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ABSTRACT

Production from wells in organic-rich shales often shows con-
siderable lateral variation. Reliable predrill methods to charac-
terize the lateral heterogeneity of such reservoirs are required to
optimize the trajectory of lateral wells in these low-permeability
reservoirs. Petrophysical interpretation of measured well logs
provides information on mineral, porosity, and kerogen content.
Combining the results of petrophysical analysis with P-wave,
S-wave, and density logs allows generation of a probability den-
sity function (PDF) for each of the different significant lithof-
acies. The PDFs are applied to the P- and S-impedance from
prestack seismic amplitude variation with offset inversion to
predict the spatial variation in the distribution of lithofacies and
associated probability for the Wolfcamp Formation in an area
covered by a 3D seismic survey in the Delaware Basin, West

Texas. An anisotropic rock-physics model for the Wolfcamp
Formation allows the effect of complex mineralogy, organic car-
bon concentration, and porosity on the P- and S-impedance to be
investigated. Kerogen inclusions and pores act to increase
Thomsen’s anisotropy parameter ε relative to γ, and there is a
competition between clay matrix anisotropy and inclusion shape
anisotropy in determining the anisotropy of the rock. Inclusions
with isotropic elastic properties act to decrease the anisotropy
due to the dilution effect, but this decrease is partially offset
by the increase in anisotropy due to the anisotropic shape of
the inclusions. Application of the model to the determination
of minimum horizontal stress indicates that kerogen-rich sili-
ceous shales have the lowest value of minimum horizontal stress,
whereas silica-rich calcareous shales, mixed siliceous shales, and
clay-rich siliceous shales have higher values and may therefore
act as barriers for the vertical growth of hydraulic fractures.

INTRODUCTION

Shales make up a large proportion of the rocks in most sedimen-
tary basins and form the seal and source rocks for many hydrocar-
bon reservoirs. Organic-rich shales represent an enormous energy
resource, but production from wells in such plays may show con-
siderable lateral variation. An example is the Wolfcamp Formation
of the Delaware Basin, West Texas. The Delaware Basin is the
western subbasin of the Permian Basin. The Wolfcamp Formation
is currently being targeted using horizontal drilling. This formation
lies over the Pennsylvanian Cisco Formation, and it is overlain by
the Leonardian Bone Spring Formation (Hills, 1984; Fairhurst and
Hanson, 2013; Yates et al., 2013).

Despite having high potential, the Wolfcamp Formation in the
Permian Basin displays heterogeneous petrophysical and geo-
mechanical rock properties, and production logs show that not
all fracture stages contribute significantly to production (Yates et al.,
2013; Ajisafe et al., 2014; Azike et al., 2014; Sharma et al., 2014),
resulting in lateral variations in production. Economic production
from tight shale formations requires good reservoir quality (RQ),
representing the multiple properties defining the hydrocarbon con-
tent and producibility, and good completion quality (CQ), repre-
senting the multiple properties defining the potential for creating
and sustaining a large surface area in contact with the reservoir
(Suarez-Rivera et al., 2011). Reliable predrill methods to deter-
mine the spatial variation in RQ and CQ are therefore required
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to optimally locate wells in low-permeability reservoirs such as the
Wolfcamp Formation.
Amplitude variation with offset (AVO) of seismic waves reflected

from an interface between two geologic layers can be used to
determine the vertical P-impedance, IP ¼ ρVP, and vertical S-
impedance, IS ¼ ρVS, where VP, VS, and ρ are the vertical P-wave
velocity, vertical S-wave velocity, and density of the rock, respec-
tively. To obtain predrill information on RQ and CQ, a rock-physics
model is required that relates the inverted P- and S-impedance
to properties of the rock such as the volume fractions of quartz,
carbonates, clays, kerogen, and geomechanical properties. Herein,
we present an anisotropic rock-physics model for the Wolfcamp
Formation in the Delaware Basin.

