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Abstract 

 

Characterization of VTI Media with PSV AVO Attributes 

 

Patrick John Gustie, M.S. Geo. Sci. 

The University of Texas at Austin, 2014 

 

Supervisor:  Robert H. Tatham 

 

Amplitude variation with offset (AVO) signatures in vertically transverse 

isotropic (VTI) media vary as the degree of the anisotropy contrast between layers varies. 

When the contrasts in two parameters (δ and ε) that quantify the VTI elastic anisotropy 

are varied, the fraction of energy that reflects from a given layer interface as a mode 

converted shear wave (RPS) also varies for specified angles of incidence. Mode-converted 

(PSV) AVO crossplots may potentially be used to map stratigraphic layers exhibiting 

intrinsic VTI anisotropy with the moderate to high degrees of weak elastic anisotropy that 

are often attributed to shale formations. 

Calculated values of reflected, mode-converted energy as a function of angle of 

incidence (RPS(i)) are plotted to determine what mode-converted seismic data indicate 

about the degree of VTI weak elastic anisotropy present in a given layer. These 

computations involve varying the degree of weak elastic anisotropy, in this case contrasts 

in Thomsen’s δ and ε parameters, so that the relationship between these parameters and 
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the amplitude variation with offset (AVO) signature can be quantified. Once this 

relationship is understood, it may be possible to delineate sweet spot areas of shale 

formations in seismic data according to how the representative points plot on an AVO 

crossplot. For such crossplots, the y-intercepts of the reflectivity curves in a particular 

parameterized space are plotted on the x-axis while the slopes of the parameterized 

reflectivity curves in this parameterized space are plotted on the y-axis. 

The grouping of points on the mode-converted AVO crossplots according to the 

contrast in Thomsen’s δ and ε parameters for weak elastic anisotropy is encouraging. 

This grouping implies that it may indeed be possible to use an AVO attribute map to 

characterize a given organic shale formation according to its degree of intrinsic VTI 

anisotropy. This attribute map would be calibrated to known production data in the 

locality in order to locate which areas of the mode-converted AVO crossplot predict a 

likely production sweet spot. 
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 Chapter 1: Introduction 

REVIEW OF SEISMIC ATTRIBUTES 

Much has been written and discussed about the utility of seismic attributes to 

characterize subsurface conditions for oil and gas exploration and production. Ultimately, 

there is a large array of seismic attributes, many of which are commonly used for 

interpretation and analysis of the potential of petroleum reservoirs, and many of which 

are rarely encountered. Many of the most common seismic attributes, such as total and 

interval travel time, reflection amplitude, seismic wave-propagation velocity, AVO 

intercept and AVO gradient have become invaluable tools for geophysicists who explore 

for, develop and produce from oil and gas resources. Other, less common, attributes are 

often mathematical manipulations of more fundamental attributes. For example, 

“curvature” is a measure of how “curved” a particular reflecting horizon is at given 

spatial coordinates and is generated by taking a second spatial derivative of a reflecting 

horizon on a given poststack time horizon (Brown 1999). Curvature is a type of time 

attribute applied to an interpreted structure or image. More specifically, curvature is a 

poststack time horizon attribute. There are many other relatively common poststack time 

horizon attributes including structural “roughness,” continuity, edge detection, 

discontinuities, dip (the first spatial derivative, or gradient, of structure on a given 

poststack time horizon), dip azimuth, and overall structural trend. Also, “instantaneous” 

time attributes on a single time trace include instantaneous amplitude, phase, and 
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frequency. There are more than ten commonly used poststack time horizon attributes. 

Brown (1999) lists a total of over seventy attributes of all types. 

Brown (1999) divided attributes into a multitude of categories; illustrated in 

Figure 1.1. As shown, the four major categories of attributes are time, amplitude, 

frequency, and attenuation. These major categories represent the fundamental observed 

seismic information from which seismic attributes are derived. Under these major 

categories, the distinction between prestack and poststack seismic attributes is made. A 

further distinction is made for poststack attributes between reflecting horizon and 

stratigraphic interval (window) attributes. While this list is not inclusive of all possible 

seismic attributes, there is clearly a greater number of time and amplitude attributes than 

frequency and attenuation attributes. 

A relevant point to keep in mind about seismic attributes is that not all attributes 

are necessisarily useful for seismic interpretation. Thus, many attributes have limited 

utility. It is important to use a given attribute only for the situations in which it is able to 

delineate actual rock properties and geologic features of interest in a particular 

application or interpretation. One must maintain a skeptical attitude regarding how useful 

a given attribute will be for a given circumstance. An attribute may sometimes appear to 

delineate geologic structures or rock properties, when, in reality, these delineations may 

merely be artifacts arising or irrelevant from noise in the seismic data. From the 

perspective of responsiveness to relevant subsurface conditions, prestack seismic  
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Figure 1.1: Summary of seismic attributes. The four major categories of seismic attributes 

are time, amplitude, frequency and attenuation. The time and amplitude 

categories have both prestack and poststack attributes, whereas the 

frequency and attenuation categories have only poststack attributes. For 

poststack attributes in the time, amplitude, and frequency categories, a 

further distinction between horizon and window attributes is made (Brown 

1999). 
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attributes, such as AVO attributes, may often be more representative of actual geologic 

and rock properties than poststack structural attributes. Further, prestack and poststack 

seismic attributes can be computed from different subsets of the seismic data. As 

discussed earlier, these individual attributes may be computed over a time or depth 

interval (window) (character at a given depth), or a structural horizon (interpreted image). 

 

AVO ATTRIBUTES 

Variation of seismic reflection amplitudes with offset (AVO) or alternately 

reflection angle of incidence (AVA) attributes, applied to prestack reflection 

observations, were developed as a way to use this information to predict contrasts in rock 

properties at depth on a reflecting interface (Ostrander (1984), Castagna and Swan 

(1997)). When common midpoint (CMP) gathers are stacked, the amplitude information 

is averaged out across all source-receiver offsets, and subtle information about rock 

properties contained in variations of the prestacked CMP gathers is lost. The stacking 

process does improve the quality of the data for structural interpretation by, among other 

things, attenuating energy from multiple reflections. The goal of AVO analysis is to use 

the variations in prestack amplitude information to delineate pertinent characteristics of 

subsurface rocks. In particular, AVO attributes provide insight into sensitivities of 

contrasts in acoustic impedance and dynamic Poisson’s ratio, which may be related to 

reservoir properties such as porosity, gas saturation, and lithology. 
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Following Swan (1993), the Aki and Richards (1980) form of the Richards and 

Frasier (1976) approximation can be represented in a three-term expression similar to the 

two-term Shuey (1985) approximation as follows (Castagna, Swan, and Foster 1998): 

 

𝑅(𝑖) = 𝐴 + 𝐵𝑠𝑖𝑛2𝑖 + 𝐶𝑠𝑖𝑛2𝑖 𝑡𝑎𝑛2𝑖               (1.1) 

 

with 

 

𝐴 =
1

2

𝛥(𝜌𝑉𝑃)

𝜌𝑉𝑃
≈

1

2
(

𝛥𝑉𝑃

𝑉𝑃
+

𝛥𝜌

𝜌
),          (1.1a) 

 

𝐵 =
1

2

𝛥𝑉𝑃

𝑉𝑃
− 2 (

𝑉𝑆

𝑉𝑃
)

2

(2
𝛥𝑉𝑆

𝑉𝑆
+

𝛥𝜌

𝜌
) = 𝐴 − 2 (

𝑉𝑆

𝑉𝑃
)

2

(2
𝛥𝑉𝑆

𝑉𝑆
+

𝛥𝜌

𝜌
),     (1.1b) 

   

and 

 

𝐶 =
1

2

𝛥𝑉𝑃

𝑉𝑃
.            (1.1c) 

 

Note that because sin2(i)tan2(i) is a very small number for angles less than 30º, it is 

generally omitted in the AVO fitting process, leaving A and B as the AVO attributes to be 

used in the AVO analysis. Note that 
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𝐴 =
1

2

(𝛥(𝜌𝑉𝑃))

𝜌𝑉𝑃
≈

1

2
(

𝛥𝑉𝑃

𝑉𝑃
+

𝛥𝜌

𝜌
)          (1.2a) 

 

is the contrast in acoustic impedance. A is quite sensitive to porosity and gas saturation. 

Castagna (1993) reorganizes the B term into 

 

𝐵 = 𝐴0𝑅𝑃 +
𝛥𝜎

(1−𝜎)2           (1.2b) 

 

where A0RP is a constant and σ is the dynamic Poison’s ratio. Note that this example 

shows that B is dependent on Δσ, the change in Poisson’s ratio across the interface. This 

parameter is much more sensitive to gas saturation and lithology than porosity. 

 As seen in equation 1.1a and discussed above, the AVO attribute A is sensitive to 

fractional contrasts in compressional velocity and fractional contrasts in density. This is 

consistent with the basic definition of the reflection coefficient considering that it is the 

zero-incidence reflectivity. That is, when the incident angle “i” is zero, the attribute A is 

the sole contributor to the total reflectivity. Equation 1.1b defines the attribute B, and it is 

a more involved function than equation 1.1a. This is because it contains more terms and 

because shear velocity is included as a variable in addition to compressional velocity and 

density. Notice the VS/VP ratio in the second term of equation 1.1b. The multiplicative 

inverse of this ratio, VP/VS, is related to Poisson’s ratio by the equation 
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𝜎 =
0.5(

𝑉𝑃
𝑉𝑆

)
2

−1

(
𝑉𝑃
𝑉𝑆

)
2

−1

.                                        (1.3) 

 

Note that VP/VS here applies to the dynamic Poisson’s ratio; it is estimated from the 

propagation velocity. Since the attribute B equation includes the multiplicative inverse of 

the VP/VS ratio and this ratio is related to Poisson’s ratio means that the attribute B is quite 

sensitive to variations in Poisson’s ratio. 

In their seminal paper, “Amplitude-versus-offset variations in gas sands,” 

Rutherford and Williams (1989) propose three classes of gas-saturated sands that each 

demonstrates a useful AVO signature. Class I gas sands sealed by an overlying shale are 

defined to a have positive reflection coefficient at normal incidence, suggesting an 

increase in acoustic impedance going from shale to gas sand. This normal incidence 

reflection coefficient is referred to as the AVO intercept, or the attribute A (Castagna and 

Swan 1997). Class I gas sands are also defined to have decreasing amplitudes as the 

incident angle (source-receiver offset) increases from zero to wider angles. This is 

consistent with a decrease in Poisson’s ratio (or VP/VS) going from shale to gas sand. The 

property of a rock interface to demonstrate an amplitude varying with offset is referred to 

as the AVO gradient, or the attribute B (Castagna and Swan 1997) associated with that 

rock interface. The decreasing trend of amplitude with offset for Class I sands is an 

example of a negative AVO gradient. The magnitude of both the AVO intercept and the 

AVO gradient can vary for Class I sands. For cases in which the AVO intercept is 
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relatively low and the magnitude of the negative AVO gradient is relatively high, it is 

possible for Class I sands to undergo a polarity reversal at the widest incident angles 

(Castagna and Swan 1997). In other words, the reflection coefficient can become 

negative at wide offsets for Class I sands. In general, however, Class I gas sands are 

considered high-impedance sands because of their high positive impedance contrast at 

normal incidence (Rutherford and Williams 1989). Class II sands are defined as having 

small magnitudes for their AVO intercepts. The reflection coefficient at normal incidence 

is generally small and may be either positive or negative for Class II sands, suggesting 

that an impedance match between the shale and gas sand is small, leading to minimal 

zero-offset reflectivity. The AVO gradient for Class II sands is negative, consistent with 

the low Poisson’s ratio of the gas sand. This type of AVO gas sand is commonly 

associated with a phase reversal at relatively near offset (Verm and Hilterman 1995) and 

can often be observed as an area of very low to no amplitude on stacked sections. The 

third type of gas sand defined in Rutherford and Williams (1989) is the Class III gas 

sand. This type of gas sand is called a low-impedance sand. The AVO anomaly elicits a 

negative AVO intercept and a negative AVO gradient. The low-impedance of the gas 

sands yields a large magnitude, but negative zero-offset reflection coefficient. The 

negative B value enhances the negative A value producing high amplitude reflections 

associated with high porosity gas sands- often referred to as bright spots. Figure 1.2, from 

Rutherford and Williams (1989), illustrates Class I, Class II, and Class III gas sands as a 

reflection coefficient versus incident angle plot. 
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Figure 1.2: Zoeppritz P-wave reflection coefficients for a shale-gas sand interface for a 

range of normal incidence reflection coefficient values. The Poisson’s ratio 

of the shale was assumed to be 0.38. The Poisson’s ratio of the gas sand was 

assumed to be 0.15 (Rutherford and Williams 1989). 
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Castagna and Swan (1997) propose a fourth type of gas sand to augment the 

three-type classification system developed by Rutherford and Williams (1989). They 

refer to this fourth type of gas sand AVO anomaly as the Class IV sand, and it is distinct 

in that it has a negative AVO intercept (A) with a positive AVO gradient (B) (Castagna 

and Swan 1997). The type IV anomaly may have a place on a stacked section with a 

significant amplitude. The three-types AVO gas sand analysis developed by Rutherford 

and Williams (1989), however, would determine this type of bright spot as not to be a gas 

sand because its AVO gradient is positive (Castagna and Swan 1997). Castagna and 

Swan (1997) point out that the classification system developed by Rutherford and 

Williams (1989) could often diagnose a “false negative” for what Castagna and Swan 

(1997) call Class IV gas sands. In other words, Rutherford and Williams’s (1989) 

classification system could incorrectly predict there to be no gas contained in the 

associated rock unit. Castagna and Swan’s (1997) Class IV gas sand category accounts 

for this type of AVO behavior as potentially predictive of a gas-saturated formation. 

Figure 1.3, after Castagna and Swan (1997), is a reflection coefficient versus angle of 

incidence plot of the three classes of gas sands from Figure 1.2 with Castagna and Swan’s 

(1997) Class IV category superimposed onto the plot. 
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Figure 1.3: An example of a Class IV gas sand is superimposed on a figure taken from 

Rutherford and Williams (1989) which shows their gas-sand classification 

based on normal incidence reflection coefficient. The vertical axis is 

reflection coefficient and the horizontal axis is local angle of incidence. 

Note that Class III and IV gas sands may have identical normal incidence 

reflection coefficients, but the magnitude of Class IV sand reflection 

coefficients decreases with increasing angle of incidence while Class III 

reflection coefficient magnitudes increase (Castagna and Swan 1997). 
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Table 1.1 summarizes the four different types of AVO anomalies and some relevant 

information about each type. 

 Impedance 

contrast 

A B Example Geologic Setting 

Class I Medium + - Hartshorn channel from the Arkoma Basin, Oklahoma 

Class II Low ± - Miocene gas sand from the Brazos offshore area of the 

Gulf of Mexico 

Class III High - - Pliocene gas sand from the High Island offshore area of 

the Gulf of Mexico. It occurs in most offshore Tertiary 

basins. 

