

studies have generally found linear correlations relating velocity to both porosity and clay 

content.  
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While studying sandstone, siltstone, and silty shale rocks from Cotton Valley and Ardmore 

Basin, Tosaya and Nur (1982) observed that velocities depend more strongly on porosity than 

on clay content (by a factor of 3–3.6) in fully saturated rocks. Tosaya (1982) and Castagna 

(1985) studied the dependence of velocities on clay and porosity in saturated shaly sands, in a 

limited dataset. Han et al. (1986) adopted a similar approach to study the changes in 

compressional and shear velocities. The study included a broader siliciclastic sample with 

conditions varying from well consolidated to poorly consolidated, and from clay-free to shaly 

sandstones. Compressional and shear velocities were found to correlate linearly with porosity 

and clay content in shaly sandstones. However, as with Pickett’s (1963) results, great care must 

be taken when extrapolating these correlations beyond the range of samples used to derive 

them. 

Porosity prediction from velocities using Tosaya (1982), Castagna (1985), or Han’s (1986) 

equations requires the accurate estimation of clay content. The clay content was obtained by 

thin section microscopy, X-ray diffraction, and elemental analysis. The effect of porosity on 

the velocity is greater than the effect of clay content. To refine the porosity prediction issue in 

shaly sands, Vernik (1994) developed a petrophysical classification of siliciclastic, which 

considers the amount of volumetric clay content and the textural position of clay. The 

compressional velocity versus porosity relations for consolidated rocks in each of the following 

groups is found to be linear with very high correlation coefficients. The equations are shown 

as below (brine saturated samples under effective pressure 5800psi): 

Clean Arenites, C<2%: 𝑉𝑉𝑝𝑝 = 6.07 − 7.97∅ (R2=0.99) Eq 1-1 

Arenites, C=2-15%: 𝑉𝑉𝑝𝑝 = 5.52 − 6.91∅ (R2=0.97) Eq 1-2 
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Wackes, C=15-35%: 𝑉𝑉𝑝𝑝 5.19 − 7.21∅ (R2=0.96) Eq 1-3 

Shales, C=35% 𝑉𝑉𝑝𝑝 = 4.93 − 9.03∅ (R2=0.97) Eq 1-4 

Where, 

C is clay content, vol% 

Vp is compressional wave velocity, km/s 

φ is fractional porosity  

This allows for porosity estimates or lithology prediction in consolidated siliciclastic from 

acoustic velocities. This classification was also successfully applied in deep-water reservoir 

Gulf of Mexico turbidities (Vernik, 2002); these are largely unconsolidated sediments. 

Shear-wave velocity (Vs) is a potentially useful quantity in unconventional reservoirs for 

formation evaluation but legacy shear-wave sonic velocity logs are few. Therefore, there are 

some studies on shear wave velocity prediction. Relationships between compressional and 

shear wave velocities were established in the classic paper by Pickett (1963) and later by 

Castagna et al. (1985), Han et al. (1986), etc. Linear trends for correlating the compressional 

and shear wave velocities are presented, including the Castagna mudrock line derived from in-

situ sonic and seismic measurements. The work of Brie et al. (1995) extended the work of 

Castagna et al. (1985) to include predicting gas saturation from a Vp/Vs versus compressional 

travel time cross plot.  

However, in unconventional reservoirs, the Greenberg-Castagna (1992) shear-wave velocity 

prediction method does not yield accurate shear wave velocities in organic rich unconventional 

reservoirs, with observed mean errors varying from 6% to 16% (Vernik et al., 2018). 

Furthermore, Quirein et al. (2015) found that the Castagna mudrock and Brie et al. (1995) 
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water-wet sand trends do not appear to apply in general to the Eagle Ford, Haynesville, or 

Barnett mudstone formations due to the presence of carbonates (mainly limestone) and organic 

matter. Therefore, a better understanding of Vp-Vs relations of unconventional reservoirs is 

needed. 

The focus of this study is the Mississippian Meramec play in Oklahoma. Price et al. (2020) 

classifies the Meramec formation as a clastic system dominated by siltstone to very-fine–

grained sandstone with varying amounts of quartz, clay, and calcareous grains and cement. In 

this study, a Vs-Vp systematic is developed for the Meramec formation using laboratory pulse 

transmission ultrasonic measurements. The influences of porosity and mineralogy on velocities 

are discussed and compared to published velocity systematic and literature systematics is 

provided. 

1.1 Synopsis 

The thesis is divided into six chapters and is organized as follows: 

Chapter 1 is a brief background and introduction to elastic wave velocities versus reservoir 

properties, as well as the scope of this study; 

Chapter 2 provides the theoretical background to elastic wave velocities and the correlation 

between elastic velocities and formation properties;  

Chapter 3 introduces the geological setting of the study area; 

Chapter 4 explains the methodology of the petrophysical measurements performed on the 

samples; 

Chapter 5 lists the petrophysical measurements results and interpretation of the findings, and 
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Chapter 6 lists the major findings of this research and the application of this study. 
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2 LITERATURE REVIEW 

2.1 Wave propagation 

Understanding the elastic properties of rocks is essential in understanding the seismic response 

to hydrocarbon reservoirs under different environmental conditions. Elastic properties of rocks 

are dominated by the properties of the solid rock skeleton and “defects” like pores, fractures, 

and cracks. In most cases, these defects have dimensions smaller than the seismic, sonic, or 

ultrasonic wavelengths. 

There are two basic waves which propagate in a homogeneous isotropic elastic medium: 

compressional (P-waves) and shear (S-waves). Compressional wave is a wave in which the 

particle motion is in the direction of the wave propagation. It is called primary waves because 

it arrives before shear wave. Shear waves split into two orthogonal phase components 

displaying different velocities as they propagates through an anisotropic medium (Figure 2.1). 

The two components are referred to as a slow and fast shear wave, respectively. Slowness 

difference between the components depends on the extent of anisotropy. Shear wave splitting 

is among the most direct and unambiguous indicator of seismic anisotropy (Crampin, 1984; 

Teanby et al., 2004).  

Compressional and shear waves are sensitive to the presence of fractures or cracks when their 

direction of propagation or their direction of polarization is at an angle to the fracture faces 

(Figure 2.2) (Nur et al., 1969; Rai and Hanson, 1988). Vertically propagating P-waves will 

not be very sensitive to vertical fractures. S-waves on the other hand have sensitivity to 

fractures in both horizontal and vertical direction due to their polarization. Vertically 

propagating shear waves that are polarized parallel to the fracture planes will travel faster than 
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shear waves polarized perpendicular to the fracture planes. The fractional difference between 

the velocities of the two shear waves is defined as the shear wave birefringence. 

 
Figure 2.1 P-wave and S-wave propagation (NDT Resource Center, 2017). 

 

Figure 2.2  Schematic showing P-wave and polarized S-wave propagation through a 
laminated medium (Lo et al., 1986). In this figure VS3a = Vs3b and VSV1 < VSH1. 

Elastic anisotropy means that the stiffness or effective shear moduli in one direction will be 

different from that in another. For shear waves, their particle motion will be approximately 

normal to the direction of propagation. The velocity will depend on the orientation of the 

particle motion. The shear wave can "split" into two shear waves with orthogonal particle 

motion, each traveling with the velocity determined by the stiffness in that direction. An 

example of this is shown in Figure 2.3 from Sondergeld and Rai (1992).  



8 
 

 

Figure 2.3 Transmitter and receiver are rotated simultaneously through an azimuth 
aperture of 180°. When particle motion is either parallel or perpendicular to the shale 

fabric, only one arrival wave is seen. At other angles, both slow and fast waves are 
present (Sondergeld and Rai, 1992). 

2.2 Anisotropy 

Rocks, especially shales found in unconventional reservoirs, are generally anisotropic. Shales 

cover about 60-70% of sedimentary basins (Broichhausen et al. 2005). These clay-rich rocks 

are important as they form source rocks, seals, and sometimes unconventional reservoirs. 

These rocks are often elastically anisotropic, as observed in the field (Banik, 1984; Alkhalifah 

and Rampton, 2001) and laboratory measurements (Jones and Wang, 1981; Lo et al. 1986; 

Vernik and Nur, 1992; Hornby et al., 1994; Johnston and Christensen, 1995; Wang, 2002; 

Sondergeld and Rai, 2011 ). The elastic properties of these rocks - isotropic or anisotropic, are 

manifestations of the geological processes and the resulting microscopic and macroscopic 

structures in shale. Elastic anisotropy in these rocks, if not properly accounted for, leads to 

errors in seismic imaging (Vestrum, et al. 1999) and interpretation, and reservoir 
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characterization. Thus, it is important to identify and characterize anisotropy to understand and 

interpret the sonic response of unconventional reservoirs. 

