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Abstract:

Shales are rocks with various mineralogy and complex fabric, which exhibit strong
anisotropy. The change in effective velocities due to kerogen content and pore geometry
influences the AVO (Amplitude Versus-Offset) behavior of shale-gas formations. How
the conventional seismic survey plays its role in the exploration of unconventional shale
gas is a key issue. In this paper, we present a method for estimating the anisotropic
elastic stiffness of organic shales. The model takes mineralogy, kerogen, pore geometry
and cracks, as well as the saturated fluids into consideration. A compaction-dependent
Orientation Distribution Function (ODF) is incorporated to quantify the anisotropy
originating from the preferential orientation of non-source shale inclusions.
Comparison of the estimated elastic stiffnesses with experimental measurements of
shale core sample from the Bazhenov formation indicates this method has the potential
to estimate the elastic properties of organic shales. We also use another example from
Eagle Ford formation to study the feasibility of distinguishing between proppant
suspending hydraulic fluid and contacting with matrix during hydraulic stimulation

stage. A half-space model with anisotropy due to multi-set of cracks is constructed to
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investigate the amplitude versus azimuthal and incident angle (AVAZ) reflections from
the interface. The results indicate that the AVAZ behavior of PP reflection is different
between proppant suspending fluid case and contacting with matrix case. The converted
P-SH wave and SH-wave exploration may also offer detection of crack properties

(distribution and intensity) to optimize shale gas production.
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INTRODUCTION

Organic shales as hydrocarbon source and reservoir rock are characterized by their
strong anisotropy, which is one of current research subjects of shale gas formations.
There are multiple causes of anisotropy in shales. First of all, clay platelets are the main
constituent giving rise to strong anisotropy due to their shapes and preferential
orientation during mechanical compaction and diagenesis. Organic richness can also
have a significant influence on the anisotropy of shales. Vernik and Liu (1997) showed
that matrix anisotropy of shales dramatically increases with kerogen reaching a
moderate volume percentage. The presence of pores and micro-cracks at different stage
of kerogen maturation is another reason for shale anisotropy. X-ray tomography
showed that elongated cracks parallel to the shale bedding have been developed due to
kerogen pyrolysis (Kobchenko et al., 2011; Allan et al., 2014). In addition, stress-
induced natural fractures (Curtis, 2002; Gale, et al. 2007) can also produce anisotropy
and affect the stimulation of hydraulic fractures. Fractures and cracks induced at the

stage of hydraulic fracturing further complicate the anisotropy and seismic response.

Investigation into the constituents and fabric of shales is vital before applying
appropriate rock physics models to estimate shale elastic properties. For organic-free
shale, minerals like quartz, calcite etc., disperse randomly in the background of clay
platelets. Hornby et al. (1994) presented a rock physics model for non-source shales by
combining the anisotropic version of Self-Consistent Approximation (SCA) with
Differential Effective Medium (DEM) theory. Jakobsen et al. (2003) estimated the
elastic properties of shales with inclusions that are either embedded or make up a
granular aggregate using the T-matrix formalism, which is a synthesization of many

existing effective medium models. For Organic-rich shales (Total Organic Carbon,



Shale anisotropy and seismic reflections

TOC >5%, Volume percentage >12%), organic matter and minerals form an inter-
laminated structure. When organic content is even higher, kerogen can be present as the
grey matrix with minerals dispersing in it (Zeszotarski et al., 2004). Vernik and Nur
(1992) found the traditional Backus average was not able to fit the measured velocity
of core samples from Bakken shale in bedding-parallel directions. SEM observation of
the core samples (Vernik and Landis, 1996) indicated that kerogen formed a continuous
network in organic-rich shales, and disconnected the inorganic minerals into lenticular
laminae. A modified Backus average with an empirical constant to control the textural
discontinuity was used to model the anisotropy of Bakken shales (Vernik and Landis,
1996; Vernik and Liu, 1997). Bandyopadhyay (2009) showed that the same data can be
predicted using the anisotropic DEM model with kerogen as the background. Sayers
(2013) found that the presence of kerogen leads to a decrease in the elastic moduli, and

has a significant effect on the geomechanical behavior of organic shales.