Class IV Medium - + Many basins including some in the Gulf of Mexico and 

the North Sea. 

Table 1.1: Chart of the four types of AVO anomalies with their respective impedance 

contrasts, sign of A, sign of B, and example geological setting. 

Figure 1.4 shows how a Class IV gas sand can appear similar to a brine sand. 

Because of this ambiguity, Castagna and Swan (1997) emphasize that AVO anomalies 

should always be interpreted within the context of deviations from a background trend. 

This important point highlights the importance of using AVO crossplots and AVO 

attributes when analyzing AVO signatures. 

Another way to illustrate the importance of analyzing AVO attributes within the 

context of a calibrated trend is with a figure illustrating the areas on the A-B crossplot 
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where each of the four classes of gas sands is located. This is a means to interpret A and B 

values directly as attributes. Figure 1.5, from Castagna, Swan, and Foster (1998), 

illustrates how the Class I gas sands plot in the lower left half of quadrant IV, Class II gas 

sands plots close to the B-axis for negative values of B, Class III gas sands plot in 

quadrant III, and Class IV sands plot in the lower left half of quadrant II. In practice, one 

cannot expect the points forming the background trend to lie perfectly on top of a 

negative one slope background trend line. Realistically, the deviation of the background 

trend line from a negative one slope, in addition to the fact that the points comprising the 

background will not be precisely collinear, will mean that some of these background 

trend points will fall into the areas illustrated as being AVO gas anomalies. This gives a 

more visual reasoning for why AVO crossplot calibration to local geological trends is 

vital for AVO analysis. 
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Figure 1.4: Here are examples of shale over gas-sand and shale over brine-sand 

reflections. Both decrease in amplitude versus offset and have about the 

same AVO gradient, even though the gas sand may be a relatively strong 

“bright spot” (it is Class IV). (Castagna and Swan 1997) 

The magnitude of Class IV 

gas sand amplitude decreases 

with increasing offset. 
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Figure 1.5: AVO intercept (A) versus gradient (B) crossplot showing four possible 

quadrants. For a limited time window, brine-saturated sandstones and shales 

tend to fall along a well-defined background trend. Top of gas-sand 

reflections tend to fall below the background trend, whereas bottom of gas-

sand reflections tend to fall above the trend. Augmented Rutherford and 

Williams (1989) gas sand classes are also indicated for reference (Castagna, 

Swan, and Foster 1998). 

 

AVO CROSSPLOTS 

Figure 1.6, from Castagna and Swan (1997), is an example AVO crossplot with 

many reflection points plotted. As shown, the AVO intercept (A) is plotted on the x-axis 

and the AVO gradient (B) is plotted on the y-axis. Recall that these intercept (A) and 



16 

 

gradient (B) values are AVO attributes and are based on Shuey’s (1985) simplification of 

the Zoeppritz reflectivity equation. The A value in Shuey’s (1985) equation is the AVO 

intercept and the B value is the AVO gradient, or approximated slope of the AVO curve, 

when plotted in x = sin2(i) space. When plotted on an AVO crossplot, the background 

trend will generally pass through the origin, leaving anomalous lithologies to form trends 

that do not pass through the origin. 
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Figure 1.6: For brine-saturated clastic rocks over a limited depth range in a particular 

locality, there may be a well-defined relationship between the AVO 

intercept (A) and the AVO gradient (B). A variety of reasonable 

petrophysical assumptions (such as the mudrock trend and Gardner’s 

relationship) result in linear A versus B trends, all of which pass through the 

origin (B = 0 when A = 0). Thus, in a given time window, non-hydrocarbon-

bearing clastic rocks often exhibit a well-defined back-ground trend; 

deviations from this background are indicative of hydrocarbons or unusual 

lithologies (Castagna and Swan 1997). 

 Figure 1.7 shows how background trends vary according to the background VP/VS 

of the rock formations. As the VP/VS increases, the slope of the background trend in the 
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A-B crossplot increases. For a very large VP/VS, the slope of the background trend is 

positive. That is, for a high VP/VS background trend, an increase in the AVO gradient (B) 

of a given background lithology contrast will correlate to an increase in the AVO 

intercept (A) of the given background lithology contrast. Figure 1.8 illustrates how 

hydrocarbon gas saturation of the lower layer, or even unusual (low σ) lithologies, can 

cause the trend to deviate from a background trend in a regular manner. Notice that the 

gas sands have lower A and B values than the brine sands. AVO analysis of this sort 

incorporated an evaluation of the deviation from a background trend rather than 

attempting to define a unique region in the AVO crossplot which always represents gas 

sands, regardless of local geologic trends. A background trend can be established using 

well control for a given locality. The points A and B are typically extracted from the 

surface seismic data by fitting the measured amplitudes at calculated incidence angles to 

the Shuey approximated form of the Zoeppritz reflectivity equations. A and B values can 

be extracted for sand formations that are known to be brine-saturated from well log data. 

These (A, B) coordinate pairs define the background trend from which other (A, B) 

coordinate pairs, extracted from gas saturated sands, will tend to deviate. They will 

generally be lower and to the left of the background trend established with brine-

saturated sands. That is, these gas-saturated points will have lower AVO intercepts and 

lower AVO gradients than the brine-saturated points. 
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Figure 1.7: This figure shows A versus B trends for various constant ratios of 

compressional (VP) to shear wave (VS) velocity. Notice that the AVO 

gradient (B) and the AVO intercept (A) are generally negatively correlated, 

and that the A versus B trends become more positive as VP/VS increases. 

Also, note that the trend becomes positive at high VP/VS ratios. Thus, the 

normal response for (nonhydrocarbon-related) reflections at very high 

background VP/VS (as we would expect for very shallow unconsolidated 

sediments) is an amplitude increase versus offset. Large reflection 

coefficients associated with shale over porous brine-sand interfaces will 

exhibit “false positive” AVO anomalies in the sense that they will have 

larger AVO gradients than weaker reflections lying along the same 

background trend. When interpreted in terms of deviation from the 

background A versus B trend, such reflections are correctly interpreted as 

not being anomalous (Castagna and Swan 1997). 
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Figure 1.8: Deviations from the background petrophysical trends, as would be caused by 

hydrocarbons or unusual lithologies, cause deviations from the background 

A versus B trend. This figure shows brine sand-gas sand tie lines for shale 

over brine-sand reflections falling along a given background trend. In 

general, the gas sands exhibit more negative A’s and B’s than the 

corresponding brine sands (assuming the frame properties of the gas sands 

and the brine sands are the same). Note that the gas sands form a distinct 

trend which does not pass through the origin (Castagna and Swan 1997).  

As suggested by Brown (1999) in Figure 1.1, there are more AVO attributes than 

the just intercept (A) and gradient (B), but they are often combinations of A and B values. 

One of these other attributes is simply the product of the intercept and gradient. This 

attribute highlights Class III gas sands well, but it breaks down for other classes of gas 
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sands (Castagna and Swan 1997). The far offset amplitude minus near offset amplitude, 

another representation of B, is susceptible to same ambiguity problems that arise when 

using an uncalibrated AVO crossplot for AVO analysis. A robust AVO attribute may be 

the fluid factor proposed by Smith and Gidlow (1987). It is, however, susceptible to 

inaccuracies for even small errors in NMO corrections (Castagna and Swan 1997). All of 

these AVO attributes are best suited for use within the context of deviations from a 

calibrated background trend to isolate gas saturated sands. 

 

USING AVO FOR LITHOLOGY DISCRIMINATION 

AVO techniques may potentially be used to discriminate different lithologies 

from one another in addition to predicting the presence of gas. Verm and Hilterman 

(1995) demonstrate an AVO technique to predictively differentiate shale strata from 

sandstone strata using surface seismic data. They use an alternative form of the Shuey 

(1985) AVO approximation that is given in terms of a normal incidence (NI) term and a 

Poisson’s ratio (PR) term. The approximation, which assumes small incidence angles, 

small contrasts, and a constant value for the background VP/VS, is given as 

 

𝑅(𝑖) = 𝑁𝐼𝑐𝑜𝑠2𝑖 + 𝑃𝑅𝑠𝑖𝑛2𝑖,            (1.4) 

 

where 
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𝑁𝐼 =
𝑉𝑃2𝜌2−𝑉𝑃1𝜌1

𝑉𝑃2𝜌2+𝑉𝑃1𝜌1
=

𝛥(𝜌𝑉𝑃)

2(𝜌𝑉𝑃)
          (1.4a) 

 

and 

 

𝑃𝑅 =
𝜎2−𝜎1

(1−𝜎𝑎𝑣𝑒)2 =
𝛥𝜎

(1−𝜎𝑎𝑣𝑒)2.          (1.4b) 

 

Equation 1.4 allows for a lithological analysis of subsurface rocks based on AVO 

observations. Rather than simply looking for bright spots on stacked seismic sections, 

equation 1.4 allows for the decomposition of amplitudes observed on CDP records into 

two components, the normal incidence and the Poisson’s ratio terms. Verm and 

Hilterman (1995) describe how to construct color matrix tables to transform these two 

attribute traces into a single attribute trace upon which seismic amplitude traces can be 

overlaid. This “matrix” must be calibrated from independent saturation and/or lithologic 

information to be useful, and thus generally requires some local subsurface control.  

Figure 1.9 is an example of such a color matrix table. 
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Figure 1.9: Color-coding a color matrix table to transform the two attribute traces on the 

left side into a single attribute trace on the right side (Verm and Hilterman 

1995). 

The red zones in Figure 1.9 represent gas sands, and the yellow zones represent 

water sands. As mentioned above, these tables are calibrated using measurements of NI 

and PR values taken from well logs. Once a calibration, such as the one shown in Figure 

1.9, has been created, surface seismic data can be used to create single attribute traces 

such as the one shown on the right side of Figure 1.9. Figure 1.10 is an example of a 

stacked seismic section overlying a color-coded, single attribute trace section, where the 

colors represent the zones definitely in Figure 1.9.  
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Figure 1.10: Sand truncation models illustrating stack responses for both a water- and 

gas-saturated sand. The colors represent the discrimination of gas and brine 

saturated sands definitely in Figure 1.9 (Verm and Hilterman 1995). 

Verm and Hilterman (1995) further demonstrate how to predictively differentiate 

between shales and sands. Figure 1.11 shows a color calibration matrix that includes 

shales in addition to many reflections from both water sands and gas sands. 
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Figure 1.11: Crossplot of NI-PR reflectivity traces corresponding to the gas-saturated 

model shown in Figure 1.10. The reflectivity traces were bandlimited with a 

zero-phase wavelet (Verm and Hilterman 1995). 

Figure 1.12 is a stacked seismic section overlying a color-coded, “single attribute trace” 

section that is derived from the color zones shown in Figure 1.11. 



26 

 

 

Figure 1.12: NI reflectivity section for gas-saturation model with estimated lithology as 

color background. The lithologic estimation was estimated from the NI-PR 

color-coded crossplot. Note that the green represents shale, yellow 

represents water-sand, and red represents gas-sand (Verm and Hilterman 

1995). 

The color-coded crossplot shown in Figure 1.11 has different zones where the 

shales tend to cluster together (middle) with wet sands on either side. The gas sands also 

cluster on either side of the shales, however, the magnitudes of their NI values are 

generally lower than the values of the NI for wet sands. Observe how using the NI values 

alone could not predict the lithologies of the rocks at depth. Adding in the PR information 

in addition to the NI values, however, allows for lithology prediction. Also bear in mind 

that even the color-coded crossplot is still a prediction and not a sure delineation of 
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lithology. For example, there are some shale points that lie outside the green area (shale 

region) in Figure 1.11 and there are some wet sand points that lie inside the green area. 

For this reason, it can be stated that color-coded crossplots such as these described by 

Verm and Hilterman (1995) will have some finite degree of error when predicting 

lithologies. 

 

AVO ANALYSIS USING LAMBDA-MU-RHO INVERSION 

Lambda-mu-rho (LMR) inversion is another popular way to analyze AVO 

information. These attributes are closely related to the elastic constants λ and μ 

themselves. The method first involves conducting a rock physics analysis in order to 

verify that the CMP gathers respond primarily to compressional velocity, shear velocity, 

and density (Young and Tatham 2007). Once this preliminary step is accomplished, 

estimates of offset-dependent P-wave and S-wave reflectivity are derived by fitting the P-

wave reflection amplitudes (RPP) to the Fatti et al. equation (1994) with a least squares fit. 

Fatti’s equation (1994), similar to Shuey’s equation, is given as 

 

𝑅𝑃𝑃(𝑖) =
1

2
(

𝛥𝑉𝑃𝜌

𝑉𝑃𝜌
) (1 + 𝑡𝑎𝑛2𝑖) − 4(𝑉𝑠/𝑉𝑃)2 (

𝛥𝑉𝑆𝜌

𝑉𝑆𝜌
) 𝑠𝑖𝑛2𝑖.        (1.5) 

 

Next, blocky model-based inversions are run iteratively, with geologic constraints and 

velocity information perturbed upon each iteration until best matches to the reflectivity 

estimates are obtained. Finally, the LMR attributes are derived using the relationships 
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𝜆𝜌 = (𝑉𝑃𝜌)2 − 2(𝑉𝑆𝜌)2          (1.6a) 

 

and 

 

𝜇𝜌 = (𝑉𝑆𝜌)2.            (1.6b) 

 

Each of these attributes, lambda-rho (λρ) and mu-rho (μρ), represents a different aspect of 

the subsurface formation. The λρ attribute tends to predict the pore fluid type (liquid or 

gas) and the μρ tends to predict the lithology (shale or sandstone). These attributes can be 

displayed individually or together, such as in an LMR crossplot. Figure 1.13 is an 

example of each attribute being displayed individually in an attribute cross-section 

overlaying a seismic profile. 
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Figure 1.13: Volumes of λρ (left) and μρ (right) which are indicative of fluid type and 

matrix type respectively. Three horizons are visible cutting from the upper 

right to the lower left of the sections (Young and Tatham 2007). 

 Figure 1.14 is an example of an LMR crossplot with λρ on the x-axis and μρ on 

the y-axis. Notice how using the LMR crossplot in Figure 1.14 allows for the categorizing 

of points into four different lithologic/fluid type areas. Goodway et al. (1997) discuss 

how the λρ can be viewed as a fluid indicator. This is because λ is a measure of the fluid 

incompressibility and therefore takes on markedly different values for gases than for 

liquids. 
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Figure 1.14: Crossplot of λρ and μρ seismic volumes for zone analysis (Young and 

Tatham 2007). 