The impact of anisotropy in seismic and borehole acoustics was recognized early. Gassmann 

(1964) presented results dealing with travel-time methods in anisotropic media—in particular, 

transversely isotropic media. Daley and Hron (1977) computed reflection, transmission, and 

reflection coefficients in a layered media displaying transverse isotropy. Jones and Wang (1981) 

measured the velocities of two Cretaceous shales from the Williston basin. They found these 

samples are transversely isotropic with symmetry axis perpendicular to bedding. The 

transverse isotropy was due to clay mineral alignment parallel to bedding. White (1982) 

considered waveform travel in a transversely anisotropic media. Using the ultrasonic 

measurement for Chelmsford Granite, Chicopee Shale, and Berea sandstone, Lo et al. (1986) 

found that the elastic anisotropy is due to the combined effects of pores, cracks, and mineral 

grain orientation. They also observed the crack induced anisotropy decreases with increasing 

confining pressure. 

Thomsen (1986) pointed out that in most cases of interest to geophysicists the anisotropy is 

weak (<=10 percent) and the weak anisotropy can be characterized by three anisotropy 

parameters—ε, γ, and δ. The concept has been widely adopted in rock physics to understand 

and quantitatively characterize anisotropy. This can be explained through the constitutive 

equations of linear elasticity as: 

𝜎𝜎𝑖𝑖𝑖𝑖 = ∑ ∑ 𝐶𝐶𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝜖𝜖𝑖𝑖𝑖𝑖3
𝑖𝑖=1

3
𝑖𝑖=1   Eq 2-1 

For an isotropic material, the number of independent constants reduces to two and the tensor 

of elasticity has the form: 
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�

�

𝑐𝑐11 𝑐𝑐12 𝑐𝑐12 0 0 0
𝑐𝑐12 𝑐𝑐11 𝑐𝑐12 0 0 0
𝑐𝑐12 𝑐𝑐12 𝑐𝑐11 0 0 0
0 0 0 𝑐𝑐44 0 0
0 0 0 0 𝑐𝑐44 0
0 0 0 0 0 𝑐𝑐44

�

�
 with 𝑐𝑐12 = 𝑐𝑐11 − 2𝑐𝑐44 

 

Eq 2-2 

The simplest anisotropy case (transverse isotropy) has only one distinct direction (usually 

vertical) while the other two directions are equivalent. The stiffness matrix thus reduces to 12 

non-zero components having five independent components (C11, C13, C33, C44, and C66) as: 

�

�

𝑐𝑐11 𝑐𝑐11 − 2𝑐𝑐66 𝑐𝑐13 0 0 0
𝑐𝑐11 − 2𝑐𝑐66 𝑐𝑐11 𝑐𝑐13 0 0 0

𝑐𝑐13 𝑐𝑐13 𝑐𝑐33 0 0 0
0 0 0 𝑐𝑐44 0 0
0 0 0 0 𝑐𝑐44 0
0 0 0 0 0 𝑐𝑐66

�

�
 

 

Eq 2-3 

This anisotropy is a case of broad geophysical applicability. In this material, Saxena (2018) 

summarized three modes of wave propagation, and their velocities are dependent on the angle 

θ between the axis of symmetry (z-axis) and the direction of the wave vector: 

Quasi-longitudinal mode 𝑣𝑣𝑃𝑃(𝜃𝜃) = �� 1
2𝜌𝜌
��𝑐𝑐11𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 + 𝑐𝑐33𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃 + 𝑐𝑐44 + 𝐴𝐴 

Eq 2-4 

Quasi-shear mode 𝑣𝑣𝑠𝑠𝑠𝑠(𝜃𝜃) = �� 1
2𝜌𝜌
��𝑐𝑐11𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 + 𝑐𝑐33𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃 + 𝑐𝑐44 − 𝐴𝐴  

Eq 2-5 

Pure shear mode 𝑣𝑣𝑠𝑠ℎ(𝜃𝜃) = ��1
𝜌𝜌
��𝑐𝑐66𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 + 𝑐𝑐44𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃  

Eq 2-6 

𝐴𝐴 = �[(𝑐𝑐11 − 𝑐𝑐44)𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 + (𝑐𝑐33 − 𝑐𝑐44)𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃]2 + (𝑐𝑐13 + 𝑐𝑐44)2𝑠𝑠𝑠𝑠𝑠𝑠22𝜃𝜃  Eq 2-7 

In this case, Thomsen (1986) defined the following parameters, P-wave anisotropy ε, S-wave 

anisotropy γ, and parameter δ: 

𝜀𝜀 =
𝑐𝑐11 − 𝑐𝑐33

2 ∙ 𝑐𝑐33
 Eq 2-8 
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𝛾𝛾 =
𝑐𝑐66 − 𝑐𝑐44

2 ∙ 𝑐𝑐44
 Eq 2-9 

𝛿𝛿 =
(𝑐𝑐13 + 𝑐𝑐44)2 − (𝑐𝑐33 − 𝑐𝑐44)2

2 ∙ 𝑐𝑐33 ∙ (𝑐𝑐33 − 𝑐𝑐44)  
Eq 2-10 

For the determination of all five tensor elements of a transversely isotropic material, the 

following five velocities (and the density) can be used: Vp (0°), Vp (90°), Vp (45°), Vsh (90°), 

and Vsh (0°) = Vsv (0°): 

𝑐𝑐11 = 𝜌𝜌 ∙ 𝑉𝑉𝑝𝑝2(90°) Eq 2-11 

𝑐𝑐33 = 𝜌𝜌 ∙ 𝑉𝑉𝑝𝑝2(0°) Eq 2-12 

𝑐𝑐44 = 𝜌𝜌 ∙ 𝑉𝑉𝑠𝑠ℎ2 (0°)  Eq 2-13 

𝑐𝑐12 = 𝑐𝑐11 − 2𝜌𝜌 ∙ 𝑉𝑉𝑠𝑠ℎ2 (90°) Eq 2-14 

𝑐𝑐13 = �4𝜌𝜌2 ∙ 𝑉𝑉𝑝𝑝4(45°) − 2𝜌𝜌2 ∙ 𝑉𝑉𝑝𝑝4(45°) ∙ (𝑐𝑐11 + 𝑐𝑐33 + 2𝑐𝑐44) + (𝑐𝑐11 + 𝑐𝑐44) ∙ (𝑐𝑐33 + 𝑐𝑐44) − 2𝑐𝑐44 Eq 2-15 

Many studies have been done to understand the correlation between reservoir properties and 

anisotropy. Anisotropy results from the organized distribution of platy clay minerals (Hornby 

et al. 1994; Johnston and Christensen, 1995; Sondergeld and Rai, 2011). There is a strong 

positive correlation between the degree of preferred orientation of clay mineral alignment and 

seismic anisotropy. Another cause of anisotropy is the existence of compliant organic materials 

(Vernik and Nur, 1992; Vernik and Liu, 1997; Sondergeld et al. 2000; Vernik and Milovac, 

2011). Several studies of some kerogen rich shales show that the anisotropy of the shales is 

related to the kerogen content and maturation level (Vanorio et al. 2008; Ahmadov, 2011).  

Berryman (2008) analyzed the approximations involved in Thomsen’s weak anisotropy 

approach and extended the original model to the case of strong anisotropy. While Thomsen’s 

approximation suggests these velocities as completely symmetric around θ=π/4=45degrees, 
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this generally is not true of the actual wave speeds. Berryman suggested a new set of equations 

for strong anisotropy to define velocities as: 

𝑣𝑣𝑃𝑃 ≅ 𝛼𝛼0 �1 + 𝜀𝜀𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃 − (𝜀𝜀 − 𝛿𝛿)
2𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃
[1 − 𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃𝑚𝑚𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃] � 

Eq 2-16 

𝑣𝑣𝑠𝑠𝑠𝑠 ≅ 𝛽𝛽0 �1 +
𝛼𝛼02

𝛽𝛽02
(𝜀𝜀 − 𝛿𝛿)

2𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑚𝑚𝑠𝑠𝑠𝑠𝑠𝑠2𝜃𝜃𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃
[1 − 𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃𝑚𝑚𝑐𝑐𝑐𝑐𝑠𝑠2𝜃𝜃] � 

Eq 2-17 

𝛼𝛼0 and 𝛽𝛽0 are vertical P-velocity and S-velocity, respectively. The parameter 𝜃𝜃𝑚𝑚 is defined by: 