LOG DATA

The log data used herein are from a vertical well in the Wolf-
camp Formation of the Delaware Basin in which various types
of open-hole logging data were acquired. In the Delaware Basin,
the Wolfcamp Formation is composed primarily of dark shales
and interbedded detrital carbonates (Yates et al., 2013; Ajisafe et al.,
2014; Azike et al., 2014; Sharma et al., 2014). Figure 1 shows a plot
of the variation with depth of lithology, vertical P-impedance, and
vertical S-impedance for the well that is considered in this work.
The high-impedance carbonates are clearly visible.
Figure 2 shows a plot of vertical S-impedance IS versus vertical

P-impedance IP for the Wolfcamp interval in this well, with points
color coded by volume fraction of kerogen. The lines in Figure 2 are
lines of constant VP∕VS ¼ IP∕IS. Increasing the kerogen content is
seen to lower the acoustic impedance IP, shear impedance IS, and
VP∕VS, consistent with previous work for the Bossier/Haynesville

Shale (Lucier et al., 2011) and the Eagle Ford, Woodford, Haynes-
ville, and Bakken Shales (Khadeeva and Vernik, 2013). Vernik and
Milovac (2011) suggest that the lower values of VP∕VS seen in or-
ganic-rich shales are due to the presence of the solid organic matter.
S-wave information, as can be obtained from AVO inversion may
therefore be used to distinguish organic-rich shales from other
lithologies that may be present (Hu et al., 2015).

PETROPHYSICS AND ROCK CLASSIFICATION

The petrophysical analysis is based on elemental spectroscopy,
nuclear magnetic resonance (NMR), neutron, density, and resistiv-
ity logs. Mineralogy and kerogen are estimated from inelastic and
capture spectroscopy measurements, whereas porosity and fluid sat-
uration are estimated by combining NMR, neutron, density, and re-
sistivity measurements. The rock is made of three major mineral
groups: clay, silicates, and carbonates. Clay minerals consist mostly
of illite, silicates consist mainly of quartz and Na-feldspar, and car-
bonates consist principally of calcite and dolomite. The rock also
contains up to 4% pyrite by volume. The effective porosity of the
rock ranges from 0% to 15%. Kerogen varies from 0% to 14% by
volume. In the Wolfcamp Formation, several mineralogical cycles
are observed and are marked by stratigraphic markers. The strati-
graphic boundaries are associated with a sharp decrease of carbon-
ate content and an increase of siliciclastic materials within the
reservoir section. Higher values of porosity and kerogen content
are associated with the presence of siliciclastic minerals. During
maturation, kerogen adds porosity, which acts to improve RQ by
providing pore volume and flow pathways for the production of
hydrocarbon. In addition, kerogen acts to decrease Poisson’s ratio
(Vernik and Milovac, 2011; Khadeeva and Vernik, 2013) and it

therefore acts to increase CQ by reducing the
minimum horizontal stress (Thiercelin and
Plumb, 1991; Savage et al., 1992) thus allowing
fracture opening at a lower pressure in the
fracture.
The rock composition is important in charac-

terizing elastic properties, such as the elastic
moduli and the P- and S-impedance. Figure 3
shows the mineralogical composition of the in-
organic phase for the depth interval shown in
Figure 1, color coded by the volume fraction of
kerogen. All carbonates (calcite and dolomite),
silicates (quartz and feldspar), and clay minerals
(mainly illite) are combined and normalized to
produce the ternary plot shown in Figure 3.
Volume fractions of carbonate, clay, and

quartz-feldspar were used to perform a classifi-
cation of the reservoir. Principal component
analysis was performed with these volumes to re-
duce the dimension of the data and to find the
orthogonal set of components required to explain
the multidimensional space. K-means clustering
was used to find the clusters with the principal
components. A total of four classes were iden-
tified from the volume fractions, as shown in
Figure 4. The location of the different lithoclasses
on a plot of IS versus IP is shown in Figure 5.
Probability density functions (PDFs) or pos-

terior cumulative density functions are computed

Figure 1. Variation in lithology showing (a) volume fraction of clays (illite and asso-
ciated bound water), quartz, Na-feldspar, carbonate (calcite and dolomite), pyrite, and
effective porosity, (b) vertical P-impedance, and (c) vertical S-impedance for the Wolf-
camp Formation sampled by the vertical well.
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by combining the prior distribution of the model properties with the
likelihood function of the data given the model properties. In this
case, the prior distribution of each class and the associated property
distribution are estimated from well-log-derived IP, VP∕VS, and
petrophysical interpretation. Bayesian methods allow estimation
of the most likely solution of the inverse problem and quantification
of the associated uncertainty or probability through statistical
estimators of the posterior probability distribution, such as the stan-
dard deviation or the percentiles.
Figure 6 shows IP and VP∕VS obtained from AVO inversion for