In summary, this chapter discusses the basic AVO attributes A (intercept) and B 

(gradient), and their analysis related to both gas saturation and lithology variations. In 

addition to these basic attributes, combinations and variations of them do yield alternative 

analysis techniques that respond to similar seismic properties. In the next chapter, I 
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extend these types of attributes to PSV reflectivity and analysis of other properties, 

particularly VTI anisotropy. 
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Chapter 2: Proposed PSV AVO Attributes1 

REVIEW OF RAMOS AND CASTAGNA (2001) PSV ATTRIBUTES 

While the PP reflectivity AVO crossplotting methods are useful for predicting gas 

sands with P-wave seismic data (Castagna and Swan 1997) and, to some degree lithology 

(Verm and Hilterman 1995), Ramos and Castagna (2001) suggest the use of PSV mode-

converted wave AVO to estimate rock properties. These techniques can be used in 

conjunction with PP AVO in order to invert for contrasts in compressional and shear 

velocity as well as in density (Ramos and Castagna 2001). Figure 2.1a and Figure 2.1b 

illustrate an example of the significant differences in the shapes of the reflectivity curves 

for PP and PSV waves, respectively. The AVO character for both the shale over brine 

sand and the shale over gas sand models differ between PP wave AVO and PSV wave 

AVO. Ramos and Castagna (2001) use solely isotropic media throughout their PSV AVO 

analysis. 

 

                                                 
1 Parts of this chapter have been published as a Society of Exploration Geophysicists (SEG) Expanded 

Abstract for the SEG’s 2014 Annual Meeting. The coauthors of this Expanded Abstract were Robert H. 

Tatham and Kyle T. Spikes. Each of these contributing authors contributed advice on this Expanded 

Abstract. The abstract is titled “Characterization of VTI Media with PSV AVO Attributes.” 
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Figure 2.1: Four possible variations of amplitude with incidence angle for an incident P-

wave reflected as (a) a P-wave and (b) an SV-wave. There is a distinct 

separation in the AVO behavior between shale over brine sand and shale 

over gas sand (Ramos and Castagna 2001). The PSV reflectivity is zero at 

normal incidence. 
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Ramos and Castagna (2001) point out a major difference between PSV wave AVO 

and conventional PP wave AVO for the isotropic case. This difference is that the slope of 

mode-converted AVO mainly depends on the contrast in the velocity of the shear wave 

polarized in the vertical plane whereas the slope of PP wave AVO mainly depends on the 

ratio of compressional velocity to shear velocity (or Poisson’s ratio). Another significant 

difference between the two types of AVO is that PSV AVO is less perturbed by any 

overlying gas sands because SV waves are less sensitive to the fluid saturation of the 

sands than are any P-waves. This may potentially be a distinct advantage that PSV wave 

AVO has over conventional PP wave AVO, especially when characterizing resource 

shales, which often have large fraction of gas in the saturating fluid. With the advent of 

ocean-bottom cables (OBC) with multicomponent receivers, more PSV datasets are being 

acquired in the marine environment, allowing for the advantages of converted-wave AVO 

to be exploited beyond solely land settings (Ramos and Castagna 2001). 

Both PP and PSV reflectivities for isotropic formations may be computed using 

the full Zoeppritz equations. In the case of both PP and PSV wave AVO analysis, 

however, there are approximations to the Zoeppritz equations that facilitate detailed AVO 

crossplot analysis of the intercept and gradient attributes (Ramos and Castagna 2001). By 

fitting the approximation equation curves to the amplitudes in common midpoint (CMP) 

gathers, coefficients may be extracted that lead to crossplots of the AVO attributes, 

allowing an analyst to gain physical insight into the actual rock properties themselves. As 

described in Chapter 1, PP wave AVO crossplots, and related λρ and μρ, have been 
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widely used to predict the presence of gas sands as well as lithology. PSV AVO can be 

used in isotropic materials to predict contrasts in shear velocity and in density. These 

estimates can then be used to complement conventional PP-wave AVO analysis in order 

to estimate contrasts in compressional velocity. 

Ramos and Castagna (2001) derive both a high-contrast and a low-contrast 

approximation to the Zoeppritz reflectivity equations. The high-contrast approximation 

generally holds for high contrasts in compressional and shear velocities and density 

whereas the low-contrast approximation breaks down for contrasts in shear velocity 

greater than about 25%. Figure 2.2 illustrates this higher accuracy of the high-contrast 

approximation over the low-contrast approximation, especially at large angles of 

incidence. 
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 Brine sand Shale Gas sand 

Model VP 

(km/s) 

VS 

(km/s) 

ρ 

(g/cm3) 

VP 

(km/s) 

VS 

(km/s) 

ρ 

(g/cm3) 

VP 

(km/s) 

VS 

(km/s) 

ρ 

(g/cm3) 

1 3.28 1.68 2.19 3.27 1.65 2.20 3.04 1.74 2.05 

2 4.06 2.03 2.40 4.69 2.61 2.49 3.70 2.06 2.26 

3 3.85 2.24 2.24 2.77 1.52 2.29 3.08 2.34 2.14 

Table 2.1: P- and S-wave velocities and densities for three of twenty-five sets of brine 

sands, gas sands, and shales. The velocities are from full-waveform sonic 

logs or dipole sonic logs or were measured in the laboratory. The densities 

are from compensated density logs or were estimated from lithology and 

porosity information (from Castagna and Smith, 1994). 
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Figure 2.2: Approximations for converted, PSV wave reflection coefficients compared 

with exact Zoeppritz equation and its cubic fit for models 1 and 3 (Table 

2.1). Magnitudes of the contrasts in elastic properties in these models are (a) 

|ΔVP| = 0.23km/s (7%-8%), |ΔVS| = 0.09km/s (5%-6%), and |Δρ| = 

0.15g/cm3 (6%-8%) and (b) significantly larger contrasts of |ΔVP| = 

0.31km/s (10%-12%), |ΔVS| = 0.82km/s (35%-54%), and |Δρ| = 0.15g/cm3 

(6%-8%) (Ramos and Castagna 2001). 
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It is clear from Figure 2.2 that, not surprisingly, the high-contrast approximation 

is more accurate than the low-contrast approximation. The low-contrast approximation, 

however, is sufficiently accurate as long as the contrast in shear velocity is less than 25% 

(Ramos and Castagna 2001). For this reason, the low-contrast approximation will be 

employed for this thesis work because the unconventional plays to which this work 

applies are assumed to have significantly lower VS contrasts than 25%. The high-contrast 

equation, while similar to the low-contrast equation in that it is given as a two-term 

approximation, is a very complicated function of velocities and densities. It is derived 

directly from the Zoeppritz equations. The low-contrast approximation, on the other 

hand, incorporates approximations to the exact equation, as given by Aki and Richards 

(1980). This approximation reduces to  

 

𝑅𝑃𝑆(𝑖) ≈ 𝐴 sin(𝑖) + 𝐵sin3(𝑖) + 𝐶sin5(𝑖)         (2.1) 

 

for isotropic materials. The sine to the much higher fifth power term on the right side of 

the equation can be omitted as a “higher order term” without losing much accuracy. This 

is because sine to the fifth power is a very small number for angles up to 30°, so the 

constant “C” multiplied by sine to the fifth power will also be a very small number. For 

this reason, Ramos and Castagna use 

 

𝑅𝑃𝑆(𝑖) ≅ 𝐴𝑃𝑆 sin(𝑖) + 𝐵𝑃𝑆sin3(𝑖)          (2.2) 
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for the approximate PSV wave reflectivity, with 

 

𝐴𝑃𝑆 = [−2
𝑉𝑆

𝑉𝑃

𝛥𝑉𝑆

𝑉𝑆
] − [(

1

2
+

𝑉𝑆

𝑉𝑃
)

𝛥𝜌

𝜌
]         (2.2a) 

 

and 

 

𝐵𝑃𝑆 = [(
2𝑉𝑆

2

𝑉𝑃
2 +

𝑉𝑆

𝑉𝑃
)

𝛥𝑉𝑆

𝑉𝑆
] + [(

3

4

𝑉𝑆
2

𝑉𝑃
2 +

𝑉𝑆

2𝑉𝑃
)

𝛥𝜌

𝜌
].        (2.2b)  

 

In this equation, i is the average of the incident P-wave and the refracted P-wave, 

limiting the reflectivity to pre-critical angles of incidence. The VP, VS and ρ are averages 

between the two layers (i.e., VP=(VP2+VP1)/2) and the deltas (Δ) signify the difference 

between the upper and lower layer (i.e., ΔVP=VP2-VP1). Observe that the PSV-wave 

reflectivity equation (both the APS and BPS terms) mainly depends on the fractional 

changes in density and S-wave velocity (Ramos and Castagna 2001). 

Figure 2.3 (Ramos and Castagna 2001) shows a comparison of A-B crossplot 

trends for PP AVO and PSV AVO. When fractional contrast in shear wave velocity is 

held constant, varying VP/VS affects the PSV AVO background trend very differently than 

the PP background trend. As VP/VS is increased, the slope of the PP background trend 

increases. For the case of PSV AVO, increasing VP/VS shifts a constant-slope trend to 

decrease the y-intercept of the background trend. 
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Figure 2.3: Background trends for (a) PP and (b) PSV AVO for different VP/VS in 

isotropic materials. The PSV AVO background trend is computed assuming 

ΔVS/VS = 0.1. Note the “rotation” of the A-B cross-plot trends with variations 

in VP/VS for the PP equation, and the consistency in the APS-BPS slopes with 

VP/VS for the PSV reflection (Ramos and Castagna 2001). 
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EFFECTS OF ANISOTROPY ON PSV REFLECTIVITY EQUATIONS 

Thomsen (1986) described “weak” elastic anisotropy in a “simplified” vertically 

transverse isotropic (VTI) medium in terms of three constants; ε, γ, and δ. These 

parameters are defined in terms of constants from the abbreviated, 6x6 Voigt notation of 

the elastic stiffness tensor, Cij. They are defined by Thomsen (1986) as 

 

𝛿 =
(𝑐13+𝑐44)2−(𝑐33−𝑐44)2

2𝑐33(𝑐33−𝑐44)
,                           (2.3) 

  

  휀 =
𝑐11−𝑐33

2𝑐33
                (2.4) 

 

  and 

 

    𝛾 =
𝑐66−𝑐44

2𝑐44
.                            (2.5) 

 

According to Thomsen’s (1986) assumptions, “weak” anisotropy is described by ε and γ 

limited to values < 0.1 and δ limited to values -0.2< δ < 0.2. That is, the medium is no 

longer considered “weakly anisotropic” for larger values of ε and γ. 

Thomsen (1986) provides some intuitive understanding for ε, at least for the rays 

that propagate nearly horizontally in a VTI material. In this case, Thomsen (1986) 

explains that ε can be thought of as what he calls “the” anisotropy, or the P-wave 
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anisotropy, of the rock. This is the fractional difference between the horizontally 

propagating compressional wave velocity (VP) and the vertically propagating VP in a VTI 

medium. Thomsen’s parameter δ, however, is difficult to intuitively envision. Thomsen’s 

γ parameter is the “S-wave anisotropy” and represents the difference in the “fast” and 

“slow” shear wave velocities for a horizontal propagation path. Thomsen’s parameter ε is 

also difficult to estimate when the seismic energy is propagating solely at nearly vertical 

incidence angles (Thomsen 1986). Because there does not appear to be a reliable way to 

intuitively envision δ or experimentally observe Thomsen’s δ and ε parameters from 

direct surface observations in a flat layered Earth, it is important to be mindful of their 

definitions. Note that δ is a multi-term function of three of the five elastic constants 

(equation 2.3) from the abbreviated form of the elastic stiffness matrix whereas ε is a 

somewhat simpler function of two constants (equation 2.4) from the abbreviated form of 

the elastic stiffness matrix. 

Mavko et al. (2009) describe VTI as a type of anisotropy that has an axis of 

symmetry that is oriented vertically. In other words, the axis of symmetry is 

perpendicular to the horizontal surface and is consistent with horizontal layering. As 

Thomsen (1986) states, VP in a VTI medium is always greater in the horizontal direction 

than in the vertical direction when principal stresses are constant. Some confusion can 

arise when considering shales as VTI media. As Thomsen (1986) notes, this results from 

non-fractured media- particularly shales showing intrinsic VTI symmetry. This is a result 

of the clay-rich, horizontally layered nature of sedimentary rocks. Backus (1962) 
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describes thin layering with isotropic layers that are much “thinner” than seismic 

resolution producing VTI anisotropy in elastic effects that can be thought of as either a 

mean average or a geometric average depending on the type of layering and depending on 

the direction of propagation. This means that even when the rock layers themselves may 

be isotropic, the composite effect of their layering can be anisotropic. In general, 

unfractured shale may be considered to be an effectively VTI rock, in the case where the 

horizontal layering is on a very fine scale. It is this effective anisotropy that may be the 

basis of characterization of shale, using mode-converted (PSV) AVO analysis techniques. 

Rüger (2001) provides equations for RPS(i,j) in VTI media where i is the incidence 

P-wave angle, and j is the reflected, mode-converted shear wave angle. The value of j is 

closely related to i by Snell’s law, 

 

𝑗 = sin−1 [(
𝑉𝑆

𝑉𝑃
) sin 𝑖],        (2.6) 

 

where VP and VS are the P and S-wave velocities in the upper medium. Rüger expresses 

RPS(i,j) as the sum of an isotropic component and an anisotropic component of the 

reflectivity such that 

 

𝑅𝑃𝑆
𝑉𝑇𝐼(𝑖) = 𝑅𝑃𝑆

𝑖𝑠𝑜(𝑖) + 𝑅𝑃𝑆
𝑎𝑛𝑖𝑠(𝑖),       (2.7) 

 

where 
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𝑅𝑃𝑆
𝑖𝑠𝑜(𝑖) = −

1

2

𝛥𝜌

𝜌

sin 𝑖

cos 𝑗
−

𝑉𝑆0

𝑉𝑃0
(

𝛥𝜌

𝜌
+ 2

𝛥𝑉𝑆0

𝑉𝑆0
) cos 𝑖 sin 𝑖 + (

𝑉𝑆0

𝑉𝑃0
)

2

(
𝛥𝜌

𝜌
+ 2

𝛥𝑉𝑆0

𝑉𝑆0
)

sin3i

cos 𝑗
  

 (2.7a) 

 

and 

 

𝑅𝑃𝑆
𝑎𝑛𝑖𝑠(𝑖) = [(

𝑉𝑃0
2

2(𝑉𝑃0
2 −𝑉𝑆0

2 ) cos 𝑗
−

𝑉𝑃0𝑉𝑆0 cos 𝑖

2(𝑉𝑃0
2 −𝑉𝑆0

2 )
) 𝛥𝛿] sin 𝑖+     

 (2.7b) 

[
𝑉𝑆0𝑉𝑃0 cos 𝑖

(𝑉𝑃0
2 − 𝑉𝑆0

2 )
(𝛥𝛿 − 𝛥휀)] sin3𝑖 − [

𝑉𝑃0
2

(𝑉𝑃0
2 − 𝑉𝑆0

2 ) cos 𝑗
(𝛥𝛿 − 𝛥휀)] sin3𝑖 + 

[
𝑉𝑆0

2

2(𝑉𝑃0
2 −𝑉𝑆0

2 ) cos 𝑗
(−𝛥𝛿)] sin3𝑖. 