𝑡𝑡𝑡𝑡𝑠𝑠2(𝜃𝜃𝑚𝑚) =
(𝑐𝑐33 − 𝑐𝑐44)
(𝑐𝑐11 − 𝑐𝑐44) =

𝑣𝑣𝑝𝑝2(0) − 𝑣𝑣𝑠𝑠2(0)
(1 + 2𝜀𝜀)𝑣𝑣𝑃𝑃2(0) − 𝑣𝑣𝑠𝑠2(0) 

 Eq 2-18 

 

2.3 Parameters that affect velocities: 

2.3.1 Porosity 

Wyllie et al. (1956) derived their famous time–average equation relating porosity and 

compressional velocity: 

1
𝑉𝑉𝑝𝑝

=
1 − ∅
𝑉𝑉𝑝𝑝,𝑚𝑚𝑚𝑚

+
∅
𝑉𝑉𝑓𝑓𝑖𝑖

 
Eq 2-19 

Where, 

𝑉𝑉𝑝𝑝 is the compressional wave velocity of the porous rock, 

𝑉𝑉𝑝𝑝,𝑚𝑚𝑚𝑚 is the compressional wave velocity of the matrix material, 

𝑉𝑉𝑓𝑓𝑖𝑖 is the compressional wave velocity of the pore fluid 

Rearranging a linear relationship between measured compressional wave slowness (106/Vp, 

usec/ft), and porosity results in the equation: 
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∅ =
∆𝑡𝑡𝑃𝑃 − ∆𝑡𝑡𝑃𝑃,𝑚𝑚𝑚𝑚

∆𝑡𝑡𝑓𝑓𝑖𝑖 − ∆𝑡𝑡𝑃𝑃,𝑚𝑚𝑚𝑚
 Eq 2-20 

Where, 

∆𝑡𝑡𝑃𝑃 is the compressional wave slowness of the porous rock, 

∆𝑡𝑡𝑃𝑃,𝑚𝑚𝑚𝑚 is the compressional slowness of the matrix material, 

∆𝑡𝑡𝑓𝑓𝑖𝑖 is the compressional slowness of the pore fluid. 

It may be noted that the Wyllie equation is heuristic and not a model derived equation (the 

addition of travel time for matrix and fluid is physically valid only for wavelengths much 

smaller than pore or grain size). The equation only pertains to compressional velocities. The 

equation works best for water-saturated and well-compacted porous rocks, particularly 

sandstones. In shaly sandstones and shales, the time average equation significantly 

overestimates velocities (De Martini et al. 1976; Tosaya and Nur, 1982; and Kowallis et al. 

1984). Presence of gas can also give erroneous results (Asquith and Krygowski, 2004). 

Under poor consolidation or low effective stress condition, the high slowness values will cause 

an overestimated of porosity. Therefore, a compaction correction is necessary in this case. 

Raymer et al. (1980) provided compaction-corrected Wyllie porosity equation (slowness in an 

adjacent shale bed is used as compaction reference, ∆𝑡𝑡𝑠𝑠ℎ𝑚𝑚𝑖𝑖𝑎𝑎 > 100𝜇𝜇𝑠𝑠𝑓𝑓𝑡𝑡−1): 

∅𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐𝑐𝑐𝑎𝑎𝑐𝑐 = ∅𝑊𝑊𝑊𝑊𝑖𝑖𝑖𝑖𝑖𝑖𝑎𝑎 ∙
1
𝐶𝐶𝑃𝑃

=
∆𝑡𝑡𝑃𝑃 − ∆𝑡𝑡𝑚𝑚𝑚𝑚

∆𝑡𝑡𝑓𝑓𝑖𝑖 − ∆𝑡𝑡𝑚𝑚𝑚𝑚
∙

100
∆𝑡𝑡𝑠𝑠ℎ𝑚𝑚𝑖𝑖𝑎𝑎

 Eq 2-21 

In sandstones with porosity less than 0.37, Raymer et al. (1980) derived the following equation, 

known as the Raymer–Hunt–Gardner equation: 
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𝑉𝑉𝑃𝑃 = (1 − ∅)2 ∙ 𝑉𝑉𝑃𝑃,𝑚𝑚𝑚𝑚 + ∅ ∙ 𝑉𝑉𝑓𝑓𝑖𝑖 Eq 2-22 

Jennings and Lucia (2001) discussed the influence of pore type with respect to Wyllie’s 

equation. They point out that in the absence of vuggy pore space, limestones typically follow 

the Wyllie time–average equation, although the scatter can be quite large. When grain-mold or 

intra-fossil pore space is present, the data deviates from the Wyllie equation. This can be 

described empirically by implementation of separate vuggy porosity (Lucia, 2007). 

2.3.1 Mineralogy 

Mineralogy affects rock velocities in two ways. The most obvious is through the bulk and shear 

moduli of the solid matrix, which are primary inputs to all velocity models. Indirectly, 

mineralogy controls the cementation and the pore structure of the rock. Other parameters being 

equal, silica and carbonate cements produce higher velocities than clay cement. Carbonates, 

being more soluble, often have extremely complex pore structures which are not well described 

by conventional velocity models. 

Pickett (1963) found a useful correlation between mineralogy and the ratio of compressional 

to shear velocities. In more poorly consolidated rock, the data tend to diverge from the trends 

and many empirical alternatives have been proposed, e.g. Castagna, 1993.  

Tosaya and Nur (1982) investigated the dependence of compressional velocities in detrital 

silicate rocks on porosity, volume of clay and clay mineralogy. Eighteen samples with porosity 

range from 4.2% to 20% and total clay volume varied from less than 1% to 72%. The clay 

content was obtained by thin-section microscopy, X-ray diffraction, and elemental analysis. 

Velocities were measured in low-salinity brine and water saturated samples. They concluded 

that P-wave velocity depends on porosity more strongly than on clay content by a factor of 3.6 



15 
 

and the Vp-porosity-clay equation for these 18 samples is (velocities in km/sec, porosity is the 

volume fraction pores, and clay is the volume fraction clay): 

𝑉𝑉𝑝𝑝 = −2.4𝐶𝐶 − 8.6∅ + 5.8 Eq 2-23 

However, this was a preliminary study which required confirmation and refinement. 

Following the lead of Tosaya (1982), Castagna et al. (1985) used multiple linear regression to 

determine the dependence of sonic derived compressional and shear wave velocity on porosity 

and clay content for the Frio Formation. The porosity and volume of clay are determined from 

gamma ray, neutron, and density logs. The equations are shown below (velocities in km/sec, 

porosity is the volume fraction pores, and clay is the volume fraction clay): 

𝑉𝑉𝑝𝑝 = 5.81 − 9.42∅ − 2.21𝐶𝐶 Eq 2-24 

𝑉𝑉𝑠𝑠 = 3.89 − 7.07∅ − 2.04𝐶𝐶 Eq 2-25 

Han (1986) confirmed the correlation between velocities and clay content using a larger set of 

samples. 75 sandstone samples with porosity range from 2 to 30 percent and clay content by 

volume fraction ranging from 0 to 50 percent. The samples were brine saturated. The result 

shows that the effects of porosity and clay content on the shear wave velocity are larger than 

on the compressional wave velocity. The effect of porosity on velocity change is about 3 times 

compared to the effect of clay content on velocity change. Both porosity and clay content have 

a stronger effect on P-wave velocity than S-wave velocity. The equations are shown below 

(velocities in km/sec, porosity is the volume fraction pores, and clay is the volume fraction 

clay, at confining pressure of 40 MPa and pore pressure of 1 MPa): 

𝑉𝑉𝑝𝑝 = 5.59 − 6.93∅ − 2.18𝐶𝐶 Eq 2-26 

𝑉𝑉𝑠𝑠 = 3.52 − 4.91∅ − 1.89𝐶𝐶 Eq 2-27 
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Marion and Jizba (1992) have investigated North Sea shaly sand reservoir rocks (35 MPa 

pressure) for brine and gas saturation and derived the regressions (velocities in km/sec, 

porosity is the volume fraction pores, and clay is the volume fraction clay): 

Gas saturation:  

𝑉𝑉𝑝𝑝 = 4.82 − 5.02∅ − 0.597𝐶𝐶 Eq 2-28 

𝑉𝑉𝑠𝑠 = 3.26 − 3.03∅ − 0.952𝐶𝐶 Eq 2-29 

Brine saturation:  

𝑉𝑉𝑝𝑝 = 5.46 − 6.29∅ − 1.10𝐶𝐶 Eq 2-30 

𝑉𝑉𝑠𝑠 = 3.32 − 3.62∅ − 0.952𝐶𝐶 Eq 2-31 

Kirchberger (2001) analyzed logging data from the Vienna Basin and used the gamma log for 

characterizing the shale content, vshale, and the density log for porosity estimate. Shaly sand 

formations (water bearing) follow a regression (velocities in km/sec, porosity is the volume 

fraction pores, and clay is the volume fraction clay): 

𝑉𝑉𝑝𝑝 = 5.358 − 5.402∅ − 2.926𝐶𝐶 Eq 2-32 

𝑉𝑉𝑠𝑠 = 2.802 − 3.935∅ − 1.750𝐶𝐶 Eq 2-33 

These studies have generally found linear correlations relating velocity to both porosity and 

clay content. Generally, it is found that the velocities are more sensitive to porosity than clay 

content. However, great care must be taken when extrapolating these correlations beyond the 

range of samples used to derive them. As clay content increases, sandstones grade into shaly 

sands and shales. A transition occurs from a grain supported framework with clay in the pore 

space, to a clay matrix with embedded, isolated grains. 
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2.3.2 Effect of pressure and temperature 

At a given pressure and temperature, the velocity of sedimentary rocks depends on rock 

properties, such as porosity, cracks, pore fluid content, and lithology. In order to relate 

velocities to rock properties, the effects of pressure and temperature on velocities need to be 

understood. 