an inline passing through the vertical well with logs shown in Fig-
ure 1. Also shown is the resulting lithoclassification based on the
maximum a posteriori estimate provided by the Bayesian analysis.
The P-impedance and VP∕VS shown in Figure 6 were obtained us-
ing isotropic AVO inversion. If anisotropy is present, this implies
that the inverted value of VP∕VS will be shifted from the true value

as may be seen from the work of Plessix and Bork (2000), who
show that instead of the shear impedance IS, isotropic AVO inver-
sion will give the combined parameter ISð1 − δ∕2Þ, where δ is
Thomsen’s anisotropy parameter. However, the P-impedance and
VP∕VS shown in Figure 6 are seen to be in good agreement with
the log values, so no correction is necessary. This occurs because
the inversion uses a separate wavelet for each angle stack, obtained
by calibrating to the upscaled log P-impedance and VP∕VS, which
compensates for the effects of δ, NMO stretch, frequency variation
with offset, and energy variation with offset. Figure 7 shows the
probability of the various classes that result.

Figure 2. Plot of vertical S-impedance IS versus vertical P-imped-
ance IP for the Wolfcamp shale sampled by the vertical well, with
points color coded by the volume fraction of kerogen. The lines
correspond to constant IP∕ISð¼ VP∕VSÞ ¼ 1.4 (top), 1.6, 1.8,
2.0, and 2.2 (bottom).

Figure 3. Mineralogical composition of the inorganic phase for the
depth interval shown in Figure 1, color coded by the volume per-
centage of kerogen.

Figure 4. Mineralogical composition of the inorganic phase for the
depth interval shown in Figure 1, color coded by lithoclass as fol-
lows: kerogen-rich siliceous shales (the red points), silica-rich cal-
careous shales (the blue points), mixed siliceous shales (the green
points), and clay-rich siliceous shales (the yellow points).

Figure 5. Plot of vertical S-impedance IS versus vertical P-imped-
ance IP color coded by lithoclass as follows: kerogen-rich siliceous
shales (the red points), silica-rich calcareous shales (the blue
points), mixed siliceous shales (the green points), and clay-rich sili-
ceous shales (the yellow points). The lines correspond to constant
IP∕ISð¼ VP∕VSÞ ¼ 1.4 (top), 1.6, 1.8, 2.0, and 2.2 (bottom).
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ROCK-PHYSICS MODEL

The Wolfcamp Formation shown in Figure 1 is highly laminated
with alternate layers of silicate- and carbonate-rich units. Although
the carbonate-rich units are lower in porosity, the silicate-rich units
contain a significant volume concentration of kerogen and effective
porosity ϕeff with values up to 0.14 and 0.15, respectively.
Due to fine layering and the presence of organic material, with

partial alignment with the bedding plane, organic-rich shales often
display elastic anisotropy, and this can be described, to a good
approximation, by transverse isotropy (TI) with the axis of rotational
symmetry oriented perpendicular to the bedding. A TI medium has
five independent elastic stiffnesses. Taking the x3-axis to lie along the
axis of rotational symmetry, the nonvanishing elastic stiffness coef-
ficients are C11 ¼ C22, C33, C44 ¼ C55, C66, C12 ¼ C11 − 2C66, and

C13 ¼ C23 in the conventional two-index notation (Nye, 1985). The
elastic anisotropy of a transversely isotropic medium can be de-
scribed by the three anisotropy parameters ε, γ, and δ defined by
Thomsen (1986) as given by the following equations:

ε ¼ C11 − C33

2C33

; γ ¼ C66 − C55

2C55

;

δ ¼ ðC13 þ C55Þ2 − ðC33 − C55Þ2
2C33ðC33 − C55Þ

:

(1)