  

VP0 and VS0 are the vertical P-wave and S-wave velocities of the upper isotropic medium, 

ρ is the mass density of the upper medium, and i is the angle of the P-wave with the 

vertical axis, and j is the reflection angle of the up-going shear wave with the vertical 

axis. Note that in Equation (2.7a) and Equation (2.7b), the VP0, VS0 and ρ are averages 

between the two layers (e.g., VP0=(VP0,2+VP0,1)/2) and that the deltas (Δ) signify the 

difference between the upper and lower layer (e.g., ΔVP0=VP0,2-VP0,1). Also note that i is 

the angle of incidence of the compressional wave (P-wave), and j is the reflection angle 

of the reflected, mode-converted shear wave (PSV-wave). Both angles are taken with 
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respect to the vertical axis. We have made a flat Earth assumption. Finally, Rüger (2001) 

includes a sine to the fifth power term in his original work, which has been omitted from 

this study as a higher-order term due to its very small values for angles up to 30°. 

 Upon first glance, Equation 2.7 (Rüger 2001) may not appear similar to Equation 

2.2 (Ramos and Castagna 2001). Upon a closer evaluation, however, one can notice that 

the two equations take on very similar forms to one another. By the distributive property 

of multiplication, the sin(i) can be removed from the first two groupings in Equation 2.7a, 

leaving a summation of groupings that are all approximately constant. The only terms in 

this summation that are not exactly constant are the cosine i and j terms. For near-vertical 

propagation energy, that is, for incident angle close to zero degrees, the ratio of these 

cosine terms can be approximated to nearly one. The third grouping in Equation 2.7a is a 

sin(i)3 term multiplied by a term that is nearly constant if the cosine j (j<i) terms are 

assumed to be nearly one. Therefore, the isotropic component of Rüger’s (2001) VTI PSV 

reflectivity approximation takes on the same form as Ramos and Castagna’s (2001) PSV 

reflectivity approximation with a constant times a sine plus a different constant times a 

sine cubed. 

 Equation 2.7b also takes on the same form as Ramos and Castagna’s (2001) PSV 

reflectivity approximation. The first grouping is a nearly constant product times a sine 

term. The second, third, and fourth groupings are each products of nearly constant 

products and a sine cubed term. Using the distributive property of multiplication, the sine 

cubed term can be taken out of the second, third, and fourth groupings, leaving a 
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summation of nearly constant groupings. This summation serves as the constant that is 

multiplied by the sine cubed term. 

The fact that both the isotropic and the anisotropic components of Rüger’s (2001) 

VTI PSV reflectivity approximation take on the same form as Ramos and Castagna’s 

(2001) isotropic PSV reflectivity approximation suggests that the summation of the two 

terms will also take on the same form as Ramos and Castanga’s approximation. This is 

true by the associative property of multiplication. This observation supports the notion 

that useful attributes can be derived from Rüger’s VTI PSV reflectivity approximation, 

similar to the way useful attributes are derived from Ramos and Castagna’s isotropic PSV 

reflectivity approximation. The most notable differences between the APS and BPS 

attributes derived from Ramos and Castagna’s approximation and those derived from 

Rüger’s approximation is the presence of the cosine i and j terms and, significantly, the 

inclusion of Thomsen’s anisotropy parameters in Rüger’s approximation. 

As can be seen from Equation 2.7b, the anisotropic component of the reflectivity 

includes Thomsen’s δ and ε parameters, whereas the isotropic component of the 

reflectivity 2.7a, obviously, does not. This implies that the total reflectivity summarized 

in equation 2.7 simplifies to the isotropic case when Thomsen’s δ and ε parameters are 

zero. Additionally, we can simplify the reflection coefficient computation by considering 

only the contrast constants Δδ and Δε where Δδ = δ2 – δ1 and Δε = ε2 – ε1; that is, we need 

only address the contrast in the anisotropic characteristics. 
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COMPARISON OF RAMOS AND CASTAGNA AND RÜGER’S ISOTROPIC CASES 

From the above discussion, Equation 2.7 provides a basis to test the effect of 

variations in Thomsen’s δ and ε parameters on PSV AVO signatures. In order to interpret 

these AVO signatures, the approximation to the Zoeppritz reflectivity equation derived 

by Ramos and Castagna (2001), or the isotropic component of Rüger’s (2001) 

approximation, may be used. Using the Ramos and Castagna (2001) approximation 

equation simplifies the analysis of the seismic observations and provides intuitive 

attributes and a more manageable approach than the full reflectivity equations. The 

isotropic term of the Rüger (2001) approximation equations are used as a start. It is 

important to remember that these equations are deficient because they do not account for 

anisotropy. On the other hand, they are particularly useful for generating PSV AVO 

crossplots for isotropic data such as the ones presented in Ramos and Castagna (2001). 

They also provide a means of evaluating the computations of mode converted AVO 

signatures in VTI media that use Rüger’s (2001) more complex reflectivity equations that 

do include anisotropy. The objective of this preliminary testing is to determine if it is 

feasible to predict the degree of effective VTI weak elastic anisotropy in seismic data 

using converted-wave AVO attributes. Because the Ramos and Castagna (2001) mode 

converted AVO reflectivity equations approximate the Rüger (2001) reflectivities for 

isotropic parameters to a satisfactory degree, Rüger’s equations might be capable of 

delineating anisotropic parameters in shale formations from the seismic data. Figure 2.4 

shows a comparison of the reflectivity Equation 2.2 from Ramos and Castagna (2001) 
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and the isotropic component (Equation 2.6a) of reflectivity from Rüger (2001). Figure 2.4 

uses a model for velocities and densities of an upper and lower layer geologic scenario 

from Shan et. al. (2010) idealized to represent the Woodford Shale. These values are 

4,160m/s for compressional wave velocity, 2,680m/s for shear wave velocity, and 

2,460kg/m3 for density for the upper layer. The lower layer of the models uses 

compressional wave velocities, shear wave velocities, and densities of 4,070m/s, 

2,640m/s, and 2,490kg/m3, respectively. 
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Figure 2.4: Reflectivity equations from Ramos and Castagna (2001) in blue and the 

isotropic case of Rüger (2001) in green. 

Figure 2.4 shows a high level of agreement between the Ramos and Castagna 

(2001) mode converted AVO signature and that of the isotropic component of Rüger’s 

(2001) VTI reflectivity equation out to incidence angles approaching 20°. This suggests 

that the AVO crossplots may be applicable to Rüger’s (2001) VTI mode converted 

reflectivity (Equation 2.7). If significant variations in the AVO crossplotted point 
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locations can be observed in the full VTI case, the degree of anisotropy, or variations in 

these parameters, may be estimated by proxy through the position of the APS and BPS 

coordinates on the crossplot.  

The mode-converted AVO crossplot of APS and BPS described in Ramos and 

Castagna (2001) uses two-layer AVO models and plots the values of their corresponding 

APS constants (Equation 2.2a) on the x-axis and the values of their corresponding BPS 

constants (Equation 2.2b) on the y-axis. A preliminary example of such a plot is shown in 

Figure 2.5. The data used for these plots are the twenty-five gas sands used by Ramos and 

Castagna (2001). 
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Figure 2.5: Mode converted AVO crossplot illustrating a clear trend with a slope ≈ -1. 

Each color represents a different pairing of the upper and lower layer, as 

shown in the figure key. For each pairing there are twenty-five two-layer 

velocity/density models. These data are taken from twenty-five gas sands 

used by Ramos and Castagna (2001). 

In this figure, the points on Ramos and Castagna’s mode converted AVO cross-

plot tend to all cluster together, independent of the fluid saturation, for all the geological 

scenarios of these gas sands considered. All of the geological scenarios demonstrate a 
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clear trend of slope ≈ -1. There appears to be some slight separation of the trends in terms 

of their y-intercepts, but it is unclear if this is relevant to gas saturation. 

 

EXTENSIONS TO ANISOTROPY AND ESTIMATION OF APS AND BPS FROM SEISMIC DATA 

In order to test the hypothesis that points on the Ramos and Castagna (2001) style 

mode converted AVO crossplot will group together according to degree of weak elastic 

anisotropy, approximations of APS and BPS values are extracted geometrically from the 

character of the Rüger (2001) RPS(i) reflectivity plots. A means to estimate AVO 

intercept and gradient for the Rüger (2001) reflections is also proposed. In order to do 

this, I suggest employing a best fit line to the amplitudes in a modified amplitude versus 

sin2(i) plot. If both sides of equation (2.2) are divided by sin(i), it takes a form similar to 

that of the RPP(i) approximation equation presented by Shuey (1985). The right hand side 

of this new form of Equation (2.2) has only a sin2(i) and thus may be expressed as 

𝑦 = 𝐴 + 𝐵𝑥                (2.8) 

with the parameterization defined as 

               𝑦 =
𝑅𝑃𝑆(𝑖)

sin 𝑖
              (2.8a) 

and 

𝑥 = sin2𝑖.       (2.8b) 

The y-intercept value here is parameterized as RPS/sin(i) vs sin2(i) plot. The BPS value is 

simply the slope of the RPS/sin(i) term in the RPS/sin(i) vs sin2(i) plot. Thus, in order to 
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make a visual interpretation easier, it is helpful to plot the reflectivity divided by the 

sin(i) versus the entire range of sin2(i). In this domain, the reflectivities divided by sin(i) 

versus sin2(i) are straight lines with slope BPS. In other words, the Rüger (2001) equation 

divided on both sides by sin(i) and a line of best fit is calculated for each curve. From 

these best fit lines, APS and BPS values can be estimated so that the AVO attribute 

information from the Rüger (2001) reflectivities are suitable for AVO A-B crossplot 

analysis. The “new” attributes presented here are derived geometrically from Rüger’s 

(2001) reflectivity equations and shall be denoted as APS and BPS in order to distinguish 

them from Ramos and Castagna’s (2001) A and B attributes. 

 Figure 2.6 shows a comparison of Ramos and Castagna’s (2001) isotropic PSV 

reflectivity to the isotropic component of Rüger’s (2001) PSV reflectivity used in Figure 

2.4, except these reflectivities are plotted in the parameterized space defined by 

Equations 2.8. Notice how Ramos and Castagna’s (2001) PSV reflectivity is exactly a 

straight line, whereas, Rüger’s (2001) PSV reflectivity deviates slightly from linearity. 

The reason for this deviation of Rüger’s (2001) PSV reflectivity from linearity is the 

presence of the cos(i) and cos(j) terms in the Rüger reflectivity approximation. These 

cosine terms introduce a minimal yet noticeable degree of curvature of the reflectivities 

in the parameterized space because they vary slightly with incident angle. Also note that 

the difference of about 15% between the two curves at sin2(i) = 0.25 (sin(i) = 30°) is the 

same as the fractional difference in the curves at 30° in Figure 2.4. 
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Figure 2.6: Reflectivity equations from Ramos and Castagna (2001) in blue and the 

isotropic case of Rüger (2001) in green, both plotted in the parameterized 

space defined by Equations 2.8. 

VTI Anisotropy 

In order to illustrate the effect of varying Thomsen’s δ and ε parameters, only one 

of these anisotropic parameters is varied at a time while holding the other parameter 

constant. In this way, the degree to which each parameter affects the AVO attributes will 
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is varied from -0.08 to 0.1. The same model as used for Figures 2.4 and 2.6, with 

appropriate additions for δ and ε, is used for these calculations. Figure 2.8 shows these 

same AVO signatures except with the parameterization of the reflectivity divided by 

sin(i) on the y-axis vs. the quantity sin2(i) on the x-axis. Note that I have omitted values at 

i < 10° because of the large correction resulting from dividing by sin(i) and the very low 

values of reflectivity in this range. Consistant with Figure 2.6, the results are nearly 

straight lines in this RPS/sin(i) versus sin2(i) domain. Note that the slight curvature in 

these lines arises from the observation that the Rüger (2001) reflectivity approximations 

for VTI media are not exactly equal to the Ramos and Castagna (2001) approximations, 

except for the purely isotropic medium. 
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Figure 2.7: Variations in AVO signatures result from varying Thomsen’s δ parameter 

from -0.08 to 0.1 in Rüger’s (2001) PSv reflectivity equations. Thomsen’s ε 

parameter remains constant at zero for all signatures. Not only does the 

magnitude of the reflection coefficient vary with various δ values, the trend 

of the curve varies as well. The positive deltas have positive trends and the 

negative deltas generally have negative trends. 
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Figure 2.8: AVO signatures vary in parameterized space as Thomsen’s δ parameter is 

varied from -0.08 to 0.1 while Thomsen’s ε parameter remains constant at 

zero. In this parameterized space, the reflectivity on the y-axis is divided by 

sin(i) and that sin2(i) is mapped onto the x-axis. The curves with delta values 

greater than 0.04 have positive trends, and the deltas with values less than 

0.04 have negative trends. Rüger’s PSv relation does contain a slight 

dependence on the angle of incidence for VTI, resulting in a slight deviation 

from a straight line. Reflections in the range of 0° < i < 10°, where 

reflectivity is very low and sin(i) in the denominator will lead to large noise 

values, are omitted. 
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Figure 2.9 shows how AVO signatures vary for a range of values of Thomsen’s ε 

parameter ranging from 0 to 0.09. Note that all of the sensitivity is at incidence angles 

greater than 15°. Figure 2.10 shows the AVO signatures from Figure 2.9 in the 

parameterized space similar to Figure 2.8. Note the “true” linear dependence at Δε = 0 

(isotropic) and the “significant” curvature for Δε > 5%. Nonetheless, straight lines may be 

fit to these data, and may provide an analytically useful interpretive attribute. 
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Figure 2.9: This figure shows the varying of AVO reflections as Thomsen’s ε parameter 

is varied from 0 to 0.09 while Thomsen’s δ parameter remains constant at 

zero. All of the curves have positive slopes at the near offsets and negative 

slopes at the far offsets. There is a more than 400% increase in the reflection 

coefficient between the ε = 0 value to the ε = 0.09 value at 30º incident 

angle, and essentially no sensitivity at angles less than 15°. 
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Figure 2.10: This figure shows varying AVO signatures in parameterized space as 

Thomsen’s ε parameter is varied from 0 to 0.09 while Thomsen’s δ 

parameter remains constant at zero. Notice that in this parameterized space, 

the reflectivity on the y-axis is divided by sin(i) and that sin2(i) is mapped 

onto the x-axis. All of the curves have a negative trend, but some are more 

negative than others. The increase from the reflectivity for the ε = 0 curve to 

the ε = 0.09 is about 500% at the 30º incident angle. Note the near-linearity 

of the traces, especially at Δε < 5%, suggesting the extraction of slope and 

intercept terms. 