Simmons and Brace (1965) have shown that Vp and Vs measured for a rock sample can vary 

significantly depending on the effective pressure. Many laboratory measurements also show 

that most rocks obey the effective stress law: 

𝑃𝑃𝑎𝑎𝑓𝑓𝑓𝑓 = 𝑃𝑃 − 𝛼𝛼 ∙ 𝑃𝑃𝑝𝑝𝑐𝑐𝑐𝑐𝑎𝑎 Eq 2-34 

Where, 

𝑃𝑃𝑎𝑎𝑓𝑓𝑓𝑓 is the effective pressure 

𝑃𝑃 is the total external pressure 

𝑃𝑃𝑝𝑝𝑐𝑐𝑐𝑐𝑎𝑎 is the pore pressure 

𝛼𝛼 is Biot-Willis parameter depending on material compressibility. ∝= 1 − 𝐾𝐾∗/𝐾𝐾𝑐𝑐 (where 𝐾𝐾∗= 

the bulk modulus of the porous rock frame (drained of any pore-filling fluid), 𝐾𝐾𝑐𝑐=the bulk 

modulus of the mineral matrix) 

When 𝛼𝛼 is equal to 1, the effective pressure is equal to the difference between confining and 

pore pressure, which is differential pressure. Increasing confining pressure or decreasing pore 

pressure cause velocities to increase. In general, there is a characteristic non-linear dependence 

of velocity on depth or pressure (Domenico, 1976). In most cases, wave velocities increase 

strongly with increasing pressure at low levels, and less at high pressure. 
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The increase in velocity with pressure is usually attribute to two reasons, grain contacts within 

the rock and closing of crack-like pores. As stress increases, the grain contacts become stiffer, 

as does the entire frame (Birch, 1960; Birch, 1961; Digby, 1982; Murphy, 1984; Murphy, 

1986). This approach has been utilized in several theoretical models (Kuster and Toksoz, 1974; 

O’Connell, 1974; Mavko, 1978; Cheng, 1979).  

The dependence of velocity on effective pressure makes the velocity-porosity relationships 

more complicated. Because the pore volume is changing with the effective pressure. Therefore, 

any velocity-porosity transform must be used very carefully, especially when the transform 

does not explicitly include pressure as a variable. 

The effect of temperature on velocities is small in reservoirs. Geothermal gradients range from 

about 8 to 40︒C/km and are typically around 20︒C /km in many sedimentary basins 

(Gretener, 1981). Timur (1977) has shown that the velocities drop by only a few percent for a 

temperature increase of 100 degree Celsius. Kern et al. (2001) also shown that the velocity 

decreased by a few percent when the temperature increases from room temperature up to 600 

degree Celsius under high confining pressure (600MPa). Based on Nur and Simmons (1969) 

and DeVilbiss et al. (1979), this velocity change is mainly due to the effects of temperature on 

the pore fluids while the skeleton properties remain approximately constant. A large velocity 

change can be expected when high temperatures cause a vapor phase, such as steam flooding.  
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2.4 Vp-Vs relation 

The ratio of Vp and Vs is an important property for seismic applications. In order to estimate 

shear wave velocities when only compressional wave velocities are available, Castagna et al. 

(1985) derived an empirical equation using in-situ sonic and field seismic measurements in 

mudrock. It is commonly referred to as the “mudrock-line”: 

𝑉𝑉𝑝𝑝 = 1.16 ∙ 𝑉𝑉𝑠𝑠 + 1.36 Eq 2-35 

Where the velocities are in km/s. 

Many researches have published variants of the Castagna mudrock equation. In 1993, Castagna 

et al. compiled an analysis of data for different sedimentary rocks. Mavko et al. (2020) lists a 

selection of the modified equation, shown in table: 

Table 2-1 Linear Regressions Vs-Vp (km/s) for Sandstone and Shale (Brine-Saturated)  

Rock Equation 
Effective 

Pressure 
References 

Sandstone 𝑉𝑉𝑠𝑠 = 0.804 ∙ 𝑉𝑉𝑝𝑝 − 0.856 20-50MPa 
Castagna et al. (1985) 

and Castagna (1993) 
Shale 𝑉𝑉𝑠𝑠 = 0.770 ∙ 𝑉𝑉𝑝𝑝 − 0.867 20-50MPa 

Shaly sandstone 𝑉𝑉𝑠𝑠 = 0.794 ∙ 𝑉𝑉𝑝𝑝 − 0.787 40 MPa 

Han et al. (1986) 
Sandstone, 

clay content > 0.25 
𝑉𝑉𝑠𝑠 = 0.842 ∙ 𝑉𝑉𝑝𝑝 − 1.10 40 MPa 

Sandstone, 

clay content < 0.25 
𝑉𝑉𝑠𝑠 = 0.754 ∙ 𝑉𝑉𝑝𝑝 − 0.657 40 MPa 
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Sandstone, 

porosity > 0.15 
𝑉𝑉𝑠𝑠 = 0.756 ∙ 𝑉𝑉𝑝𝑝 − 0.662 40 MPa 

Sandstone, 

porosity < 0.15 
𝑉𝑉𝑠𝑠 = 0.853 ∙ 𝑉𝑉𝑝𝑝 − 1.137 40 MPa 

 

In unconventional formations, organic-rich shales exhibit Vp/Vs ratios that are significantly 

lower than lithologically similar fully brine-saturated shales having low organic content. 

Sonic-log measurements of compressional and shear-wave velocities in seven organic-rich 

shale formations deviate significantly (typically more than 5%) from the Greenberg-Castagna 

empirical brine-saturated shale trend towards lower velocity ratios (Omovie and Castagna, 

2019). The Vp/Vs computed from bedding normal ultrasonic velocity measurements 

performed by Johnston and Christensen (1995) in an organic-rich New Albany Shale (Illinois 

Basin, exposed in a southern Indiana quarry) core samples have Vp/Vs ratios as low as 1.48. 

Acoustic measurements performed by Vernik and Liu (1997) indicate bedding normal organic-

rich Bakken shale core samples have Vp/Vs ratios as low as 1.59. Similar low velocity ratios 

have been observed in ultrasonic velocity measurements performed in a variety of organic rich 

shales (Omovie and Castagna, 2017; Gong et al. 2018).  Possible explanations are the presence 

of solid kerogen in these shale formations (Vernik and Milovac, 2011; Tran, 2014; Sayers et 

al. 2015; and Vernik et al., 2018) and/or mechanical effect of free hydrocarbon fluids (Lucier 

et al. 2011; Omovie and Castagna, 2017), or some combination of the two. Omovie and 

Castagna (2019) found that the lower Vp/Vs ratio observed in dry, gas-saturated or oil-

saturated shales when compared to fully brine-saturated shales, organic and inorganic, can be 

explained for the most part by the presence of gas or oil. 
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Quirein et al. (2015) investigated both the laboratory and log based Vp and Vs relations in 

unconventional formations. They present plots of laboratory data from the Bakken, Bazhenov, 

Barnett, Eagle Ford, Haynesville, Monterey, and Niobrara organic shales. They also include 

an investigation of in-situ well log data from the Eagle Ford, Haynesville, and Barnett 

formations in the context of the Castagna, Brie, and additional cross plots. The result shows 

that the Castagna mudrock and Brie water-wet sand trends do not appear to apply in general to 

the Eagle Ford, Haynesville, and Barnett mudstone formations. This is attributed to the 

presence of carbonates (mainly limestone) and organic matter.  