Assuming that the intrinsic anisotropy of the formation is zero, with
bulk and shear moduli calculated from compressional, shear, and
density logs, Backus upscaling (Backus, 1962) with averaging win-
dow covering the entire depth range shown in Figure 1, gave the

values ε ¼ 0.032, γ ¼ 0.041, and δ ¼ −0.007.
These values are significantly lower than the
typical anisotropy of organic-rich shales (e.g.,
Bocangel et al., 2013; Vernik, 2016), and this
shows that upscaling of isotropic layers cannot
account for the measured anisotropy of the Wolf-
camp, which appears to be primarily due to the
intrinsic anisotropy of the shale.
To investigate the sensitivity of IP, IS, and

anisotropy to variations in mineralogy, effective
porosity, and kerogen content, Maxwell’s homo-
genization scheme (Maxwell, 1873) extended to
the determination of the anisotropic elastic prop-
erties of a transversely isotropic medium contain-
ing inhomogeneities by Sevostianov and Giraud
(2013), Sevostianov (2014), and Vilchevskaya
and Sevostianov (2015) was used. This approach
is formulated in terms of the fourth-rank compli-
ance contribution tensor Hr that gives the extra
strain per reference volume V when an inhomo-
geneity with volume Vr and compliance tensor
SðrÞ is placed in a homogeneous elastic matrix
with compliance tensor Sð0Þ and stiffness tensor
Cð0Þ ¼ Sð0Þ−1 . Extending Maxwell’s scheme to
anisotropy, Sevostianov and coworkers (Sevos-
tianov and Giraud, 2013; Sevostianov, 2014;
Sevostianov and Kachanov, 2014; Vilchevskaya
and Sevostianov, 2015) consider the far-field
strain produced by a domain Ω of volume V� cut
from a heterogeneous medium and placed in the
matrix material. They obtain the following ex-
pression for the compliance tensor of the hetero-
geneous medium:

Seff ¼ Sð0Þ þ
��

1

V�
X
r

VrHr

�
−1

−QΩ

�
−1
:

(2)

Here

QΩ ¼ Cð0Þ∶ðI − PΩ∶Cð0ÞÞ: (3)

The components Pijkl of the fourth-rank tensor
PΩ are obtained from the equation:

Figure 6. Plot of IP and VP∕VS (red, low; blue, high) obtained from AVO inversion for
an inline passing through the vertical well with logs shown in Figure 1. Also shown is
the resulting lithoclassification, with color coding the same as in Figure 4. Figure 7
shows the probability of the various classes.

Figure 7. Probability (red, high; blue, low) of class 1 (silica-rich calcareous shale), class
2 (mixed siliceous shale), class 3 (clay-rich siliceous shale), and class 4 (kerogen-rich
siliceous shale).
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Pijkl ¼
Z
Ω
Gik;ljðx − x 0Þdx 0jðijÞðklÞ; (4)

by integrating over the domain Ω of the effective inclusion. The
term GðxÞ is the elastic Green’s function of the anisotropic infinite
medium. The comma followed by subscripts l and j denotes the
spatial derivatives with respect to the coordinates xl and xj and
the symbol (ij) denotes the symmetrization over the included indi-
ces ij. We assume that the shape of the effective inclusion is spheri-
cal, as in Maxwell’s original work. The effective elastic stiffness
tensor Ceff ¼ Seff

−1
is obtained by inverting the compliance tensor.

Phase (0) in equation 2 is assumed to be clay. The kerogen in-
clusions and pores were modeled as oblate spheroids, whereas the
other components were assumed to be spherical. An oblate spheroid
is an ellipsoid obtained by rotating an ellipse about its minor axis,
with the equatorial dimension a greater than the polar dimension c.
The minor axes of the kerogen inclusions and pores are assumed to
be aligned parallel to x3, with aspect ratio c∕a ¼ 0.2.
Several published values of the elastic properties of clay were

tried; the best agreement with the P- and S-impedance calculated
from the available well logs being obtained using the elastic stiff-

nesses C33 ¼ 24.2 and C55 ¼ 3.7 GPa obtained by Ulm and
Abousleiman (2006) and Ortega et al. (2007) using nano- and mi-
croindentation. However, the results obtained using the Thomsen
anisotropy parameters ε ¼ 0.4277, δ ¼ 0.0554, and γ ¼ 1.0676

calculated from the elastic stiffnesses given by Ulm and Abouslei-
man (2006) and Ortega et al. (2007) did not give good agreement
with the anisotropy parameters ε and γ measured on core, and the
values ε ¼ 0.1, δ ¼ 0.05, and γ ¼ 0.15 gave better agreement with
the data. Figure 8 shows the plot of IS versus IP that results. Table 1
lists the values ofK and μ for the other minerals and kerogen used in
the modeling. The values for quartz, feldspar, calcite, dolomite, and
pyrite were taken from the table in section 10.3 of work by Mavko
et al. (2009). The values for kerogen were taken from Vernik (2016).
Overall, the predictions are in reasonable agreement with the measured
values shown in Figure 2, as may also be seen in Figures 9 and 10,