Understanding the anisotropic seismic response from different maturity of shales will
improve our ability to characterize and predict ‘sweet spots’ from seismic data.
Johansen et al.(2004) studied the P-P, P-SV, SV-SV and SH-SH reflections from the
boundary separating an shale with VTI symmetry overlying an isotropic medium. The
preferential orientation of shale platelets is characterized by the Gaussian ODF.
However, more work still needs to be done on the anisotropic seismic response due to
kerogen maturation, natural and induced cracks, fractures, and their application to field
data. In this paper, we propose a method for estimating the anisotropic elastic stiffness
of organic shales by combining existing rock physics models, in terms of shale
constituents and fabric. It takes different mineralogy, kerogen, pores and fluids into

account, aiming at analyzing the anisotropy of organic-rich shales quantitatively. A
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series of rock physics models are chosen to estimate the anisotropic elastic properties
of a shale core sample from Bazhenov formation. We also propose a method to estimate
the elastic properties and seismic AVAZ reflections for hydraulically fractured shales.
The Hudson’s model for cracked media that considers weak inclusions is used to model
the fluid-proppant-matrix interaction. Numerical modelling is performed to understand
the difference of using P-wave, SV-wave and SH-wave as incidence respectively. This

method is applied to Eagle Ford shales before and after hydraulic stimulation.

Method

(1)Anisotropic elastic modelling

In the procedure of estimating elastic properties of shales, selection of rock physics
models are non-unique and depend on the knowledge of constituents and fabric. Shales
contain a series of isotropic minerals like quartz, calcite, pyrite etc, and anisotropic
constituents like clay with preferential orientation and bedding laminated kerogen, of
which the latter make shales exhibit VTI symmetry. The Backus average can be used
to estimate the elastic stiffness by considering two end members: organic matter and
non-organic minerals. Bounds models such as the Voigt-Reuss-Hill average can be used
to estimate the elastic moduli of non-organic minerals in terms of the volume percent
of each mineral. An alternative choice is the inclusion models such as Differential
Effective Medium (DEM) model, which incrementally adds inclusions of each phase
to the matrix phase. For porous shales (e.g. Bazhenov, Monterey, Niobrara, etc.), the
impact of pore structure and their saturated fluids on elastic properties needs to be taken
into consideration. Combining DEM model with ODF can add pores and cracks with a
particular preferential orientation. The saturated fluids in pores and cracks need to be

considered by using the Brown and Korringa relations (1975) for low-frequency band.
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The ODF plays an important role in quantifying the anisotropy caused by preferred
orientation of inclusions. ODF is a function of the three Euler angles 6, ¢, {'in 3D space,
which can be expanded as a series of generalized spherical harmonic functions (Roe,
1965). For VTI symmetry, the ODF is only a function of §. We can envisage the
inclusion as transversely isotropic penny-shaped spheroid with semi-axes a < b = C.
Under such case, the elastic properties of the whole medium stay the same when
rotating the spheroids an arbitrary angle around the original x3 (¢) and new x3’ ({) axes.
Since the elastic tensor is fourth order tensor, the ODF only depends on Wooo, W200 and
Wao0, of which Wooo controls the isotropic part, while W00 and Wi control the

transversely isotropic part of the ODF (Sayers, 1994; Johansen et al., 2004).

During shale gas production, Hudson’s model (1980) for cracked media can be used to
estimate the elastic properties of hydraulically fractured shales. A key issue when
modelling hydraulically fractured shales is to consider the fluid-proppant saturation in
the matrix. At early stage of hydraulic fluid injection, cracks are initiated or enlarged
by high-pressure fluid, proppant suspends in the fluid, while at late stage when
hydraulic fluid is recovered, proppant will hold fractures open and bridge fractures with
matrix. Under such case, the shear modulus of fluid-proppant inclusions is considered
by using Hudson’s model (1981) for weak inclusions. We use Schoenberg and Protazio
(1992)’s explicit solution to the Zoeppritz equation for weakly anisotropic media to

calculate reflectivities from the interface.