Vernik et al. (2018) also found that in unconventional reservoirs with significant organic 

content, the Greenberg-Castagna (GC) S-wave velocity prediction method (Greenberg and 

Castagna, 1992) does not yield accurate S-wave velocity predictions. The observed mean 

errors using Greenberg-Castagna (GC) equation (Greenberg and Castagna, 1992) varies from 

6% to 16% in a variety of unconventional reservoirs rich in organic content. Vernik et al. (2018) 

state that the main factors controlling the bedding-normal P- and S wave velocities and their 

ratio is the bulk content of the porous organic matter. Considering the total organic carbon 

content and all the variables that control elastic properties of organic mudrock reservoirs, 

Vernik et al. (2018) provide two methods to predict Vs in organic rich shale formations and 

applied to Bakken, Woodford, Avalon, Eagle Ford, Wolfcamp, Cline, and Marcellus. The 

prediction error between estimated Vs and measured Vs is less than 3%.  

All of these correlations are purely empirically and valid only for a specific formation.   
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3 GEOLOGICAL SETTING 

The Anadarko Basin is an asymmetrical foreland basin that trends to the northwest across 

Oklahoma, Texas Panhandle, southwestern Kansas, and southeastern Colorado (Beebe, 1959; 

Lane and De Keyser, 1980; Gutschick and Sandberg, 1983; Perry, 1989; Ball et al. 1991). The 

focus of this study is the Mississippian Meramecian play, which is an emerging North 

American unconventional oil and gas target in the Anadarko Basin in west central Oklahoma. 

The region of the study area is shown in the Figure 3.1 (Price, 2020). 

 

Figure 3.1. Geological provinces of Oklahoma. Study area is highlighted in orange. The 
Sooner trend is located on the northeastern shelf of the Anadarko Basin (modified from 

Northcutt and Campbell, 1996). 

Mississippian deposits have been divided into four depositional episodes of Kinderhookian, 

Osagean, Meramecian, and Chesterian age (Northcutt et al. 2001), shown as Figure 3.2. The 

Meramecian play ranges in thickness from 0 to 180 m (0–600 ft). The section thins to the 

northeast and is absent along the Nemaha ridge. Thickening is observed toward the basin-

depocenter to the southwest. To the northwest, the unit thins and pinches out, whereas to the 

southeast, the section thins and becomes condensed (Price, 2020), as shown in Figure 3.3. 
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Figure 3.2 Mississippian stratigraphic column is displayed next to the sea level cyclicity 
of the Carboniferous and Permian periods. The Meramec is deposited during 

increasing cyclicity due in part to the climatic transition of the Mississippian, resulting 
in complex stacking patterns and lateral distribution of facies. (Modified from Boyd, 

2008; Haq and Schutter, 2008; Miller, 2019; Hardisty, 2019). 

 

Figure 3.3 Isopach thickness of the Meramecian play interval (color-filled contours) and 
subsea structure depth to the top of the play (black contours). Faults along the Nemaha 

Ridge are labeled in blue. Isopach contour interval = 50 ft (15 m); structure contour 
interval = 250 ft (75 m); yellow dot = type log location (modified from Northcutt and 

Campbell, 1996; Price, 2020). 
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The Meramecian play comprises a clastic system dominated by siltstone to very-fine-grained 

sandstone with varying amounts of quartz, clay, and calcareous grains and cement. (Price, 

2020). Price concluded calcite cement to be the primary driver of reservoir quality, attributing 

the preservation of primary porosity to be a key role of clay within the Meramec. Hardwick 

(2018) shows the microfacies and the Meramec formation is classified to peloidal calcareous 

siltstone, calcitic siltstone, siltstone, and argillaceous siltstone. Much of the calcite is in the 

form of skeletal fragments as opposed to calcite cement due to the increase in clay volume 

decreasing primary porosity for early calcite cementation. There are lesser amounts of 

dissolved feldspars as compared to the calcitic siltstone facies, but an additional slot-pore is 

observed in clay. Therefore, Hardwick (2018) concludes that calcite-cement in Meramecian 

siltstones significantly obstructed porosity and can act as a seal, while clay-filled matrices 

provided preservation of primary porosity. Drummond (2018), Hickman (2018), and Miller 

(2019) identified lithofacies from cores within the Meramec that were composed of a mixed 

siliceous-calcareous siltstones and heavily bioturbated and laminated mudstones with stacking 

patterns that indicate shallowing upward cycles capped by flooding surfaces. 
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4 EXPERIMENTAL METHODOLOGY 

Petrophysical measurements were done in the Integrated Core Characterization lab (IC3). 

Different properties measured in this study were porosity, Vp, Vs, and mineralogy. A summary 

of all the measurements is presented in Figure 4.1. 

 

Figure 4.1 Chart showing all the lab measurements performed on the samples used in 
this study. 

4.1 Porosity measurements  

Porosity measurements in this study consist of a combination of helium porosity measured on 

dry samples and an NMR porosity measurement. The helium resolves all the vacant pore space 
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and the NMR captures the fluid remaining in the pore space. The sum of the two yields a total 

porosity.  

Helium porosity measurement technique is based on the principle of Boyle’s Law. The well-

polished plug samples are dried at 100 ̊ C until the weight is stabilized. After a sample’s weight 

is constant it was put into the desiccator for 30 minutes to cool down to room temperature. The 

bulk volume is measured using mercury immersion technique. Porosity was measured using 

high pressure helium pycnometer.  

NMR measurements were performed on same core plugs using a 12 MHz OXFORD MARAN 

Ultra NMR analyzer with Green Imaging Technology acquisition and processing software. A 

Carr-Purcell-Meiboom-Gill pulse sequence is used to measure the transverse relaxation time 

(T2) and the echo spacing is 114 μs. 

4.2 Mineralogy measurements: FTIR and XRF  

The mineralogy of plug samples was determined using transmission Fourier Transform 

Infrared Spectroscopy (FTIR). Different minerals have different absorbance spectra signatures. 

The inversion package, i.e. absorbance spectra to mineralogy, was developed in IC3. This 

technique can identify sixteen minerals: quartz, calcite, dolomite, aragonite, siderite, oligoclase, 

albite, orthoclase, illite, chlorite, kaolinite, smectite, mixed-layer clays, apatite, anhydrite, and 

pyrite. Particularly in shales, FTIR gives better quantitative clay volume measurement 

(Sondergeld and Rai 1993; Ballard 2007). The moisture and organic carbon exhibit strong 

peaks in the mid-infrared region, which masks the absorption peaks of other minerals. 

Therefore, the samples were ashed in low temperature plasma asher to oxidize organics prior 

to measurement. 
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We used handheld X-Ray fluorescence (XRF) to determine elemental content which was 

subsequently inverted for mineralogy. The model of the handheld XRF machine is TRACER 

5iTM from Bruker. The inversion package from element to mineral was developed in IC3. The 

measurement was been done on whole core and the spatial resolution is 2-inches (Han et al., 

2019). 

4.3 Ultrasonic measurements 

The dry ultrasonic measurements of selected samples and dodecane saturated ultrasonic 

measurements of all samples were obtained. To minimize any rock-fluid interaction that could 

results in shear weakening/strengthening which could affect the velocity measurements 

(Baechle et al. 2009), dodecane is selected as saturation fluid. The plug samples were subjected 

to vacuum for 24 hours. Samples were saturated over three pressure steps to minimize inducing 

cracks. First, the pressure was set at 1000 psi for an hour, then the pressure was raised to 3000 

psi for another hour. Finally, the pressure was raised to 5000 psi for 24 hours. 

Pulse transmission technique (Mattaboni and Schreiber, 1967) is used for ultrasonic velocity 

measurements. The velocity measurement configuration is shown in Figure 4.2. Each sample 

is placed between two endcaps, wrapped with a rubber boot, and sealed with hose clamps. The 

rubber boot provides a seal between sample and the pressurizing oil. The confining pressure 

steps were from 250 psi to 4500 psi.  Each end cap houses three piezoelectric transducers (one 

compressional and two polarized shear) with a resonance frequency of 1MHz. The 

piezoelectric crystals generate compressional (P) and two orthogonally polarized shear waves 

(S1 and S2). The waveforms are recorded at each pressure step and the first arrival time is 

picked as shown in Figure 4.3. Knowing the sample length and first arrival time, the 

compressional wave velocity, and fast and slow shear wave velocities are calculated.   
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Figure 4.2 Velocity measurement setup. The sample is placed between two endcaps and 
wrapped with a rubber boot. The rubber boot provides a seal between sample and 

pressurizing oil. Uniform confining pressure is provided by oil. Computer controlled 
switching allows sequential activation of the P-wave and two polarized shear wave 

transducers. 