Figures 2.7-2.10 demonstrate a method of extracting the APS and BPS constants 

(Equation (2.2a) and Equation (2.2b)) necessary for the type of crossplot analysis 

demonstrated by Ramos and Castagna (2001). The y-intercepts from Figure 2.8 and 
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Figure 2.10 are approximately equal to the APS constant from Equation (2.2a), and the 

slopes from Figure 2.8 and Figure 2.10 are approximately equal to the BPS constant from 

Equation (2.2b). One significance of the RPS/sin(i) versus sin2(i) domain is the ease of 

using conventional AVO analysis software to extract APS and BPS values. Once the 

amplitudes of CMP gathers are modified to the new domain, conventional AVO analysis 

software should be capable of extracting these attributes. I would recommend omitting 

data for i < 10° from the analysis to avoid the increase in amplitude of noise in the 

absence of expected reflection amplitudes. The next step is to fully address how these 

constants vary with varying Thomsen’s δ and ε parameters using Rüger’s relations for 

anisotropic media. Such a technique may allow extraction of interpretive attributes that 

are sensitive to variations in parameters describing anisotropy. 

 

Analysis of APS and BPS Information 

As described by Ramos and Castagna (2001), mode converted AVO crossplots 

demonstrate that the BPS constant (2.2b) tends to vary more significantly than the APS 

constant (2.2a) as the geologic scenario changes. Furthermore, equations 2.7a and 2.7b 

suggest that all of the AVO dependence of Δε, and much of the AVO dependence of Δδ, 

is in the BPS term. Thus, emphasis should be placed on analyzing how the BPS constant 

varies with varying Thomsen’s δ and ε parameters. Figure 2.11 plots BPS vs Δδ. The 

relationship between BPS and Δδ is clearly linear with a negative slope, indicating a 

negative correspondence. Figure 2.12 plots BPS vs. Δε. The relationship between BPS and 
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Δε is also linear, but it has a positively related correspondence as indicated by the positive 

slope. Figure 2.13 summarizes the effect of varying both of Thomsen’s δ and ε 

parameters at the same time. 

 

Figure 2.11: Plot of the approximated B values (BPS) described in Ramos and Castagna 

(2001) and extracted from the proposed parameterization of Rüger’s (2001) 

reflectivity plot shown in Figure 2.8 versus changes in Thomsen’s δ 

parameter. 
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Figure 2.12: Plot of the approximated B values (BPS) described in Ramos and Castagna 

(2001) and extracted from the proposed parameterized Rüger (2001) 

reflectivity plot shown in Figure 2.10, plotted versus contrasts in Thomsen’s 

ε parameter. Not the doubling of the values of BPS for a less than 10% 

change in Δε. 
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Figure 2.13: This plot illustrates the variation of BPS resulting from the variation of both 

Thomsen’s δ parameter and Thomsen’s ε parameter. The colors scale with 

the value of BPS. The geologic model used to general this plot is taken from 

the Woodford Shale. The upper layer is an idealization of the middle unit of 

the Woodford Shale and the lower layer is an idealization of the lower unit 

of the Woodford Shale. The parameters of the upper layer are Vp = 

4.161km/s, Vs = 2.687km/s, and a ρ = 2.46g/cc. The parameters of the lower 

layer are Vp = 3.987km/s, Vs = 2.591km/s, and a ρ = 2.53g/cc. 

Figures 2.11-2.13, like Figure 2.4 and Figures 2.7-2.10, use a common model for 

velocities and densities of an upper and lower layer geologic scenario. This model, for the 

Woodford Shale, is from Shan et al. (2010). Figure 2.14 assumes a simple, idealized 

model with an upper layer with a Vp = 5km/s, Vs = 3km/s, and a ρ = 2.4g/cc, and it uses a 
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lower layer with a Vp = 4km/s, Vs = 2km/s, and a ρ = 2.4g/cc. Figure 2.15 assumes an 

upper layer with a Vp = 5km/s, Vs = 2km/s, and a ρ = 2.4g/cc, and it uses a lower layer 

with a Vp = 4km/s, Vs = 2km/s, and a ρ = 2.8g/cc. The model used for Figure 2.13, taken 

from Shan et al. (2010), assumes an upper layer in the model taken from an idealization 

of the middle unit of the Woodford Shale and the lower layer in the model taken from an 

idealization of the lower unit of the Woodford Shale. The significance of Figures 2.13-

2.15 is that they illustrate that despite significant variations in compression velocities, 

shear velocities, and densities of the upper and lower layers of each respective geologic 

model, the orientation of the surface in each figure is similar to the others. Notice how 

high values of Δε combined with low (negative) values of Δδ produce the highest values 

of BPS. Conversely, low values of Δε combined with high (positive) values of Δδ produce 

the lowest values of BPS.   These models suffice for studying the effect of varying 

Thomsen’s δ and ε parameters on BPS, but they do not sufficiently describe how to 

delineate effectively anisotropic shales in practice. In order to do this, using the Ramos 

and Castagna (2001) style, mode-converted crossplot becomes useful.  

 

APS-BPS CROSSPLOTS FOR VARIATIONS IN ANISOTROPY 

Figure 2.16 is a crossplot of APS and BPS attributes that illustrates the effect of 

varying Thomsen’s δ parameter for all of the twenty-five gas-sand scenarios illustrated in 

Figure 2.5. Note that the colors now represent values of Thomsen’s δ parameter, rather 
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than formation pairings as they did for Figure 2.5. This includes combinations of gas and 

brine saturated sands. 

 

Figure 2.14: This plot illustrates the variation of BPS resulting from the variation of both 

Thomsen’s δ parameter and Thomsen’s ε parameter. The colors scale with 

the value of BPS. The parameters of the upper layer are Vp = 5km/s, Vs = 

3km/s, and a ρ = 2.4g/cc. The parameters of the lower layer are Vp = 4km/s, 

Vs = 2km/s, and a ρ = 2.4g/cc. This model illustrates the relationship 

between both Δδ and Δε and the BPS AVO attribute. 
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Figure 2.15: This plot illustrates the variation of BPS resulting from the variation of both 

Thomsen’s δ parameter and Thomsen’s ε parameter. The colors scale with 

the value of BPS. The parameters of the upper layer are Vp = 5km/s, Vs = 

2km/s, and a ρ = 2.4g/cc. The parameters of the lower layer are Vp = 4km/s, 

Vs = 2km/s, and a ρ = 2.8g/cc. This model illustrates the relationship 

between both Δδ and Δε and the BPS AVO attribute. 
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Figure 2.16: Mode-converted AVO crossplot using the geologic scenarios from Figure 

2.5 and varying Thomsen’s δ parameter from -0.06 to 0.1. Thomsen’s ε 

parameter is held constant at zero. 

Taking a more analytical look at Figure 2.16, it is clear that the groups of points 

corresponding to each value of Thomsen’s δ parameter are not completely isolated from 

one another, but they do follow clear trends. For example, there are instances in which 
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above and to the right of light blue points (Δδ = -2%). The significance of this is that 

there is not a unique correspondence between values of δ contrasts and areas on the 

crossplot with unique values of Δδ. Keep in mind that there is a wide variation in the 

twenty-five sands, as well as both brine and gas saturation for the sands, used for this 

example. One possible way to mitigate this problem of non-uniqueness is to limit the 

AVO crossplot analysis to a single, localized region of the subsurface representing a 

relatively homogeneous geologic environment. This should reduce the scatter caused by 

widely varied velocity/density models and help establish a clearer, more precise trend in 

the crossplot. A narrower degree of scatter in the trend may allow high δ values to be 

interpreted with greater confidence. The contrasts in ε, shown in Figure 2.17, are similar 

in character to Figure 2.16 except with Thomsen’s ε parameter varying while Thomsen’s 

δ parameter is held constant at zero. Also, Δε is independent of the APS value, which is 

reflected as vertical trends for each of the twenty-five samples. 
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Figure 2.17: Mode-converted AVO crossplot using the geologic scenarios from Figure 

2.5 and varying Thomsen’s ε parameter from 0.01 to 0.09. Thomsen’s δ 

parameter is held constant at zero. 

The variation of Thomsen’s δ parameter from -0.06 to 0.1 clearly affects the y-

intercept to a much greater degree than the variation of Thomsen’s ε parameter from 0.01 
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that it might be practical to invert for Thomsen’s δ parameter from seismic data as well as 

for Thomsen’s ε parameter from seismic data. 

Another way to potentially ease the interpretation of δ and ε values from the 

mode-converted wave AVO crossplot is to apply statistical methods in order to determine 

probabilities, rather than absolutes, of there being a formation with an anomalous δ value 

under a particular layer-to-layer interface. 

Figure 2.18 is a three-dimensional plot illustrating the effect of varying both Δδ 

and Δε on APS and BPS. It would be very difficult to interpret this plot visually, but the 

data represented here may prove to be useful for statistical analysis. The important 

takeaway point from Figure 2.18 is that Δδ and Δε have a similar magnitude of an effect 

on APS and BPS making it difficult to study the effect of both parameters at the same time 

without some prior knowledge of local the parameter distributions. 
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Figure 2.18: Three-dimensional AVO crossplot with ε values varying on the z-axis. The 

values of δ vary with color and the x and y axes represent APS and BPS 

coefficients as they did in Figure 2.16. 
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Chapter 3: Applications2 

APPLYING PSV AVO TO SHALE PLAYS 

The converted-wave AVO attributes from Chapter 2 are potentially useful for 

characterizing rock properties at depth, particularly anisotropic characterization. These 

attributes will likely be most useful in localized regions where more precise trends can be 

defined to allow for finer scale calibration of the AVO crossplots, especially for 

estimation of variations in anisotropy. The twenty-five models taken from Castagna and 

Smith (1994) are derived from sandstone samples taken from a very diverse set of 

localities, making their respective AVO crossplots highly scattered. When models are 

generated from much more localized regions, their associated converted-PSV wave AVO 

attribute crossplots might isolate anisotropy variations much more clearly. 

To evaluate the effects of variations in ε and δ on the PSV AVO attributes APS and 

BPS, we need to include the effects of variations in the background VP, Vs, and ρ 

parameters. Recall from Chapter 2 that, in Rüger’s equations, the variations in VP, VS, and 

ρ control the isotropic response, and the changes in ε and δ across the reflecting interface 

provide additional dependency on APS and BPS. To evaluate the total effects of Δε and Δδ 

on APS and BPS in the presence of variations in background VP, VS, and ρ values, I test for 

the isolation of trends in APS vs. BPS plots with respect to Δε and Δδ for a set of statistical 

                                                 
2 Parts of this chapter have been published as a Society of Exploration Geophysicists (SEG) Expanded 

Abstract for the SEG’s 2014 Annual Meeting. The coauthors of this Expanded Abstract were Robert H. 

Tatham and Kyle T. Spikes. Each of these contributing authors contributed advice on this Expanded 

Abstract. The abstract is titled “Characterization of VTI Media with PSV AVO Attributes.” 
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variations in VP, VS, and ρ. In particular, values in VP, VS, and ρ are statistically varied 

about mean values of VP, VS, and ρ. These variations are expressed in terms of a standard 

deviation of one hundred values about a mean value. Thus, I seek to test if there are 

observable trends for Δε and Δδ in APS vs. BPS crossplots for a range of background VP, 

VS, and ρ values that would be associated with spatial changes in reservoir properties. 

Figure 3.1 shows a crossplot of APS and BPS attributes for a single interface 

simplified characterization of the Woodford Shale with defined variations in Thomsen’s δ 

parameter and the ε parameter held constant. The upper medium for this example 

(representing the middle Woodford in the model used by Shan et. al. (2010)) used VP = 

4.16 km/s, VS = 2.68 km/s, and ρ = 2.46 g/m3. The lower medium (actually half-space) of 

the example illustrated in Figure 3.1 uses the lower Woodford interval of Shan et al. 

(2010) model, but it is expanded to one hundred individual values by statistical 

selections. The mean values for each respective rock property expand to one hundred 

values from mean values of VP = 4.07 km/s, VS = 2.68 km/s, and ρ = 2.49 g/m3. As 

discussed above, the purpose of using these statistical variations is to test the sensitivity 

of APS and BPS attributes analysis to detection of changes in ε and δ. The question is, can 

we see Δε and/or Δδ in the presence of normal variations in other parameters? The 

standard deviations of these variations are chosen as 50m/s (1.2%) for compressional 

wave velocity, 50m/s (1.9%) for shear wave velocity, and 30kg/m3 (1.2%) for density. 

There are five clusters of points in Figure 3.1, each around a specific value of Δδ. 

Each trend has approximately the same slope in APS vs. BPS. The trends, however, have 
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different y-intercepts. As Thomsen’s δ parameter is increased, the y-intercepts of the 

clusters decrease. This shows a clear separation of trends with respect to Δδ, for these 

small variations in background parameters. 
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Figure 3.1: APS-BPS crossplot for an idealization of Woodford Shale parameters with 

Thomsen’s δ parameter varied while the ε parameter is held constant. For 

this model, a single interface is considered with the upper medium as the 

middle unit of the Woodford Shale model and the lower medium as the 

lower unit of the Woodford Shale model. The upper medium remains 

constant values for VP, VS, and ρ. To isolate variations in VP, VS, and ρ from 

variations in anisotropic parameters, the lower medium uses VP, VS, and ρ 

that are normally distributed about a statistical mean with a defined standard 

deviation. The means and standard deviations for this idealized geological 

reflecting interface are listed in the figure table in units of km/s and g/cm3. 
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Figure 3.2 uses the same assumptions as Figure 3.1, except Thomsen’s ε 

parameter is varying while the δ parameter is fixed. The trends for this plot have the same 

approximate negative one slope, except unlike Figure 3.1, the y-intercept of each cluster 

increases with increasing Thomsen’s parameter, this time ε. This shows that increasing 

Thomsen’s δ parameter has an opposite effect on the y-intercept of an AVO cluster than 

increasing Thomsen’s ε parameter. There appears to be a potential compensation between 

the two parameters as to which will have the greater effect on the y-intercept. In regions 

where there is an anomalous value of Thomsen’s δ and a more moderate value for 

Thomsen’s ε parameter, there will be a negative correspondence between the degree of 

anisotropy and the y-intercept of the trend of AVO APS-BPS coordinate pairs. In regions 

where there is an anomalous value of Thomsen’s ε and a more moderate value for 

Thomsen’s δ parameter, there may be a positive correspondence between the degree of 

anisotropy and the y-intercept of the trend of AVO APS–BPS coordinate pairs. Overall, for 

these statistical variations in VP, VS, and ρ, there is a clean separation in trends for each 

contrast in ε. 
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Figure 3.2: APS-BPS crossplot for an idealization of the Woodford Shale example with 

Thomsen’s ε parameter varied while Thomsen’s δ parameter is held 

constant. All parameters except δ and ε are the same as in Figure 3.1. 

Figure 3.3 shows an APS-BPS crossplot for an idealization of the liquids-dominated 

Bakken shale with contrasts in Thomsen’s δ while Thomsen’s ε parameter is held 

constant. For this example, the upper medium is the middle unit of the Bakken shale and 

the lower medium is the lower unit of the Bakken Shale model described by Ye et al. 