Anisotropic elastic modeling of Bazhenov core sample
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Vernik and Landis (1996) gave the average mineralogy (% vol.) of 8 shale core samples
from Bazhenov formation through Whole-Rock XRD Analysis. These core samples
came from a single well located in the northeastern part of the West Siberian basin at
depths from 3784m to 3842m. Vernik and Liu (1997) further provided the ultrasonic
velocities of the 8 samples under dry condition and 5 samples under brine-saturated
condition. Table 1 shows four mineral groups that dominate the mineralogy. The
volume percentage of each mineral was given on a kerogen-free basis. We take the
average mineralogy as an example, and assume that the volume percentage of kerogen
is 16.8%, the porosity is 4.12% (referring to No.3 sample of Bazhenov in appendix A,
Vernik and Liu, 1997). The elastic moduli of clay are cited from Hornby et al. (1994).
The others are from Mavko et al. (1998). The elastic stiffness of dry rock and brine-

saturated rock are estimated by combining different rock physics models.

Table 1: The average volume percentage and elastic moduli for each constituent of the
Bazhenov shale.

fcel;lll(?sr;a/r carbonate | clay | Pyrite | kerogen | porosity | Fluid(brine)
% Vol. 46 3 48 3 16.8 4.12
K(GPa) 37 76.8 229 | 1474 29 22
w(GPa) 44 32 10.6 | 132.5 2.7 0

First, we assume the non-organic shale and kerogen are intrinsically isotropic. Using
the Voigt-Reuss-Hill average, we obtain the elastic moduli for non-organic shale are K
=32.08 GPa; n =23.92 GPa, corresponding to C33 = 63.97 GPa; C4s = 23.92 GPa; Ci2
=16.13 GPa. According to the SEM observation of Vernik and Landis (1996), kerogen
forms the network and separates non-organic shale. We can add non-organic shales as
the inclusions into kerogen content. Anisotropy is caused by the shape and preferential
orientation of the inclusions. The anisotropic DEM model is used for the calculation of

elastic tensor of kerogen and fully aligned non-organic shales composite. Figure 1
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displays four elastic stiffness curves changing with kerogen volume fraction by varying
the aspect ratio of the inclusions. We can see that with increasing of aspect ratio, Cii
and Ca4 become closer to C33 and Ces. Thinner inclusions exhibit higher anisotropy.
When the aspect ratio is 1.0, Ci1 and Cas coincide with Cs3 and Ces respectively,
exhibiting the characteristics of isotropy. Since the isotropic quartz/feldspar is almost
as much as clay mineral in volume percent, we give an aspect ratio of 0.1 to calculate
the stiffness of the kerogen-‘shale’ composite. The black spots correspond to the elastic
tensors when kerogen volume percentage is 16.8%.
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Figure 1: Stiffness changes with kerogen volume percent for the kerogen- shale using
anisotropic DEM model. Kerogen background and shale inclusions are both
considered to be isotropic. Shale aspect ratio=0.1, 0.2, 0.3, 0.4, 0.5, 1.0.
Figure 2 displays the elastic stiffness when non-organic shale is fully aligned (solid
lines) and partially aligned (dot lines) with a compaction factor ¢c=3.0. We can see the
separation of Ci1 and Cs33, Ca4 and Ces have been reduced, indicating the magnitude of

anisotropy has been weakened after averaging on ODF. Black spots indicate the elastic

stiffness when Kerogen volume fraction equal to 16.8%.



Shale anisotropy and seismic reflections

70 - 25(
c11-fully alinged | cd4-fully alinged
¢33-fully alinged i — cBE-fully alinged
6o, wemmeeees £11-partially alinged |1 rw.. e c44-partially alinged
L ¢33-partially aligned | 200f %, sesswees o66-partially aligned |

Stiffness(GPa)
Stiffness(GPa)

ol i e M | ot

04 or 08 1
Kerogen vol.fr

Kgrogen :;:)I.fr
(a) Ci1 and Cs;3 (b) C44 and Css

Figure 2: Elastic stiffness when shale is fully aligned (a) and partially aligned with

a compaction factor c=3.0(b). Aspect ratio=0.1.
Likewise, pores are added to the composite using the anisotropic DEM model again to
form the dry rock. For simplicity, we give an average aspect ratio of 0.6 for the pores
and assume the distribution of non-organic shale to be fully aligned. However, for the
same porosity, pore types can cause different P-wave velocity. Xu and Payne (2009)
considered different types of pores in their carbonate model. The bulk density of dry
rock is 2.34 g/cm’. The density of brine-saturated rock is 2.38 g/cm®. Figure 3 displays
the stiffness of dry rock changing with porosity. Evidently, stiffness decreases with