 

Figure 4.3 Example of the picked arrival time of P-wave. Waveforms are acquired at 
each confining pressure step. The first arrival time is shown as a pink line. 
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5 RESULTS AND DISCUSSION 

5.1 Sample description 

Well locations are shown in Figure 5.1. A summary of the samples from each well is shown 

in Table 5-1. There are more horizontal samples than vertical samples. In total, 106 vertical 

samples and 279 horizontal samples were tested. Among all the samples, 12 pairs of vertical 

and horizontal samples are cored from the same depth. 

 

Figure 5.1 Map of wells in the study area. Seven wells are included in this study and the 
depositional trend of the study area is NW-SE. Wells are named following the 

depositional trend. 
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Table 5-1 Summary of sample numbers 
Well 

name 
Number of vertical 

samples 
Number of horizontal 

samples 
Number of paired 
samples (Δρ<5%) 

Well 1 0 56 - 

Well 2 4 16 2 

Well 3 3 13 1 

Well 4 59 93 5 

Well 5 13 16 - 

Well 6 6 57 1 

Well 7 21 28 3 

SUM 106 279 12 

 

5.2 Anisotropy 

Velocity measurements on vertical and horizontal plugs were used to analyze anisotropy, as 

shown in Figure 5.2. From horizontal samples, Vp_horiztontal, Vs_fast (polarized parallel to 

the bedding plane), Vs_slow (polarized perpendicular to the bedding plane) were measured. 

From vertical samples, Vp_vertical, Vs_slow (propagating perpendicular to the bedding plane) 

were measured. The measurements of compressional and polarized shear velocities provide 

the four elastic constants. 

Knowing the Vp parallel and perpendicular to bedding and the fast and slow Vs, two of 

Thompson’s anisotropy parameters can be calculated using Eq 5-1 and Eq 5-2 (Thomsen, 

1986). Shear wave anisotropy parameter (γ) requires Vs_fast and Vs_slow measured on 

horizontal samples. P-wave anisotropy parameter (ε) requires Vp_horizontal and Vp_vertical 

acquired from horizontal and vertical samples from the same depth. 
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Figure 5.2 Velocity measured from different orientations. Vp_horiozntal, Vs_fast, and 
Vs_slow are be measured from horizontal plugs. Vp_vertical and Vs_slow are measured 

on vertical plugs. Bedding planes are shown as grey lines. Propagation directions are 
red arrows, while the green and blue arrows indicate shear wave polarization 

directions. 

𝜸𝜸 = 𝑪𝑪𝟔𝟔𝟔𝟔−𝑪𝑪𝟒𝟒𝟒𝟒
𝟐𝟐∗𝑪𝑪𝟒𝟒𝟒𝟒

= 
𝑽𝑽𝒔𝒔_𝒇𝒇𝒇𝒇𝒔𝒔𝒇𝒇
𝟐𝟐 −𝑽𝑽𝒔𝒔_𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔

𝟐𝟐

𝟐𝟐∗𝑽𝑽𝒔𝒔_𝒔𝒔𝒔𝒔𝒔𝒔𝒔𝒔
𝟐𝟐  Eq 5-1 

𝜺𝜺 = 𝑪𝑪𝟏𝟏𝟏𝟏−𝑪𝑪𝟑𝟑𝟑𝟑
𝟐𝟐∗𝑪𝑪𝟑𝟑𝟑𝟑

 = 
𝑽𝑽𝒑𝒑_𝒉𝒉𝒔𝒔𝒉𝒉𝒉𝒉𝒉𝒉𝒔𝒔𝒉𝒉𝒇𝒇𝒇𝒇𝒔𝒔
𝟐𝟐 −𝑽𝑽𝒑𝒑_𝒗𝒗𝒗𝒗𝒉𝒉𝒇𝒇𝒉𝒉𝒗𝒗𝒇𝒇𝒔𝒔

𝟐𝟐

𝟐𝟐∗𝑽𝑽𝒑𝒑_𝒗𝒗𝒗𝒗𝒉𝒉𝒇𝒇𝒉𝒉𝒗𝒗𝒇𝒇𝒔𝒔
𝟐𝟐  Eq 5-2 

Where, 

Vs_slow: slow shear wave velocity (km/s) 

Vs_fast: fast shear wave velocity (km/s) 

Vp_horizontal: horizontal compressional wave velocity (km/s) 

Vp_vertical: vertical compressional wave velocity (km/s) 

γ: shear wave anisotropy parameter 

ε: compressional wave anisotropy parameter 

Anisotropy parameters are calculated using the saturated velocity data measured at 4000 psi, 

as shown in Figure 5.3. Since ε requires a horizontal and a vertical sample from the same depth, 

there are few data in the box plot. More than 90% of samples have anisotropy parameter, ε and 
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γ, values less than 0.1 (see Figure 5.3). If the anisotropy parameter less than 0.1, the samples 

can be considered to have “weak” anisotropy (Sondergeld and Rai, 2011). Therefore, the plug 

samples from Meramec formation can be considered weakly anisotropy or even isotropic. The 

low anisotropy also supported by SEM images that there is no strong orientation of grains in 

Meramec formation, as shown in Figure 5.4. 

 
Figure 5.3 Thomsen’s anisotropy parameters, ε and γ, of all samples. Number of 
samples for each well are shown in the brackets. More than 90% of samples have 

anisotropy values of less than 0.1. 

 

Figure 5.4 SEM images of samples from layer 2,3,4, and 5. All scale bars are same (50 
µm). Significant variation in rock microstructure observed throughout the well. 
Variations in grain size as well as dominant mineralogy is observed. No strong 

preference for orientation of grains which matches with the low anisotropy calculated 
from velocity measurement. 
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5.3 Porosity 

Porosity measurements in this study consist of a combination of helium porosity and NMR 

porosity measurement on dry samples.  The helium resolves all the vacant pore space and the 

NMR captures the fluid remaining in the pore space. The sum of the two yields a total porosity. 

The total porosity of samples from different wells is shown in Figure 5.5. The order of the 

wells follows the depositional trend (NW-SE). It shows that wells have a similar porosity range, 

0-9%, and the porosity range does not change with the deposition. 

 
Figure 5.5 Total porosity of samples from different wells. The total number of samples 

from each well are shown in the brackets. The well order follows the depositional trend. 
Different wells are shown in different colors.  

5.4 Mineralogy 

Transmission Fourier Transform Infrared spectroscopy (FTIR) provides quantitative 

mineralogy. FTIR overcomes technical challenges in sample preparation or data acquisition 

(Harville and Freeman, 1988; Sondergeld and Rai, 1993; Herron et al. 1997; Ballard, 2007; 

Herron et al. 2014). It mainly depends on the detection of the vibrational energy of molecular 

bonds in order to quantify mineralogy. Studies have shown that 90% of the time, FTIR gives 

mineralogy quantification that is within +/-5 wt% of the actual mineralogy (Ruessink and 

Harville, 1992; Ballard, 2007). Mineralogy of each sample is measured using the transmission 

FTIR, shown in Figure 5.6. Wells are in the order of the depositional trend (NW-SE). Different 
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minerals are shown in different colors. Following the depositional trend, the clay content 

increases from NW to SE. 

 
Figure 5.6 Mineralogy measured using transmission FTIR. Wells are in the order of 
depositional trend (NW-SE). Different minerals are shown in different colors. The 

higher frequency displayed in well 4 is simply a consequence of finer sampling. 

FTIR provides the mineralogy limited to the access of plug samples. In order to acquire a high 

spatial resolution mineralogy profiles, the mineralogy inverted from XRF elemental data was 

used. Figure 5.7 shows the comparison between FTIR mineralogy and XRF mineralogy 

(inverted from XRF elements using internal inversion software). The x-axis is XRF mineralogy, 

and the y-axis is FTIR mineralogy. Overall, XRF and FTIR mineralogy are in good agreement.  

 
Figure 5.7 XRF-FTIR mineralogy comparison. The x-axis is FTIR mineralogy in weight 

percentage and the y-axis is XRF mineralogy inverted from XRF elements in weight 
percentage. They show a reasonable match. 
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Mineralogy measured using XRF is shown in Figure 5.8. Mineralogy is measured from X-ray 

fluorescence (XRF), which can provide a high spatial resolution, i.e.1-2 inch. From left to right, 

the wells are in the order of the depositional trend. Meramec formation is classified into zones 

1 through 7, shown as solid lines. Following the depositional trend, the clay content increase 

from wells 1 to 7. From northwest to southeast in the distal direction, it is found that calcite 

concentration decreases, whereas clay concentration increases. 