(2010). The middle unit of the Bakken shale is composed of a mix of clastics and 
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carbonates, while the lower unit of the formation is a dark marine shale with high organic 

content. The upper medium in this example maintains constant values of VP = 4.78 km/s, 

VS = 2.86 km/s, and ρ = 2.61g/cm3. As in the Woodford example, the lower medium for 

Figure 3.3 uses VP, VS, and ρ values that are normally distributed about a mean. These 

means are chosen as VP = 2,990m/s, VS = 1,820m/s, and ρ = 2,250kg/m3. The standard 

deviations selected for these distributions are 110m/s (3.7%) for compressional wave 

velocity, 50m/s (2.8%) for shear wave velocity, and 10kg/m3 (0.4%) for density. 
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Figure 3.3: APS-BPS crossplot for an idealization based on the Bakken Shale with 

Thomsen’s δ parameter varied while Thomsen’s ε parameter is held 

constant. For this example, a single interface is considered with the upper 

medium as the middle unit of the Bakken Shale and the lower medium as 

the lower unit of the Bakken Shale in the model of Ye et al. (2010). The 

upper medium remains constant values for VP, VS, and ρ. To isolate 

variations in VP, VS, and ρ from variations in anisotropic parameters, the 

lower layer uses VP, VS, and ρ that are normally distributed about a mean. 

The means and standard deviations for this idealized geological reflecting 

interface are listed in the figure table in units of km/s and g/cm3. 
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Figure 3.4 is similar to Figure 3.3, except contrasts in Thomsen’s ε parameter are varying 

while Thomsen’s δ parameter is fixed for all APS–BPS crossplot coordinate pairs. 

Both Figure 3.3 and Figure 3.4 show similar behavior, respectively, to Figure 3.1 

and Figure 3.2. The placement of the clusters, however, has shifted up and to the left of 

the crossplot origin. Observe that the clusters in Figure 3.1 and Figure 3.2 lie 

immediately next to the x = 0, y = 0 origin. In contrast, the clusters in Figure 3.3 and 

Figure 3.4 are up and to the left of the origin, indicating that the AVO trends in the 

parameterized space for these points have negative y-intercepts and positive slopes. These 

differences in “domains” in the APS-BPS crossplots are attribute to the rather significant 

difference in character of the gas-saturated Woodford Shale and the liquid-saturated 

Bakken Shale. 
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Figure 3.4: APS-BPS crossplot for an idealization of the Bakken Shale with Thomsen’s ε 

parameter varied while Thomsen’s δ parameter is held constant. All other 

parameters are the same as Figure 3.3. 

Notice that for Figures 3.1-3.4, there is a much greater degree of separation 

between degrees of anisotropy than for the AVO attributes APS and BPS presented in 

Chapter 2. The reason for this is that the background velocity/density models follow a 

much narrower range of values for these shale formation models than for the twenty-five 

sandstones models from Castagna and Smith (1994). For this reason, it appears to be 
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possible to use this type of converted-wave AVO crossplot analysis to use Δε and/or Δδ 

as a proxy to discriminate better pay zones from lower pay zones in organic shale 

formations according to the degree of intrinsic VTI anisotropy displayed in the each zone, 

at least in the presence of rather small variations in background VP, VS and ρ values. The 

more productive pay zones are often called “sweet spots”. If organic shale formations 

have limited variation in compressional velocity, shear velocity, and density for different 

locations in a producing area, it may be possible to apply these PSV AVO attributes with 

potentially improved drilling results for some shale plays. Color-coded attribute maps 

based on these AVO trends might indicate for where likely high pay zones exist on map 

view, ultimately saving oil and gas companies money by maximizing their production 

through optimized well locations. 

Note that the crossplots in Figures 3.1-3.4 assume that the upper medium of each 

two layer model remains constant throughout the formation. This may be a relatively 

reliable assumption, yet, even when the upper layer varies in addition to the lower layer, 

the crossplots still show a very optimistic degree of discrimination potential. Figure 3.5 

and Figure 3.6 are similar to Figure 3.3 and Figure 3.4 respectively, except the VP, VS, 

and ρ are varying in the upper medium as well as the lower layer. The standard deviations 

of the normal distributions of the upper layer are 120m/s (2.5%) for the VP, 50m/s (1.8%) 

for the VS, and 10kg/m3 (0.4%) for ρ. The standard deviations of the normal distributions 

of the lower layer are 110m/s (3.7%) for the compressional velocity, 50m/s (2.8%) for the 

shear velocity, and 10kg/m3 (0.4%) for their density. 
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Figure 3.5: APS-BPS crossplot for an idealization of the Bakken Shale with Thomsen’s δ 

parameter varied while Thomsen’s ε parameter is held constant. For this 

example, a single interface is considered with the upper medium as the 

middle unit of the Bakken Shale model of Ye et al. (2010) and the lower 

medium as the lower unit of the Bakken Shale model of Ye et al. (2010). To 

isolate variations in VP, VS, and ρ from variations in anisotropic parameters, 

both the upper and lower media use VP, VS, and ρ that are normally 

distributed about mean values. The means and standard deviations for this 

idealized geological reflecting interface are listed in the figure table in units 

of km/s and g/cm3. 
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Figure 3.6: APS-BPS crossplot for an idealization of the Bakken Shale with Thomsen’s ε 

parameter varied while Thomsen’s δ parameter is held constant. All other 

parameters are the same as in Figure 3.5. 

The potential for discrimination according to anisotropy for both Figure 3.5 and 

Figure 3.6 is quite optimistic, even despite variations in the three parameters for both the 

lower and the upper medium of the models. This observation is very encouraging because 

it signifies that these mode-converted AVO methods could be able to detect sweet spots 

in shale gas plays using real seismic data. 
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Figure 3.7 is a crossplot that uses a generalized model representing the Eagle Ford 

shale. This model was created using approximations derived from Ebrom and Whitle 

(2000), Kwabi (2013), and Tatham et al. (1991). In this APS-BPS crossplot, Thomsen’s δ 

parameter is varied while the ε parameter is held constant. The upper medium of this 

example is the Austin chalk and has VP = 3,050m/s, VS = 1,130m/s, and ρ = 2,400kg/m3. 

The lower medium of this example is representative of the Eagle Ford shale, and it has 

mean model parameters of VP = 3,750m/s, VS = 1,800m/s, and ρ = 2,500kg/m3. The 

standard deviations of these distributions are chosen as 50m/s (1.3%) for VP, 40m/s 

(2.2%) for VS, and 30kg/m3 (1.2%) for ρ. 
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Figure 3.7: APS-BPS crossplot for an idealization of the Eagle Ford Shale with Thomsen’s 

δ parameter varied while the ε parameter is held constant. For this example, 

a single interface is considered with the upper medium as the Austin chalk 

and the lower layer as characteristic of the Eagle Ford Shale. The upper 

layer remains constant for VP, VS, and ρ. To isolate variations in VP, VS, and 

ρ from variations in anisotropic parameters, the lower layer uses VP, VS, and 

ρ that are normally distributed about a mean. The means and standard 

deviations for this idealized geological reflecting interface are listed in the 

figure table in units of km/s and g/cm3. 
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Figure 3.8 is similar to Figure 3.7, except Thomsen’s ε parameter is varying while 

the δ parameter is fixed. Figures 3.9 and 3.10, like the Bakken example in Figures 3.5 and 

3.6, are similar to Figures 3.7 and 3.8, except the compressional wave velocity, shear 

wave velocity, and density are varying in both the layers. The standard deviations of their 

normal distributions are 50m/s (2.5%) for the compressional velocity, 40m/s (1.8%) for 

the shear velocity, and 30kg/m3 (0.4%) for their density. 
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Figure 3.8: APS-BPS crossplot for an idealization of the Eagle Ford Shale with Thomsen’s 

ε parameter varied while Thomsen’s δ parameter is held constant. All other 

parameters are the same as Figure 3.7. 
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Figure 3.9: APS-BPS crossplot for an idealization of the Eagle Ford Shale with Thomsen’s 

δ parameter varied while Thomsen’s ε parameter is held constant. For this 

example, a single interface is considered with the upper as the Austin chalk 

and the lower medium as characteristic of the Eagle Ford Shale. To isolate 

variations in VP, VS, and ρ from variations in anisotropic parameters, both 

the upper and lower media use VP, VS, and ρ that are normally distributed 

about mean values. The mean values and standard deviations for this 

idealized geological reflecting interface are listed in the figure table in units 

of km/s and g/cm3. 
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increasing anisotropy lowers the A-B coordinate pairs on the crossplot shown in Figure 

3.9, while increasing the anisotropy raises the A-B coordinate pairs on the crossplot 

illustrated in Figure 3.10. This difference between the effect of increasing Δδ and 

increasing Δε is present in Figures 3.1-3.8 as well. 

Figures 3.1 through 3.10 are encouraging because they demonstrate the potential 

utility of applying converted-wave AVO as a proxy for sweet spot delineation in shale 

plays. At the same time, it is important to note that sweet spot delineation using this form 

of AVO attribute analysis is contingent upon the assumption that the degree of VTI 

anisotropy in an area, as measured by Thomsen’s parameters, is correlated with 

characteristic rock parameters. Another vital assumption necessary for this type of AVO 

analysis to be of use is that Thomsen’s parameters vary to a greater percentage than 

variations in background velocities and densities for a given shale formation. Thus, the 

“standard deviation” in VP, VS, and ρ may be crucial to the stability of this method to 

adequately characterize these shales. If these assumptions are valid in a particular 

locality, attribute maps derived from similar crossplots to those illustrated in Figures 3.1 

through 3.10 may be valuable for locating economical deposits of hydrocarbons, even in 

shale plays. 

 One potential caveat to the notion that PSV AVO can be applied to shale plays is 

the fact that Thomsen’s δ parameter and Thomsen’s ε parameter seem to compensate one 

another in terms of which parameter will dominate the value of the y-intercept on the 

converted-wave AVO crossplot. It will therefore be important to calibrate any such 
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crossplot analysis according to which of Thomsen’s parameters seems to be more widely 

varying laterally in the specific region of interest. 

 

 

Figure 3.10: APS-BPS crossplot for an idealization of the Eagle Ford Shale with Thomsen’s 

ε parameter varied while the δ parameter is held constant. All other 

parameters are the same as Figure 3.9. 
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APPLICABILITY ANALYSIS 

Figures 3.1-3.4 and 3.7-3.8 use constant VP, VS and ρ values above and 

statistically variable VP, VS and ρ values below a single interface. These are also 

expressed as constant variations. In order to further evaluate the degree of variation in VP, 

VS and ρ that can be tolerated in order for this type of PSV AVO analysis to proceed, 

crossplots constructed using solely a percent standard deviation from average velocities 

and densities, rather than fixed values, are analyzed. Figure 3.11 is an APS-BPS crossplot 

in which the average seismic properties of compressional and shear velocity and density 

contrast are taken from the same representation of the Woodford Shale used for Figure 

3.1 and Figure 3.2. The difference between this plot and Figure 3.1, however, is that the 

standard deviations in the three respective sets of seismic properties are defined as 

percentages of the average values, rather than fixed difference values. Figure 3.12 is a 

crossplot with the same difference that Figure 3.11 and Figure 3.1 had between itself and 

Figure 3.2. The standard deviations of all three seismic properties (i.e., VP, VS and ρ) is 

the same percentage value of their respective averages for both Figure 3.11 and Figure 

3.12. This value is ±5%. 
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Figure 3.11: APS-BPS crossplot for a representation of the Woodford Shale with 

Thomsen’s δ parameter varied while the ε parameter is held constant. For 

this model, a single interface is considered with the upper medium as the 

middle unit of the Woodford Shale and the lower layer as the lower unit of 

the Woodford Shale in the model of Shan et al. (2010). The upper layer 

remains constant for VP, VS, and ρ. To isolate variations in VP, VS, and ρ 

from variations in anisotropic parameters, the lower layer uses VP, VS, and ρ 

that are normally distributed about a mean. The means and standard 

deviations for this idealized geological reflecting interface are listed in the 

figure table in units of km/s and g/cm3. 
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Figure 3.12: APS-BPS crossplot for an idealization of the Woodford Shale with Thomsen’s 

ε parameter varied while the δ parameter is held constant. All other 

parameters are the same as Figure 3.11. 
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consequence of a wider range of AVO intercept and AVO gradient values. Nonetheless, 

there are observable differences in the trends for Δε and Δδ. 

 Figure 3.13 and Figure 3.14 are similar to Figure 3.11 and Figure 3.12 

respectively, except the standard deviation of the lower parameters is 2.5% for all three 

seismic parameters, rather than 5%. Notice the anisotropy trends are much clearer in 

Figure 3.13 and Figure 3.14 than in Figure 3.11 and Figure 3.12. This suggests that there 

are limits to tolerable variations in VP, VS, and ρ for converted-wave AVO to be applied 

to the Woodford Shale. 
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Figure 3.13: APS-BPS crossplot for an idealization of the Woodford Shale with Thomsen’s 

δ parameter varied while Thomsen’s ε parameter is held constant. For this 

model, a single interface is considered with the upper medium as the middle 

unit of the Woodford Shale and the lower medium as the lower unit of the 

Woodford Shale model of Shan et al. (2010). The upper medium remains 

constant for VP, VS, and ρ. To isolate variations in VP, VS, and ρ from 

variations in anisotropic parameters, the lower layer uses VP, VS, and ρ that 

are normally distributed about a mean. The means and standard deviations 

for this idealized geological reflecting interface are listed in the figure table 

in units of km/s and g/cm3. 
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Figure 3.14: APS-BPS crossplot for an idealization of the Woodford Shale with Thomsen’s 

ε parameter varied while the δ parameter is held constant. All other 

parameters are the same as Figure 3.13. 

Figure 3.15 is a crossplot in which the average seismic properties of 

compressional and shear velocity and density contrast are taken from the same 

representation of the Bakken shale used for Figure 3.3 and Figure 3.4. The difference 

between this plot and Figure 3.3, however, is that the standard deviations in the three 

respective sets of seismic properties are defined as percentages of the average values, 
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rather than set values. Figure 3.16 is a crossplot with the same difference that Figure 3.15 

and Figure 3.3 had between itself and Figure 3.4. The standard deviation of all three 

seismic properties, compressional velocity, shear velocity, and density, is the same 

percentage value of their respective averages for both Figure 3.15 and Figure 3.16. This 

value is 5%. 
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Figure 3.15: APS-BPS crossplot for an idealization of the Bakken Shale with Thomsen’s δ 

parameter varied while the ε parameter is held constant. For this model, a 

single interface is considered with the upper medium as the middle unit of 

the Bakken Shale and the lower medium as the lower unit of the Bakken 

Shale from the model of Ye et al. (2010). The upper layer remains constant 

for VP, VS, and ρ. To isolate variations in VP, VS, and ρ from variations in 

anisotropic parameters, the lower layer uses VP, VS, and ρ that are normally 

distributed about a mean. The mean values and standard deviations for this 

idealized geological reflecting interface are listed in the figure table in units 

of km/s and g/cm3. 
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Figure 3.16: APS-BPS crossplot for an idealization of the Bakken Shale with Thomsen’s ε 

parameter varied while the δ parameter is held constant. All other 

parameters are the same as Figure 3.15. 