increasing porosity.
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Figure 3: Elastic stiffness changes with porosity using anisotropic DEM model.
Pore aspect ratio =0.6.
Finally, the Brown-Korringa model is used to calculate the elastic stiffness for brine-
saturated rock. Table 2 is a comparison of estimated stiffness and stiffness transformed
from the measured velocities. We can see that the predicted Cs3 increases more
significantly after brine saturated under fully aligned case, but the predicted Cs4 and Ces
remain the same when saturated with fluid. Anisotropy is weakened when shale
inclusion is partially aligned. The error of Ca4 for the dry case is slightly larger than
those of Ci1, C33 and Ces. Figure 4 displays the velocity and slowness when the shale
inclusions are fully aligned (a) and partially aligned (b). We can see strong anisotropy
for fully aligned case (a) and weak anisotropy for partially aligned (b) after averaging

on ODF.

Table 2: Comparison of predicted and measured elastic tensor for a shale sample from
Bazhenov formation.

Rock Cl11 C33 C44 C66 C13
(GPa) | (GPa) (GPa) (GPa) (GPa)
Predicted Kerogen-
‘shale’ 49.25 | 27.60 7.53 19.11 7.01
stiffness (fully aligned)
Dry
(fully aligned) 45.44 | 2443 6.87 17.62 6.35

10
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Brine-
Satwrated | 45 45 | 3133 | 687 17.62 6.05
(fully
aligned)
Kerogen-
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(Partially 4227 | 3138 | 11.69 15.86 9.79
aligned)
Dry (Partially | 30 05 | 2835 | 1069 | 14.58 8.91
aligned)
Brine-
Saturated
(Partially 39.42 | 31.80 | 10.69 14.58 9.14
aligned)
Measured Dry 4550 | 25.17 | 10.32 17.82
stiffness o
Brine 4238 | 2623 | 8.68 15.23
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Figure 4: The modeled velocity and slowness assuming shale inclusions are fully
aligned (a) and partially aligned with a=3.0(b).

Reflection modelling of hydraulic fractures for Eagle Ford shale

Table 3 displays the parameters of the model, of which the Eagle Ford shale parameters
are referred to Yenugu (2015). An initial set of cracks with crack normal parallel to x1
direction is assumed to exist in both Austin Chalk and Eagle Ford shale respectively.
The crack density and aspect ratio are 0.05 and 0.05 for Austin Chalk, 0.01 and 0.01
for Eagle Ford shale. Cracks are assumed to be saturated with fluid. We then assume
two sets of cracks (one set with crack normal parallel to x1, the other set with crack
normal parallel to x3) are introduced into Eagle Ford shale, which makes the medium
become orthorhombic.

Table 3. The parameters for the half-space model with Austin Chalk overlying Eagle

Ford shales.
. Vp() Vso P .
lithology (kn/s) | (kmys) | (e/em?) anisotropy (0} €
U Austin | s 550 1 5 704 | 2,623 HTI 0.05(x1) | 0.05(x1)
PPEr | ~paik . . . .05(x 05(x
HTI
Bagle (Presryy | CO1GD) | 0.01x1)
Lower Sig{gs 4.320 ) 2.408 | 2512 | 5 ihorhombic | 0.05(x1) | 0.05(x1)
(Post-SRV) | 0.05(x3) | 0.05(x3)

Velocity and density for matrix of upper and lower media estimated from well logs. Cracks are saturated
with fluid. The fluid bulk modulus and density are 2.5 GPa and 1.0 g/cm?® respectively.

Figure 5 displays the fluid-proppant moduli varying with proppant volume for the two
cases. Figure 6 displays the Thomson parameters for the two cases. We can see €, 0
decreases when increasing proppant volume for both cases. For suspension case, shear
anisotropy 7 is considered to be constant. In the numerical modelling, we assume a 50%

of proppant saturation in hydraulic fractures.