 

Figure 5.8 Mineralogy measured using XRF. Wells are in the order of the depositional 
trend (NW-SE). Different minerals and Meramec zonation are shown in different 

colors. Following the depositional trend, the clay content is increasing. 

 

5.5 Velocity – porosity, mineralogy relationship 

To investigate the effect of porosity and mineralogy on velocities, a scatterplot of velocities 

acquired at 4000psi, mineralogy, total porosity is shown in Figure 5.9. Clear trends indicate 

that both Vp and Vs decrease with increasing porosity and clay content. The following fits to 

the data are obtained by least-squares regression. For compressional velocity (velocities in 

km/sec, porosity is the volume fraction pores, Clays is the weight fraction clay), 
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Vp = 6.4 – 1.5*Clays – 15.5*∅ (R2=0.5)  Eq 5-3 

and for the shear velocity. 

Vs = 3.6 - 0.9*Clays – 5.1*∅ (R2=0.4)  Eq 5-4 

The coefficients for porosity and clay content show that velocities are more sensitive to 

porosity than mineralogy. 

 

Figure 5.9 Scatter plots of porosity, mineralogy and velocity. Vp and Vs show a clear 
linear trend. Both Vp and Vs decrease with increasing porosity and clay content. There 

is no clear correlation between quartz, feldspar, and velocity. 

 

5.6 Pressure dependence 

Pressure strongly influences the mechanical and transport properties of rocks, such as acoustic 

velocity and porosity (Dobróka and Molnár, 2012). The velocity of acoustic waves propagating 

in different rocks under various confining pressure conditions (Wyllie et al. 1958; Stacey 1976; 

Prasad and Manghnani 1997; King 2009) have been investigated for several decades. The 

phenomenon that the wave velocity increases with pressure is well-known and has been 

explained in various rock mechanical studies (Wyllie et al. 1956; Birch 1960). One of the most 

frequently used explanations the phenomenon is based on the closure of microcracks in rocks 

under the change of pressure (Holt et al. 1997; Best 1997; Hassan and Vega 2009; Sengun et 

al. 2011). In cracked rocks, for instance, crack density and geometry influence elastic wave 
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velocity (Walsh, 1965) while crack fabric (preferential orientation) may result in the 

development of elastic anisotropy (Nishizawa, 1982). 

The pressure dependence of  velocities are shown in Figure 5.10 and Figure 5.11. Figure 5.10 

shows all the horizontal samples that have low gamma, and Figure 5.11 shows all vertical 

samples. The effective pressure range is from 500 psi to 4000 psi. From Figure 5.10, the 

Vs_slow is more sensitive to pressure change compare to Vs_fast. Therefore, most of the 

cracks are parallel to bedding planes. Both vertical and horizontal samples have small velocity 

difference (<10%) from low effective pressure to high effective pressure. The differences are 

small, i.e. less than 10%. Therefore, the velocity dependence on pressure is small. 

 

Figure 5.10 Acoustic velocities of all horizontal samples as a function of effective 
pressure. Effective pressure is from 500 psi to 4000 psi. 

 

Figure 5.11 Acoustic velocities of all vertical samples as a function of effective pressure. 
Effective pressure is from 500 psi to 4000 psi. 
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5.7 Velocity systematics (Wells) 

We propose two approaches to estimate Vs from Vp. These regressions can be applied to 

wireline Vp, which was measured in the vertical direction. In this section, all the velocity data 

are dodecane saturated velocities measured at 4000 psi.  

5.7.1 Method 1 

The first method is combining both Vp and Vs measured from all vertical plugs and low 

anisotropy horizontal plugs to create a single systematic. More than 90% of horizontal samples 

have low anisotropy (i.e. <=10%), shown in Figure 5.12. In other words, both vertical samples 

and low anisotropy horizontal samples were considered equivalent.  

 

Figure 5.12 Shear wave anisotropy of all horizontal samples. More than 90% of samples 
have an anisotropy parameter, γ, of less than 0.1. 

 

The measured Vp and Vs of vertical and horizontal samples with low γ are plotted in Figure 

5.13. Wells are indicated by different colors. The average Vp and Vs follow a similar trend 

regardless of well location. Therefore, combining all well data, using weighted least squares 

(WLSQ) regression, a Vp-Vs systematic equation can be generated (Eq 5-5). 
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Figure 5.13 Measured velocities on all vertical and low γ horizontal samples from all 
wells. The measured velocities from different wells are shown in different colors. The 

correlation between Vp-Vs is shown as a black line. 

Vs = 0.90 + 0.42*Vp (R2=0.7) Eq 5-5 

Where, 

Vp is compressional wave velocity, km/sec 

Vs is shear wave velocity, km/sec 

 

5.7.2 Method 2 

The second method uses Thomsen’s anisotropy parameter ε to corrected Vp measured from 

horizontal plugs to make it equivalent to measured vertical Vp. Sondergeld and Rai (2011) 

observed there is a correlation between γ and ε, shown in Figure 5.14: 

𝛾𝛾=1.41ε−0.054   Eq 5-6 

Using the gamma-epsilon equation Eq 5-6 and Eq 5-2, Vp_horizontal can be converted to 

Vp_vertical. 
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Figure 5.14 Correlation between gamma and epsilon (Sondergeld and Rai, 2011). 

The vertical sample velocities and converted horizontal sample velocities are plotted in Figure 

5.15. Wells are presented in different colors. Vp and Vs_slow follow a similar trend regardless 

of the well location. Combining all well data, using Weighted Least Squares (WLS) regression, 

a Vp-Vs systematic equation can be generated (Eq 5-7). 

 

Figure 5.15 Measured vertical and converted horizontal sample velocities of all wells. 
The velocities of different wells are shown in different colors. The correlation of Vp-Vs 

is shown as a black line. 
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Vs= 0.20 + 0.56*Vp (R2=0.6)  Eq 5-7 

Where, 

Vp is compressional wave velocity, km/sec 

Vs is shear wave velocity, km/sec 

Using Eq 5-5 and Eq 5-7, the Vs residuals  (Figure 5.16) can be calculated. The range of Vs 

residuals using the first and second method is -0.4 to 0.4 and -0.6 to 0.6, respectively. The first 

method shows a narrower residual range. Therefore, the first method provides a better 

estimation than the second method. This might be due to the gamma-epsilon equation relations 

for samples having anisotropy parameters between 0 to 1. We recommend using Eq 5-5 to 

estimate Vs in Meramec formation. 

 

Figure 5.16 Vs residuals using the Vp-Vs equation. a) Vs residuals calculated using the 
equation created from the first method. The residuals range between -0.4 to 0.4; b) Vs 
residuals calculated using the equation created from the second method. The residual 

range between -0.6 to 0.6. 

 

5.7.3 Validation 

We tested our shear velocity systematic against well log data. Two wells that had sonic logs 

(compressional and shear velocities), gamma-ray log, and caliper log were selected.  The well 

locations are shown in Figure 5.17, the first test well is 10 miles away from Well 4 and the 
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second test well is 10 miles away from Well 7. The comparisons between measure Vs and 

predicted Vs of the first and second test wells are shown in Figure 5.18. The Vp and Vs from 

the wireline are shown as grey and black lines, respectively. The predicted Vs using Meramec 

Vp-Vs systematic (Eq 5-5) is shown as the red line. There is a decent agreement between the 

measured Vs and predicted Vs in both test wells suggesting that the Meramec velocity 

systematic can provide a reasonable Vs prediction. However, the second test well shows a 

more significant error than the first test well. 

 

Figure 5.17 Test well locations are shown on the map. The first test well is 10 miles 
away from Well 4 and the second test well is 10 miles away from Well 7. 
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Figure 5.18 a) The Vp and Vs from wireline measurements, and predicted Vs using the 
Meramec velocity systematic(Eq 5-5) of first test well. b) The Vp and Vs from wireline 

measurement, and predicted Vs using the Meramec velocity systematic of first test well. 
The measured Vs and predicted Vs of both test wells show good agreement. 

To investigate the reason of the estimation error, the composite log plots of the Vs residual 

(difference between Vs from sonic log and Vs predicted using systematic), gamma-ray log, 

Vsh, and caliper log are plotted, shown in Figure 5.19 and Figure 5.20. Vsh is calculated from 

GR log using equation given by Larionov (1969): 

𝑉𝑉𝑠𝑠ℎ = 𝐼𝐼𝐺𝐺𝐺𝐺 =
𝐺𝐺𝐺𝐺𝑖𝑖𝑐𝑐𝑙𝑙 − 𝐺𝐺𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚

𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚 − 𝐺𝐺𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚
 

Eq 5-8 

𝑉𝑉𝑠𝑠ℎ = 0.0832(23.7𝐼𝐼𝐺𝐺𝐺𝐺 − 1) Eq 5-9 

Where, 

𝐺𝐺𝐺𝐺𝑖𝑖𝑐𝑐𝑙𝑙= the gamma ray reading at the depth of interest 
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𝐺𝐺𝐺𝐺𝑚𝑚𝑖𝑖𝑚𝑚= the minimum gamma ray reading. 