Figure 8. Plot of vertical S-impedance IS versus vertical P-imped-
ance IP calculated for the Wolfcamp interval using Maxwell’s
homogenization scheme, extended to the determination of the
anisotropic elastic properties of a transversely isotropic medium
containing inhomogeneities by Sevostianov and Giraud (2013),
Sevostianov (2014), and Vilchevskaya and Sevostianov (2015).
The lines correspond to constant IP∕ISð¼ VP∕VSÞ ¼ 1.4 (top),
1.6, 1.8, 2.0, and 2.2 (bottom).

Table 1. Elastic properties assumed for the different rock
constituents included in the rock-physics model.

Minerals K (GPa) μ (GPa) References

Quartz 37.9 44.3 McSkimin et al. (1965)

Feldspar 37.5 15 Mavko et al. (2009)

Calcite 76.8 32.0 Simmons (1965)

Dolomite 94.9 45.0 Humbert and Plicque (1972)

Pyrite 138.6 109.8 Woeber et al. (1963)

Kerogen 3.9 4.2 Vernik (2016)

Figure 9. Plot of IP calculated from log data versus IP calculated for
the Wolfcamp interval using Maxwell’s homogenization scheme,
extended to the determination of the anisotropic elastic properties
of a transversely isotropic medium containing inhomogeneities by
Sevostianov and Giraud (2013), Sevostianov (2014), and Vilchev-
skaya and Sevostianov (2015).

Figure 10. Plot of IS calculated from log data versus IS calculated
for the Wolfcamp interval using Maxwell’s homogenization
scheme, extended to the determination of the anisotropic elastic
properties of a transversely isotropic medium containing inhomo-
geneities by Sevostianov and Giraud (2013), Sevostianov (2014),
and Vilchevskaya and Sevostianov (2015).
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which compare the P- and S-impedances computed from the logs
with the values predicted using the rock-physics model de-
scribed above.
Figures 11 and 12 show plots of ε versus γ and δ versus ε calcu-

lated for the Wolfcamp interval shown in Figure 1, color coded by
the volume fraction of kerogen. The variation of ε with γ is seen to
be consistent with the core data shown by the red points. It is seen
that ε is predicted to be greater than γ despite the fact that a value of
ε less than the value of γ was assumed for clay. This shows that the
kerogen inclusions and pores act to increase ε relative to γ. Figure 12
shows that δ is increased over the value assumed for clay, but for a
given value of ε, δ decreases with the increasing volume fraction of
kerogen. It should be noted that there is a competition between clay
matrix anisotropy and anisotropy resulting from the partial align-
ment of low-aspect-ratio kerogen inclusions and pores in determin-
ing the anisotropy of the medium. The elastic properties of the
kerogen inclusions and pores are assumed to be isotropic. This
would lead to a decrease in anisotropy due to the dilution effect,
but this decrease is partially offset by the increase in anisotropy
due to the anisotropic shape of the inclusions.

DISCUSSION

The rock-physics model presented in this paper can account for
the variable mineralogy present in unconventional reservoirs. This
allows prediction of the elastic properties given information on the
composition of the rock, as may be obtained using elemental cap-
ture spectroscopy, for example. To do so requires knowledge of the
elastic properties of the various rock constituents. Although the
elastic properties of minerals such as quartz, feldspar, calcite, do-
lomite, and pyrite are widely available (e.g., Mavko et al., 2009), the
elastic properties of kerogen and clay are less well-known. In this
paper, the properties of kerogen were taken from Vernik (2016).
Although several published values of the elastic properties of clay
were tried, the best agreement with the P- and S-impedance calcu-
lated from the available well logs was obtained using the elastic
stiffnesses C33 ¼ 24.2 and C55 ¼ 3.7 GPa obtained by Ulm and
Abousleiman (2006) and Ortega et al. (2007) using nano- and mi-
croindentation. However, the results obtained using the Thomsen
anisotropy parameters ε ¼ 0.4277, δ ¼ 0.0554, and γ ¼ 1.0676