 Figure 3.17 and Figure 3.18 are similar to Figure 3.15 and Figure 3.16, 

respectively, except the standard deviation of the lower medium parameters is 2.5% for 

all three seismic parameters, rather than 5%. The anisotropy trends are much more 

recognizable in Figure 3.17 and Figure 3.18 than in Figure 3.15 and Figure 3.16. As in 

the Woodford example, this suggests that in order for converted-wave AVO to be applied 
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to the Bakken Shale, the standard deviation of the seismic properties compressional wave 

velocity, shear wave velocity and density must be close to 2.5% or less. 

 

Figure 3.17: APS-BPS crossplot for an idealization of the Bakken Shale with Thomsen’s δ 

parameter varied while the ε parameter is held constant. For this model, a 

single interface is considered with the upper medium as the middle unit of 

the Bakken Shale and the lower medium as the lower unit of the Bakken 

Shale model of Ye et al. (2010). The upper medium remains constant for VP, 

VS, and ρ. To isolate variations in VP, VS, and ρ from variations in 

anisotropic parameters, the lower medium uses VP, VS, and ρ that are 

normally distributed about a mean. The mean values and standard deviations 

for this idealized geological reflecting interface are listed in the figure table 

in units of km/s and g/cm3. 
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Figure 3.18: APS-BPS crossplot for an idealization of the Bakken Shale with Thomsen’s ε 

parameter varied while the δ parameter is held constant. All other 

parameters are the same as Figure 3.17. 
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representation of the Eagle Ford shale used for Figure 3.7 and Figure 3.8. The difference 
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rather than set values. Figure 3.16 is a crossplot with the same difference between itself 

and Figure 3.2. The standard deviations of all three seismic properties; i.e. compressional 

velocity, shear velocity, and density; is the same percentage value of their respective 

averages for both Figure 3.15 and Figure 3.16. This value is 5%. 

The anisotropy trends visible in Figure 3.19 and Figure 3.20 are slightly clearer 

than those in the Woodford Shale and the Bakken shale for the same 5% standard 

deviation in seismic properties. These anisotropy trends in the Eagle Ford for a 5% 

standard deviation in seismic properties suggest that a greater tolerance of variation is 

allowable in this formation than in the Woodford Shale and the Bakken shale. A 5% 

variation in any or all three seismic parameters of the bottom layer appears to be a 

feasible degree of variation to allow for converted-wave AVO analysis to estimate the 

intrinsic anisotropy of the Eagle Ford shale. 
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Figure 3.19: APS-BPS crossplot for an idealization of the Eagle Ford Shale with Thomsen’s 

δ parameter varied while the ε parameter is held constant. For this example, 

a single interface is considered with the upper medium as the Austin chalk 

and the lower medium as representative of the Eagle Ford Shale. The upper 

medium remains constant for VP, VS, and ρ. To isolate variations in VP, VS, 

and ρ from variations in anisotropic parameters, the lower medium uses VP, 

VS, and ρ that are normally distributed about a mean. The means and 

standard deviations for this idealized geological reflecting interface are 

listed in the figure table in units of km/s and g/cm3. 
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Figure 3.20: APS-BPS crossplot for an idealization of the Eagle Ford Shale with Thomsen’s 

ε parameter varied while the δ parameter is held constant. All other 

parameters are the same as Figure 3.19. 

 For completeness, Figure 3.21 and Figure 3.22 are included to illustrate the effect 

of varying the three seismic parameters with a standard deviation that is 2.5% of their 

average values.  The scales of the x-axis and y-axis are the same as for Figure 3.19 and 

Figure 3.20, so the plots are comparable. Notice that the groupings of points fill a smaller 

area for Figure 3.21 and Figure 3.22. Also notice that the groupings are more distinct 
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from one another in these figures as well. This is expected because the velocity/density 

models are varying over a smaller range than for Figure 3.19 and Figure 3.20. 

 

Figure 3.21: APS-BPS crossplot for an idealization of the Eagle Ford Shale with Thomsen’s 

δ parameter varied while the ε parameter is held constant. For this example, 

a single interface is considered with the upper medium as the Austin chalk 

and the lower layer as a representation of the Eagle Ford Shale. The upper 

medium remains constant for VP, VS, and ρ. To isolate variations in VP, VS, 

and ρ from variations in anisotropic parameters, the lower layer uses VP, VS, 

and ρ that are normally distributed about a mean. The means and standard 

deviations for this idealized geological reflecting interface are listed in the 

figure table in units of km/s and g/cm3. 
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Figure 3.22: APS-BPS crossplot for an idealization of the Eagle Ford Shale with Thomsen’s 

ε parameter varied while the δ parameter is held constant. All other 

parameters are the same as Figure 3.21. 
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variations in background values of VP, VP/VS, and ρ. Such an evaluation should improve 

our insight into the applicability of APS-BPS analysis for classification of Δε and Δδ values. 

Figures 2.23-2.28 assume that the upper layer maintains constant values of VP, VS, and ρ. 

These values are representative of the actual mean values for each respective formation. 

The lower medium for each crossplot uses VP/VS, VP, and ρ values that are normally 

distributed about mean values. The VP/VS ratio in each bottom layer is varied with a 

standard deviation that is 2.5% of its mean value. The VP and ρ values are varied with 

standard deviations that are 5% of their mean values. 
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Figure 3.23: APS-BPS crossplot for an idealization of the Woodford Shale with the δ 

parameter varied while Thomsen’s ε parameter is held constant. For this 

example, a single interface is considered with the upper medium as the 

middle unit of the Woodford Shale and the lower medium as the lower unit 

of the Woodford Shale model of Shan (2010). The upper medium remains 

constant for VP, VS, and ρ. To isolate variations in VP/VS, VP, and ρ from 

variations in anisotropic parameters, the lower layer uses VP/VS, VP, and ρ 

that are normally distributed about a mean value. The mean values and 

standard deviations for this idealized geological reflecting interface are 

listed in the figure table in units of km/s and g/cm3. 
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Figure 3.24: APS-BPS crossplot for an idealization of the Woodford Shale with Thomsen’s 

ε parameter varied while the δ parameter is held constant. All other 

parameters are the same as Figure 3.23. 
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Figure 3.25: APS-BPS crossplot for an idealization of the Bakken Shale with Thomsen’s δ 

parameter varied while the ε parameter is held constant. For this example, a 

single interface is considered with the upper medium as the middle unit of 

the Bakken Shale and the lower medium as the lower unit of the Bakken 

Shale model of Ye (2010). The upper medium remains constant for VP, VS, 

and ρ. To isolate variations in VP/VS, VP, and ρ from variations in anisotropic 

parameters, the lower medium uses VP/VS, VP, and ρ that are normally 

distributed about a mean value. The means and standard deviations for this 

idealized geological reflecting interface are listed in the figure table in units 

of km/s and g/cm3. 
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Figure 3.26: APS-BPS crossplot for an idealization of the Bakken Shale with Thomsen’s ε 

parameter varied while the δ parameter is held constant. All other 

parameters are the same as Figure 3.25. 
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Figure 3.27: APS-BPS crossplot for an idealization of the Eagle Ford Shale with Thomsen’s 

δ parameter varied while the ε parameter is held constant. For this example, 

a single interface is considered with the upper medium as the Austin chalk 

and the lower medium representative of the Eagle Ford Shale. The upper 

medium remains constant for VP, VS, and ρ. To isolate variations in VP/VS, 

VP, and ρ from variations in anisotropic parameters, the lower layer uses 

VP/VS, VP, and ρ that are normally distributed about a mean value. The 

means and standard deviations for this idealized geological reflecting 

interface are listed in the figure table in units of km/s and g/cm3. 
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Figure 3.28: APS-BPS crossplot for an idealization of the Eagle Ford Shale with Thomsen’s 

ε parameter varied while the δ parameter is held constant. All other 

parameters are the same as Figure 3.27. 

 Figures 3.23-3.28 are all plotted with the same scales on their x-axes and y-axes 

and with the same percentage variation of their lower layers’ seismic parameters, so they 

are all comparable to one another. The only parameters that change from formation to 

formation are the average seismic properties of the upper and lower media. There is a 

visible amount of separation between each of the groups (colors) of constant anisotropy. 
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This demonstrates the potential applicability of these sorts of crossplots to anisotropy 

prediction using surface seismic data. 

 Notice how each formation example produces APS-BPS crossplot pairs that are in 

different regions of the crossplot. The Woodford Shale’s crossplot pairs plot around the 

origin. The Bakken Shale has coordinate pairs that plot above and to the left of the origin. 

The Eagle Ford Shale has coordinate pairs that plot below and to the right of the origin. 

These differences are simply an indication of each of the pairs’ respective y-intercepts 

and slopes in the parameterized reflectivity space defined by Equation 2.8. 

 To test the limits to variations in VP, VS, and ρ, Figures 3.29-3.34 have a much 

greater variance, compared to Figures 3.23-3.28, in their lower medium’s VP/VS, VP, and 

ρ. The VP/VS for each of these crossplots is varying with a standard deviation that is 5% 

of the mean VP/VS value in the region, and the VP and ρ are varying with standard 

deviations that are 10% of the mean VP and ρ values for each formation. As seen in 

Figures 3.29-3.34, the large range of scatter makes it nearly impossible to predict 

Thomsen’s δ and ε parameters using these crossplots. This suggests that in order for these 

APS-BPS attributes to be of use for predicting proxies for high production areas in shale 

formations, the lateral variations in the background VP/VS ratio must be limited to a 

standard deviation closer to 2.5%, and the VP and ρ values must be varying with standard 

deviations that are closer to 5%. 
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Figure 3.29: APS-BPS crossplot for an idealization of the Woodford Shale with Thomsen’s 

δ parameter varied while the ε parameter is held constant. For this example, 

a single interface is considered with the upper medium as the middle unit of 

the Woodford Shale and the lower medium as the lower unit of the 

Woodford Shale in the model of Shan et al. (2010). The upper medium 

remains constant for VP, VS, and ρ. To isolate variations in VP/VS, VP, and ρ 

from variations in anisotropic parameters, the lower layer uses VP/VS, VP, 

and ρ that are normally distributed about a mean. The mean values and 

standard deviations for this idealized geological reflecting interface are 

listed in the figure table in units of km/s and g/cm3. 
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Figure 3.30: APS-BPS crossplot for an idealization of the Woodford Shale with Thomsen’s 

ε parameter varied while the δ parameter is held constant. All other 

parameters are the same as for Figure 3.29. 
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Figure 3.31: APS-BPS crossplot for an idealization of the Bakken Shale with Thomsen’s δ 

parameter varied while the ε parameter is held constant. For this example, a 

single interface is considered with the upper medium as the middle unit of 

the Bakken Shale and the lower medium as the lower unit of the Bakken 

Shale. The upper medium remains constant for VP, VS, and ρ. To isolate 

variations in VP/VS, VP, and ρ from variations in anisotropic parameters, the 

lower medium uses VP/VS, VP, and ρ that are normally distributed about a 

mean. The means and standard deviations for this idealized geological 

reflecting interface are listed in the figure table in units of km/s and g/cm3. 
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Figure 3.32: APS-BPS crossplot for an idealization of the Bakken Shale with Thomsen’s ε 

parameter varied while the δ parameter is held constant. All other 

parameters are the same as Figure 3.31. 
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Figure 3.33: APS-BPS crossplot for an idealization of the Eagle Ford Shale with Thomsen’s 

δ parameter varied while the ε parameter is held constant. For this example, 

a single interface is considered with the upper medium as the Austin chalk 

and the lower medium as representative of the Eagle Ford Shale. The upper 

medium remains constant for VP, VS, and ρ. To isolate variations in VP/VS, 

VP, and ρ from variations in anisotropic parameters, the lower medium uses 

VP/VS, VP, and ρ that are normally distributed about a mean. The mean 

values and standard deviations for this idealized geological reflecting 

interface are listed in the figure table in units of km/s and g/cm3. 
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Figure 3.34: APS-BPS crossplot for an idealization of the Eagle Ford Shale with Thomsen’s 

ε parameter varied while the δ parameter is held constant. All other 

parameters are the same as Figure 3.33. 
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Chapter 4: Applications Using Synthetic Seismic Data 

APPLICATIONS TO WOODFORD SYNTHETIC DATA MODELLING 

Shan et al. (2010) numerically simulated the seismic responses to different 

subsurface conditions for the Woodford Shale. Their source is a Vibroseis-like, vertical 

impulse applied to a model of the Woodford Shale in Pecos County, Texas (Sil and Sen 

2008). The receivers used in the numerical simulations are multi-component (3C) 

receivers, and they are arranged in a linear (2D) array. The layers of the model include a 

VTI medium over a thin, isotropic layer (Shan et al. 2010). This arrangement of having 

the anisotropic layer over the isotropic layer is the opposite of the arrangements presented 

in Chapters 2 and 3 where the anisotropic layer was below the isotropic layer. This does 

not, however, present an incompatibility in comparing the models from this chapter to 

those of Chapters 2 and 3 because it is the contrasts (differences) in VTI anisotropy, 

rather than the absolute values, that we are interested in studying. Table 4.1 lists the 

velocities, densities, thicknesses and anisotropy parameters for the geological model 

presented in Shan et al. (2010). The depth to this layer interface is 12,805ft (3,903m), and 

the maximal offset is 6000m (Shan et al. 2010). Figure 4.1 is a set of results showing the 

observed reflection coefficients computed from extracted amplitudes of the numerically 

simulated seismic reflections. The plots on the left represent reflection amplitudes in the 

Z, or vertical, direction, while the plots on the right represent reflection amplitudes in the 

X, or radial, direction. The upper two plots represent reflected P-wave energy, while the 

bottom two plots represent mode-converted (PSV) energy. The Thomsen’s parameters for 
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the upper layer overlying the isotropic layer are varied for ε and held constant at 0.1 for 

both δ and γ. Thomsen’s ε parameter takes on the values of 0 (green), 0.05 (blue), and 0.1 

(red). 

 VP (km/s) VS (km/s) ρ (g/cm3) Thickness (m) δ ε γ 

Upper Layer 4.16 2.69 2.46 53.34 (varies) (varies) 0.1 

Lower Layer 3.99 2.59 2.53 6.01 0 0 0 

Table 4.1: Velocity, density, thickness, and anisotropy parameter values for the upper and 

lower media used for the Shan et al. (2010) plots illustrated in Figures 4.1 

and 4.4. 
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Figure 4.1: Reflection coefficients extracted from simulated amplitudes from the Shan et 

al. (2010) numerical simulations of the Woodford. The plots on the left 

represent reflection coefficients in the Z, or vertical, direction, while the 

plots on the right represent reflection coefficients in the X, or radial, 

direction. The upper two plots represent reflected P-wave energy, while the 

bottom two plots represent mode-converted energy. The Thomsen’s 

parameters for the upper, anisotropic layer overlying the isotropic layer are 

varied for ε and held constant at 0.1 for both δ and γ. Thomsen’s ε parameter 

takes on the values of 0 (green), 0.05 (blue), and 0.1 (red). The data from the 

lower (PSV) plot are considered in my analysis. 