12
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Figure 5: Fluid-proppant moduli varying with volume of proppant for solid contact.

case (solid lines) and suspension case (dash lines).
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Figure 6: Thomson parameters for solid contact case (left) and suspension case

(right) - red = epsilon, green = gamma, blue = delta
Figure 7 displays the nine reflection coefficients varying with incident angle at 5
different azimuthal angles 0°, 30°, 45°, 60° and 90°, for the HTI-HTI model before
hydraulic fracturing. The azimuthal dependence of P-P reflections increases with
incident angle. The amplitudes parallel to crack normal (90°) are expected to be higher
than the amplitudes perpendicular to crack normal (0°) before 40° of incident angle. For
converted P-SV reflection, amplitude magnitude increases with azimuthal angle, with
no P-SV reflections at 0° and the strongest reflections at 90°, while the P-SH reflections

show the reverse trend of variations from P-SV reflections. The azimuthal dependence

13
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of SV-SV and SH-SH reflections are significant. For SV-SH and SH-SV modes, no

energy is reflected at 0° and 90° azimuthal angle. The strongest reflections occur at 45°.
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Figure 7: Reflections from the interface of HTI-HTI model before SRV — red = 0,
green = 30, blue = 45, purple = 60, black = 90 azimuth angles
Figure 8 displays the reflections after introducing two sets of cracks into Eagle Ford
shale. The normals of the two sets of cracks are parallel to x1 and x3 respectively.
proppant is considered to suspend in hydraulic fluid. A significant difference is the
azimuthal PP reflections show a reverse behavior from Figure 7 for Pre-SRV
stimulation. We can also see the amplitudes magnitude for P-P, P-SH, SH-P, SH-SH
reflections have increased due to the increasing impedance contrast between the lower

and upper media.
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Figure 8: Reflections from the interface of HTI-Orthorhombic model after SRV.
Proppant is considered to be suspending in hydraulic fluid, and filled in fractures at
early stage.

Figure 9 displays the reflections when proppant contact with matrix. The characteristics
of nine reflections are similar to Figure 7 before SRV. A difference worth to mention
is the azimuthal anisotropy of PP reflections have reduced. This indicates that it is
possible to distinguish proppant suspending fluid from proppant contacting matrix by
using seismic azimuthal PP reflections. The results of these reflections also give an
important indication that the azimuthal SH-SH reflection magnitude and converted P-
SH reflection magnitude are sensitive to cracks distribution. This indicates that the P-

SH converted wave or SH wave as incidence may be used for the detection of crack
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distribution in the shale gas production. Figure 10 displays the PP azimuthal AVO

response for the above three rock physics models.
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Proppant is considered to bridge fractures and contact with matrix at late stage.
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(2)HTI-HTI model (b)HTI- Orthorhombic (c) HTI- Orthorhombic
model when proppants model when proppants
suspension bridge fractures

Figure 10: The PP Azimuthal AVO response at 5 incident angle 0°, 10°, 20°, 30°,
40° for (a)HTI-HTI model before hydraulic fracturing, (b)HTI-Orthorhombic model
when proppants suspend in hydraulic fluid, and (c) HTI-Orthorhombic model when

proppants contact the matrix.

CONCLUSIONS

In this paper, we proposed a method for the anisotropic elastic modelling of organic
shales. In terms of the constituents and fabric, different rock physics models are
combined to estimate the elastic properties. The VTI symmetry of shales due to clay
inclusions can be characterized by anisotropic DEM model. The aspect ratio and ODF
are used to quantify the anisotropy originated from shapes and preferential orientation.
Anisotropic DEM model can also be used to model pores and cracks with preferential
orientations. This method turns out to be feasible when it is used to estimate the elastic
stiffnesses of shale core sample from Bazhenov formation. When simulating hydraulic
fracturing, Hudson’s model for cracked media is suitable to estimate the elastic
properties of the medium with HTI and orthorhombic symmetry. We modelled the
seismic AVAZ reflections with P, SV and SH wave mode as incidence. The results
show that it may be feasible to distinguish proppant suspending fluid at early high fluid
pressure stage from proppant contacting matrix at late lower fluid pressure stage.
Azimuthal S-S reflections and converted P-SH reflections are sensitive to cracks
distribution, which indicates that the converted wave and S-wave exploration may be
effective for the detection of crack distribution during the stage of shale gas production.
The model discussed here is one model approach that incorporates the shale

complexities into the elastic descriptions for these anisotropic rocks. The ranges of
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response suggest that shear measurements are most sensitive to induced fractures as we
might expect, while the propped versus unpropped conclusions would need to be

validated by field measurements for example.
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