calculated from the elastic stiffnesses given by Ulm and Abouslei-
man (2006) and Ortega et al. (2007) did not give good agreement
with the anisotropy parameters ε and γ measured on the core and
plotted in Figure 11, and the values ε ¼ 0.1, δ ¼ 0.05, and γ ¼ 0.15

gave a better agreement with the data.
Because of the variability of the elastic properties of clay and the

dependence of the bulk and shear moduli of kerogen on maturity,
the model needs to be calibrated using compressional, shear, and
density logs together with volume fractions of the various rock con-
stituents obtained by petrophysical analysis. Although suitable log
data may be available in vertical pilot holes allowing calibration of
the model for such wells, such data are often not available for lateral
wells. For lateral wells, Prioul et al. (2018) develop a method for
determining rock composition using diffuse reflectance infrared
Fourier transform spectroscopy on drill cuttings. This enables the
use of the rock-physics model to predict elastic properties needed
for geomechanical calculations in lateral wells based on such mea-
surements.
An important application of the model is in the prediction of min-

imum horizontal stress because this determines the pressure re-
quired to open a hydraulic fracture. Assuming TI with a vertical
axis of rotational symmetry, and that one of the principal axes of
the stress tensor is vertical, the minimum horizontal stress σh
may be estimated using the following equation derived by Thierce-
lin and Plumb (1991) and Savage et al. (1992) using anisotropic
poroelasticity:

σh ¼ αhpþ K0ðσV − αVpÞ þ
E

ð1 − ν2Þ ðεh þ νεHÞ; (5)

where σV is the vertical stress, p is the pore pressure, αh and αV are
the poroelastic coefficients, E is the horizontal Young’s modulus,
ν is the Poisson’s ratio that relates the expansion that occurs in a
horizontal direction to a compression applied along a perpendicular
horizontal direction, and εh and εH are the elastic strains in the
minimum σh and maximum σH directions, respectively. For a VTI
medium (a TI medium with a vertical axis of rotational symmetry),
the coefficient K0 of the second term on the right side of equation 5
is given by

Figure 11. Plot of ε versus γ calculated for the Wolfcamp interval,
color coded by volume fraction of kerogen, compared with core
measurements (the red points).

Figure 12. Plot of δ versus ε calculated for the Wolfcamp interval,
color coded by volume fraction of kerogen.
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KVTI
0 ¼ C13∕C33; (6)

where x3 is chosen as the axis of rotational symmetry.
Figure 13 plots the coefficient KVTI

0 ¼ C13∕C33 computed by the
rock-physics model as a function of the gamma ray (GR). This
shows that if the horizontal elastic strains εh and εH are ignored,
kerogen-rich siliceous shales (the red points) have the lowest value
of minimum horizontal stress according to equation 5, whereas
silica-rich calcareous shales (the blue points), mixed siliceous
shales (the green points), and clay-rich siliceous shales (the yellow
points) have higher values of C13∕C33 and may therefore act as bar-
riers for the vertical growth of hydraulic fractures due to the higher
values of minimum horizontal stress predicted in equation 5. This
information can be populated for the whole survey using the prob-
ability cubes from each facies. Mapping of C13∕C33 in this way is
expected to help optimize hydraulic fracturing of lateral wells.
For comparison, if the medium is assumed to be isotropic, K0 is

given by

Kiso
0 ¼ ν∕ð1 − νÞ; (7)

where ν is the isotropic Poisson’s ratio that can be estimated from
the value of C33∕C55 ¼ V2

P∕V2
S from seismic inversion as

ν ¼ ðC33∕C55 − 2Þ
2ðC33∕C55 − 1Þ : (8)

This gives

Kiso
0 ¼ 1 −

2C55

C33

: (9)

Figure 14 plots Kiso
0 ¼ 1 − 2C55∕C33 computed by the rock-physics

model as a function of GR. Figure 15 shows that anisotropy acts to
increase K0 for all facies, in agreement with the conclusions of
Shoemaker et al. (2019). The relation between KVTI