 When these reflection amplitudes are converted into the parameterized space in a 

similar fashion to what was done to create Figure 2.7 and Figure 2.9, APS and BPS 

attribute extraction becomes feasible. Note that in order to do this, the offset has to be 

converted from meters to angle of incidence. Because we know the offsets and the depth 

to the reflecting interface in meters, the tangent function, assuming a constant velocity 
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overburden, allows us to solve for the angle of incidence. Figure 4.2 is a crossplot 

illustrating an upward trend in APS-BPS coordinate pairs representing the Z component of 

the reflection coefficient as the contrast in Thomsen’s ε is increased from 0 to 0.1. While 

there is some slight variation in the APS (intercept) attribute, the upward trend is generally 

in accordance with given the upward trends for increases in Thomsen’s ε parameter 

illustrated in Chapters 2 and 3. That the intercept changes for variations in Thomsen’s ε 

parameter does indicate a finite degree of error in the models. As described in Chapter 2, 

the AVO intercept should be constant for constant values of Thomsen’s δ parameter. The 

variations in AVO intercept seen in Figure 4.2 may be attributed to the source directivity 

effects in the numerical simulations. Figure 4.3 is the horizontal component of the 

reflection coefficient, and it, like Figure 4.2, illustrates an upward trend in APS-BPS 

coordinate pairs, this time representing the X component of the reflection coefficent as 

Thomsen’s ε is increased from 0 to 0.1. 
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Figure 4.2: Crossplot illustrating an upward trend in APS-BPS coordinate pairs of the Z 

component of the reflection coefficient as the contrast in Thomsen’s ε 

increases from 0 to 0.1. While there is some slight variation in the APS 

(intercept) attribute, the upward trend in BPS is consistent with the trends for 

increases in Thomsen’s ε parameter illustrated in Chapter 2 and Chapter 3. 
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Figure 4.3: Crossplot illustrating an upward trend in APS-BPS coordinate pairs of the X 

component of reflection coefficient as the contrast in Thomsen’s ε is 

increased from 0 to 0.1. While there is some slight variation in the APS 

(intercept) attribute, the upward trend in BPS is consistent with increases in 

Thomsen’s ε parameter illustrated in Chapter 2 and Chapter 3. 

Figure 4.4 is the response to the same Woodford model as used for Figure 4.1 

taken from Shan et al. (2010) but for variations in Thomsen’s δ parameter. As in Figure 

4.1, the plots on the left represent amplitudes in the Z, or vertical, direction, while the 

plots on the right represent amplitudes in the X, or radial, direction. The upper two plots 
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represent reflected P-wave energy, while the bottom two plots represent mode-converted 

(PSV) energy. In contrast to Figure 4.1, the Thomsen’s parameters for the upper layer 

overlying the isotropic layer are varied for δ and held constant at 0.1 for both ε and γ. 

Thomsen’s δ parameter takes on the values of -0.1 (red), -0.05 (green), 0 (blue), 0.05 

(magenta), and 0.1 (cyan). 
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Figure 4.4: Plot of the extracted amplitudes from Shan’s (2010) numerical seismic 

reflection simulations in the Woodford Shale. As in Figure 4.1, the plots on 

the left represent the reflection coefficients in the Z, or vertical, direction, 

while the plots on the right represent the reflection coefficients in the X, or 

radial, direction. The upper two plots represent reflected P-wave energy, 

while the bottom two plots represent mode-converted (PSV) energy. In 

contrast to Figure 4.1, the Thomsen’s parameters for the upper layer space 

overlying the isotropic layer are varied for δ and held constant at 0.1 for 

both ε and γ. Thomsen’s δ parameter takes on the values of -0.1 (red), -0.05 

(green), 0 (blue), 0.05 (magenta), and 0.1 (cyan). The data in the lower-left 

plot are considered in this analysis. 

When the plots in Figure 4.4 are converted into the parameterized space in a 

similar fashion to what was done to create the crossplots shown in Figure 4.2 and Figure 

4.3, APS and BPS attribute extraction can be accomplished. Figure 4.5 is a crossplot 

illustrating a trend in APS-BPS coordinate pairs representing the Z component of motion as 
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the contrast in Thomsen’s δ parameter is increased from -0.1 to 0.1. The trend is 

downward and to the right for increasing δ, which is generally what would be expected 

given the similar trends for increases in Thomsen’s δ parameter illustrated in Chapter 2 

and Chapter 3. The nonlinear trend indicates a finite degree of error in the models. These 

variations in AVO intercepts may be attributed to the source directivity effect associated 

with a vertical impulsive source. 

Figure 4.6 is similar to Figure 4.5 except it is derived from the X component of 

the PSV reflection coefficient. Notice that the trend illustrated in Figure 4.6 does not agree 

with that seen in Figure 4.5. The trend in Figure 4.6 starts in the lower left of the scatter 

for low values of δ contrast and ends in the upper right of the scatter for high values of δ 

contrast. This contradicts the trend seen in Figure 4.5 where the points plot from the 

upper left to the lower right of the scatter with increasing contrasts in Thomsen’s δ 

parameter. One possible explanation for this disagreement between the two plots is that 

Shan et al. (2010) present a more complex geological model than a simple, two-layer 

interface. Their model consists of five total layers. This means that the seismic response 

illustrated by Shan et al. (2010) responds to a total of four interfaces. It is possible that an 

interface that may have been the dominant interface that the reflected seismic energy 

responded to for the Z component may have been different from the dominant interface 

off of which the energy in the X component reflected. For this reason, it will be important 

to use a simpler model than that used by Shan et al. (2010) in order to test the 
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effectiveness of using APS and BPS attributes to characterize anisotropy in shale 

formations. 

 

Figure 4.5: Crossplot illustrating a trend in APS-BPS coordinate pairs representing the Z 

component of motion as the contrast in Thomsen’s δ parameter is increased 

from -0.1 to 0.1. The trend is downward and to the right for increasing δ 

contrast, which is generally what would be expected given the similar trends 

for increases in Thomsen’s δ parameter illustrated in Chapter 2 and Chapter 

3. 
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Figure 4.6: Crossplot showing APS-BPS locations similar to Figure 4.5, except showing 

coordinate pairs derived from the X component of the reflection coefficient 

rather than from the Z component. 
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CONCLUSIONS 

The AVO crossplots illustrated in Figure 4.2, Figure 4.3, and Figure 4.5 

deomonstrate similar trends to those presented in Chapters 2 and 3 and provide some 

confidence to the notion that converted-wave AVO analysis can be applied to shale plays 

to assist with predicting sweet spot location. These three figures are crossplots derived 

from synthetic data that model reflection coefficients that are derived from seismic 

amplitudes. Thus they include the effects of directionality associated with a vertical 

impulsive source on the surface. In contrast, the PSV crossplots presented in Chapters 2 

and 3 are derived directly from reflection coefficient calculations obtained using Rüger’s 

(2001) VTI reflectivity equation for converted-wave reflectivity. That the crossplots 

using both the reflection coefficients derived from the simulated amplitudes of Shan et al. 

(2010) and the calculated reflectivities using Rüger (2001) have similar results suggests 

that these trends may ultimately be found in real data. If the signal to noise ratio (S/N) is 

sufficiently high, real data should give similar crossplots to those found in Chapters 2-4. 

This will allow for the degree of effective VTI anisotropy to be estimated in areas with no 

well control. Assuming that velocities and densities do not vary much laterally and that 

the degree of VTI anisotropy is correlated to hydrocarbon saturation, these converted-

wave AVO crossplots may prove valuable to the oil and gas industry in their ability to 

predict production sweet spot location. 
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Chapter 5: Results, Conclusions, and a Look at Potential Future 

Investigations 

RESULTS AND CONCLUSIONS 

The study presented in this thesis tests the hypothesis that PSV AVO attributes 

may be used to characterize the degree of anisotropy, as measured by Thomsen’s δ and ε 

parameters, in shale formations. Amplitude variation with offset plots are computed for 

mode-converted (PSV) reflection coefficients and then transformed into a parameterized 

space. In this parameterized space, the y-axis represents the PSV reflection coefficient 

divided by the trigonometric sine of the angle of the incidence of the incoming ray. The 

x-axis in this parameterized space represents the sine squared of the angle of incidence of 

the incoming ray. APS (intercept) and BPS (gradient) attributes are then extracted 

geometrically from these parameterized plots by calculating each reflectivity curve’s 

extrapolated y-intercept and approximated “slope” values in this parameterized space. 

This is done in a similar fashion to how A and B attributes are commonly extracted from 

PP reflectivity plots. Once the APS and BPS values are determined, they are then 

crossplotted on APS-BPS crossplots similar to those presented by Ramos and Castagna 

(2001). 

The motive for generating these PSV crossplots is to determine if it is possible to 

observe trends on the crossplots, with varying degrees of anisotropy clustering together 

according to their respective degrees in contrast of Thomsen’s δ and ε parameters. If 
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enough separation between groups of points with different degrees of contrast in 

anisotropy can be observed in idealized geological models of reflecting interfaces, it 

might be possible to infer anisotropy trends in crossplots created using real data. A major 

strength of this method for estimating anisotropy is that the extraction of the APS and BPS 

values may be feasible using existing software applications used for deriving A and B 

attributes from PP AVO plots. A potentially necessary augmentation to these software 

applications may be an added functionality allowing the PSV reflectivity curves to be 

divided by the sine of the incident angle before they are input into the algorithm to 

calculate the AVO intercept and gradient attributes.  

 Chapter 2 of this thesis describes some preliminary testing of the utility of these 

new APS and BPS attributes to characterize anisotropy. Using upper/lower medium 

combinations created from twenty-five sandstone formation velocity/density values first 

presented in Castagna and Smith (1994), 125 different geological interfaces are tested. 

The APS-BPS crossplots generated from these data do illustrate some basis for optimism in 

their ability to estimate anisotropy. However, the anisotropy trends for these widely 

varying sandstone geologic models are difficult to observe due to the wide range of 

values, even within groupings with the same degree of anisotropy. A major challenge in 

estimating the Thomsen’s δ and ε parameters from these data are that the trends have a 

high degree of overlap with one another, presenting a significant amount of ambiguity in 

the estimation process. Fortunately, some shale formations that have been reliable oil and 

gas producers may have variations in their seismic properties (velocities and densities) 
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that are significantly less than the variations between the formations presented in 

Castagna and Smith (1994). 

 Chapter 3 builds on the optimistic results from Chapter 2, this time applying AVO 

APS and BPS attributes to statistically varying shale models. The models are based on the 

Woodford, Bakken, and Eagle Ford shale formations. Taking many values of seismic 

properties that are normally distributed about realistic mean values for each formation, an 

encouraging degree of separation between trends with different degrees of VTI 

anisotropy are observed on APS-BPS crossplots. However, a limit in the ability of the 

crossplot to estimate Thomsen’s δ and ε parameters appears to be reached when the VP/VS 

ratio varies with a standard deviation that approaches 5% of its mean value and the VP 

and ρ values vary with standard deviations that are 10% of their mean values. Because of 

this limitation, it appears that in order for APS-BPS crossplots to estimate the degree of 

VTI anisotropy in shales, the formations might have small spatial variations (between 

2.5%-5% for VP/VS and 5%-10% in their bulk seismic parameters). 

 Another possible limitation apparent in the APS-BPS crossplots from Chapter 3, as 

well as those from Chapter 2, is that the trends in Thomsen’s δ and ε parameters 

demonstrate a partially counteracting effect in terms of the directions of their trends as 

each parameter increases from zero. As the contrast in ε parameter increases, the 

respective APS-BPS coordinate pairs move upward on the crossplots. However, as the 

contrast in δ parameter increases, the respective APS-BPS coordinate pairs move downward 

on the crossplots. While there is also a horizontal component to the trend for variations in 
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the δ parameter that is not present in the ε parameter, there is a clear challenge for the 

case that both δ and ε are varying with similar variances within a single formation. This 

challenge may render this proposed AVO technique to be quite difficult, especially in 

shale formations where contrasts in both the δ and ε parameters are wildly varying. Still, 

the APS-BPS crossplots presented in Chapter 3 do illustrate good reason for optimism in 

the technique’s ability to estimate VTI anisotropy in some shale formations. 

 Chapter 4 continues to build on the encouraging results from Chapter 3. The APS-

BPS crossplots presented in this chapter derive their APS-BPS coordinate pairs directly from 

the numerically simulated reflection amplitudes vs. offset plots created by Shan et al. 

(2010). Similar trends in these crossplots are observed to what is seen in the PSV 

crossplots from Chapters 2 and 3. This is encouraging because it supports the proposed 

method’s feasibility for data that is synthetically created in an entirely independent way 

than that for Chapters 2 and 3. 

 

FUTURE WORK 

A major limitation of the crossplots from Chapter 4 is that they are based on 

synthetically modelled data that have not had the source directivity effect removed from 

them. Shan et al. (2010) generate these data using the synthetic seismic data modelling 

program ANIVEC. For the PSV data, Shan et al. (2010) use a vertical, impulsive source. 

There is an inherent source directivity effect present in this type of source that must be 

removed in order for the data to more closely mirror real, converted-wave (PSV) prestack 
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seismic data. A potential project to be conducted in the future is to numerically remove 

this source directivity effect and establish that similar trends can be observed in APS-BPS 

crossplots derived from such data to those that are observed in Chapters 2-4 of this thesis. 

Additionally, the reflection coefficient plots presented by Shan et al. (2010) model the Z 

and X components of reflection coefficients, rather than total reflection coefficients. An 

improvement to the crossplots presented in Chapter 4 would be to use reflectivity plots of 

extracted total reflection coefficients, rather than solely the Z and X components of 

reflection coefficients. 

An even more promising project than one using synthetic data would be one in 

which real seismic data is used to observe PSV AVO crossplot trends associated with VTI 

anisotropy, similar to the ones that are observed in this thesis. This would require the 

extracting of amplitudes from real prestack PSV seismic data. For these extracted 

amplitudes, reflection coefficients could be obtained, allowing for a PSV crossplot 

analysis to be conducted. 

The method proposed in this thesis to estimate contrasts in Thomsen’s δ and ε 

parameters from converted-wave (PSV) AVO crossplots appears to be viable for real data, 

provided that the S/N level is sufficient. The only way to know with certainty that this 

proposed technique is viable, however, is to conduct an investigation using a mode-

converted (PSV) wave dataset for a known shale resource play. If the dataset has a large 

number of wells logged in the locality, predictions of production sweet spots may be 

possible using the degree of VTI anisotropy as a proxy for hydrocarbon saturation. 
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Crossplots used for such predictions would necessarily be calibrated using the log and 

production data from both highly productive and unproductive wells in the area. 
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