𝐺𝐺𝐺𝐺𝑚𝑚𝑚𝑚𝑚𝑚= the maximum gamma ray reading.  

IGR= gamma ray index 

Vsh= Vsh= shale volume 

It is evident that Vs estimation error is small in the test well 1. Noticed in the second test well, 

there are some washout zones, where borehole diameter is larger than the bit size, it caused a 

large Vs estimation error. 

 

Figure 5.19 The Vs residual, GR log, Vsh estimated from GR log, and the caliper log for 
Test 1 well are shown as black, orange, blue and green, respectively. The velocity 

comparison between log and systematic is in the last track. The Vs estimation error is 
less than 6%.  
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Figure 5.20 The Vs residual, GR log, Vsh estimated from GR log, and caliper log of test 
2 well are shown as black, orange, blue and green, respectively. The velocity 

comparison between log and systematic is in the last track. Zones having large 
estimation errors are shown in the blue box. There is a positive correlation between 

washouts and Vs residual.  

Figure 5.21 shows a combined shear-wave prediction reported in the literature and this study. 

It is evident that the Meramec Vp-Vs systematic has a unique trend compared to the Greenberg-

Castagna trend line. Moreover, the Meramec velocity systematic also shows a unique trend 

compared to other unconventional systematics. This might due to the Meramec formation has 

little to no organics, as shown in Figure 5.22. Therefore, it is essential to create distinct shear 

wave prediction equations for different study areas. 
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Figure 5.21 Comparison of Meramec formation systematic (WLSQ) with reported 
unconventional Vp-Vs velocity systematics (Vernik, 2018), including the Castagna 

mudrock systematic.  

 

Figure 5.22 Leco™-TOC measured from wells 2, 3, 6, and 7. Number of samples are 
labeled following well names. It shows that the formation contains little to no organics (less 

than 5%). 

 

5.8 Velocity systematics (Zonation) 

To investigate if the Vp-Vs systematics changes with the depth, the Vp-Vs systematics of each 

Meramec layers was calculated.  Figure 5.23 shows the global onlap and sea-level curve for 

the Carboniferous-Permian period tied to a generalized Mississippian stratigraphic column and 

Meramec type log from the study area (Miller, 2019). The Meramec was deposited during a 
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transition from greenhouse to icehouse climate conditions, resulting in increasing cyclicity 

with the rise and fall of sea level, thus affecting deposition (Read, 1995). Price et al. (2017) 

also mentioned during Meramec deposition it shows increasing cyclicity. The gamma-ray 

response with the zonation of one of wells is shown as an example of zonation classification. 

It shows a similar trend with increasing cyclicity. 

 

Figure 5.23. Mississippian stratigraphic column is displayed next to the sea level 
cyclicity of the Carboniferous and Permian periods. The Meramec is deposited during 
increasing cyclicity due in part to the climatic transition of the Mississippian, resulting 
in intricate stacking patterns and lateral distribution of facies. (Modified from Boyd, 

2008; Haq and Schutter, 2008; Miller, 2019; Hardisty, 2019). 

The analysis of Vp-Vs systematics for all wells shows the first method of ignoring anisotropy 

gives a better estimation than the second method considering anisotropy. Therefore, in this 

section, the Vp-Vs systematics of each Meramec layers was analyzed using the first method. 
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Both Vp and Vs measured from all vertical plugs and low anisotropy horizontal plugs are 

selected to create a single systematic. The measured Vp and Vs of vertical and horizontal 

samples with low γ are plotted for each Meramec zone, as shown in Figure 5.24. Zones 1 to 7 

are indicated by different colors. The Vp and Vs show a linear correlation in all seven layers, 

however, with different pressure dependence slopes. A combination of Vp-Vs relation of seven 

layers is shown in Table 5-2. From Table 5-2, layers 1 to 3, layer 4, layers 5 to 7 have a small, 

large, and moderate slope, respectively. The layers are subsequently classified into three 

groups, as shown in Figure 5.25. The Vp-Vs relations of each group are shown in Table 5-3. 

 

Figure 5.24 Measured vertical and low gamma horizontal sample velocities of Meramec 
zones. The velocities of different zones are shown in different colors. The correlations of 

Vp-Vs are shown as dash lines.  
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Table 5-2 Vp-Vs equations of all layers (velocities in km/sec) 
Vs = a0 + a1*Vp 

Zonation a0 a1 R2 Number of samples 

1 1.68 0.28 0.3 55 

2 1.72 0.28 0.6 99 

3 1.68 0.29 0.5 74 

4 0.66 0.47 0.8 46 

5 1.30 0.35 0.7 52 

6 1.41 0.34 0.6 37 

7 1.21 0.36 0.3 22 

 

Figure 5.25 Measured vertical and low gamma horizontal sample velocities of grouped 
Meramec zones. The velocities of different groups are shown in different colors. The 

correlations of Vp-Vs are shown as solid lines. 

The zonation classification also confirmed by the lithology, as shown in Figure 5.26. Miller 

(2019) classified Meramec lithology to mudstone, argillaceous siltstone, argillaceous 

calcareous siltstone, calcareous siltstone, and silty limestone from upper Meramec to lower 

Meramec. Zone 1-3, zone 4, and zone 5-7 have similar lithology, respectively. Therefore, the 

zonations can be classified into three groups and the Vp-Vs equations for each group are 

different. 
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Table 5-3 Vp-Vs equations of grouped Meramec layers (velocities in km/sec) 
Vs = a0 + a1*Vp 

Zonation a0 a1 R2 

1,2,3 1.66 0.29 0.5 

4 0.66 0.47 0.8 

5,6,7 1.31 0.35 0.7 

 

 

Figure 5.26 Generalized stratigraphic column of the Mississippian section on the left 
(Modified from Boyd, 2008) tied to a type log in the study area with interpreted internal 

zones of the Mississippian Meramec. The type log is tied to lithology and rock type vertical 
proportion curves on the right displaying the interpreted zones with the distribution of 
lithologies and rock types in the study area with interpreted 3rd and 4th order cycles 

(modified from Miller, 2019). 
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6 CONCLUSION 

In this study, we have examined the shear wave velocity systematics of the Meramec formation. 

Several petrophysical properties, i.e. mineralogy and porosity, have been measured in order to 

investigate their effect on acoustic velocities. Based on our observations, we conclude the 

following: 

1. Meramec samples have low velocity anisotropy, typically less than 10%. 

2. The velocities are more sensitive to porosity than mineralogy. For compressional velocity 

(∅ is the volume fraction pores, C is the weight fraction clay, and velocities are km/s), 

𝑉𝑉𝑝𝑝 = 6.4 − 1.5𝐶𝐶 − 15.5∅ (R2=0.5) 

and for the shear velocity (km/s). 

𝑉𝑉𝑠𝑠 = 3.6 − 0.9𝐶𝐶 − 5.1∅ (R2=0.4) 

3. Two approaches are proposed to estimate Vs from Vp; 1) ignoring anisotropy, i.e. analyzing 

velocity measurements from vertical plugs and low anisotropy horizontal plugs, we obtain: 

𝑉𝑉𝑠𝑠 = 0.90 +  0.42𝑉𝑉𝑝𝑝 (R2=0.7) 

and 2) considering anisotropy, i.e. Vp measurements from horizontal plugs were corrected 

based on the Thomsen’s compressional wave anisotropy parameter, we obtain: 

𝑉𝑉𝑠𝑠 = 0.20 +  0.56𝑉𝑉𝑝𝑝 (R2=0.6) 

The first method shows a smaller Vs residual and is the preferred method.  Estimated Vs by 

this method agrees well with the dipole wireline measurements. 



52 
 

When compared to the shear wave prediction equations reported in the literature, the Meramec 

Vp-Vs systematic show a distinct and different trend. 

4. Meramec layers can be classified to three groups based on the slope of Vp-Vs equations and 

lithology: 

  Layers 1,2,3: Vs= 1.66 + 0.29Vp 

  Layer 4: Vs= 0.66 + 0.47Vp 

  Layers 5,6,7: Vs= 1.31 + 0.35Vp 
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