0 and Kiso
0 fol-

lows from equations 6 and 9 as

KVTI
0 ¼ Kiso

0 þ χ; (10)

where

χ ¼ ðC13 þ 2C55 − C33Þ
C33

: (11)

The term χ is related to Thomsen’s δ parameter because (Sayers,
1995)

δ ¼ χ þ χ2

2ð1 − C55∕C33Þ
: (12)

Because Thomsen’s δ parameter is predicted to be positive (see
Figure 12), this explains why KVTI

0 shown in Figure 13 is higher
than Kiso

0 shown in Figure 14 (see also Vernik and Milovac, 2011).
A comparison between KVTI

0 and Kiso
0 is shown in Figure 15.

Figure 13. Plot of KVTI
0 ¼ C13∕C33 as a function of GR. The points

are color coded by lithoclass as follows: kerogen-rich siliceous
shales (the red points), silica-rich calcareous shales (the blue
points), mixed siliceous shales (the green points), and clay-rich
siliceous shales (the yellow points).

Figure 14. Plot of Kiso
0 ¼ 1 − 2C55∕C33 as a function of GR. The

points are color coded by lithoclass as follows: kerogen-rich sili-
ceous shales (the red points), silica-rich calcareous shales (the blue
points), mixed siliceous shales (the green points), and clay-rich
siliceous shales (the yellow points).

Figure 15. Plot of variation of KVTI
0 ¼ C13∕C33 with Kiso

0 ¼
1 − 2C55∕C33. The points are color coded by lithoclass as follows:
kerogen-rich siliceous shales (the red points), silica-rich calcareous
shales (the blue points), mixed siliceous shales (the green points),
and clay-rich siliceous shales (the yellow points). The black line
corresponds to KVTI

0 ¼ Kiso
0 .
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CONCLUSION

Using inverted values of the P- and S-impedance obtained by
AVO inversion in an area within the Delaware Basin, West Texas,
a Bayesian method was used to predict the different dominant lith-
ologies. The prediction matched lithologies obtained by petrophys-
ical analysis at a well location. The probabilities of the dominant
lithoclasses show variability across the area of the seismic survey.
The main drilling interest is within the kerogen-rich siliceous shale
of the Wolfcamp section. The distribution of the kerogen-rich sili-
ceous shale and its associated probability provides important infor-
mation for the landing and drilling of lateral wells. The kerogen-rich
siliceous shale also shows the highest effective porosity. This vari-
ability together with the variability of kerogen and porosity can be
estimated by integrating the rock-physics model and the seismic
inversion result for each facies volume.
An anisotropic rock-physics model for the Wolfcamp Formation

allows the effect of complex mineralogy, organic carbon concen-
tration, and porosity on P- and S-impedance to be investigated.
Anisotropy is important because it is required for geomechanical
applications such as predicting in situ stress, wellbore stability
analysis, and the design of hydraulic fractures. Thomsen’s param-
eter ε is predicted to be greater than γ, in agreement with core mea-
surements, despite the fact that a value of ε less than the value of γ
was assumed for clay. This shows that the kerogen inclusions and
pores act to increase ε relative to γ. There is a competition between
clay matrix anisotropy and anisotropy resulting from the partial
alignment of low-aspect-ratio kerogen inclusions and pores in de-
termining the anisotropy of the medium. Inclusions with isotropic
elastic properties act to decrease the anisotropy due to the dilution
effect, but this decrease is partially offset by the increase in
anisotropy due to the anisotropic shape of the inclusions.
The rock-physics-based model allows the effect of variations in

porosity, pore and kerogen aspect ratio, rock properties, and pore
fluid to be investigated. Potential applications include time-lapse
feasibility studies, fluid and lithology prediction from AVO inver-
sion, pore pressure prediction, and geomechanical studies. Appli-
cation to the determination of minimum horizontal stress shows
that kerogen-rich siliceous shales have the lowest value of minimum
horizontal stress, whereas silica-rich calcareous shales, mixed sili-
ceous shales, and clay-rich siliceous shales are predicted to have
higher values and may therefore act as barriers for the vertical
growth of hydraulic fractures.

DATA AND MATERIALS AVAILABILITY

Data associated with this research are confidential and cannot be
released.
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