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Full-Azimuth 3-D Characterizes Shales
By Duane Dopkin,
Joanne Wang
and Shiv Pujan Singh
HOUSTON–Shale resource plays are
a challenge for surface-recorded seismic
data. Variations in shale thickness, composition, geomechanical behavior, stress
and fracture intensity and orientation,
total organic content, etc., often result in
a complex seismic response that requires
the highest resolution and sampling seismic
data can offer.
In addition to optimizing temporal
and spatial resolution, subsurface azimuth
and angle sampling and resolution also
must be optimized to better resolve the
seismic response and to better recover
variations in shale properties.
To resolve the seismic response, geophysicists need an imaging procedure that
samples the subsurface like a well bore,
to recover seismic amplitudes as a function
of in situ angle and azimuth. Once recovered, these amplitudes can be transformed
to shale properties that are relevant to
reservoir and drilling engineers.
Shale plays represent sources of huge
opportunity for oil and gas companies,
as well as the global oil and gas economy. While the technology advances in
these plays have largely been focused
on the well bore, with measureable improvements in well completion processes, hydraulic fracturing and directional
drilling, seismic data also can play a
significant role in characterizing these
reservoirs as part of the field development process.
The Eagle Ford Shale play is heterogeneous in property (elastic and geomechanical) distribution and stress. Shale
plays are naturally heterogeneous and
frequently anisotropic because of tectonic

stress and fracturing. Determining stress
or fracture intensity and orientation from
the seismic method is a desirable outcome
for drilling engineers, but a challenging
one for geophysicists, particularly at significant depths and in the time frames
that are relevant for drilling engineers.

Eagle Ford Project
One study in the Eagle Ford used a
full-azimuth reflection decomposition and
imaging procedure to recover in situ,
full-azimuth and angle domain reflectivity
at seismic image depth points for subsequent fracture/stress and geomechanical

FIGURE 1
Full-Azimuth Reflection Angle Gather in Two and Three Dimensions
(HTI Anisotropy Signature at Far Angles from Stress and Fracturing)

FIGURE 2
Eagle Ford Shale Seismic Data Section
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property determination. This is a radical
departure from the surface domain sectoring approximations commonly used
in the industry. The sectored approach is
not only cumbersome, but fundamentally
flawed in its assumptions, as surface and
subsurface azimuth may differ drastically.
Also, because sectored sampling is sparse,
its applicability for precision recovery of
stress and fracture orientations and intensities is severely diminished.
With the full-azimuth imaging and
decomposition approach, stress anisotropy
magnitudes of less than 1 percent can be
detected in a systematic manner, and can
provide a powerful supplement to other
seismic attributes used to characterize
the Eagle Ford Shale and grade the reservoir. Full-azimuth decomposition also
provides a practical operational advantage
over the sectoring approach by reducing
project times from months to weeks, with
all properties extracted in situ and in
depth. In addition, the method recovers
high-fidelity amplitudes sampled in the
local angle domain, which are ideally
suited for inversion processes that recover
geomechanical properties.
Located in the Western Gulf Basin
and trending across South and East Texas,
the Cretaceous Eagle Ford has been
known as the source rock for the Austin
Chalk oil and gas formation. The seismic
data cover 130 square miles across Karnes
and Live Oak counties, and was acquired
by Seitel Inc. The seismic survey is in
the primary production zone of a wet
gas/condensate window. There are two
wells inside of the seismic survey. The
objective of this case study was to generate
a comprehensive characterization of the
Eagle Ford, including stress/fracture and
geomechanical property determination.
The project used an advanced full-azimuth subsurface angle domain decomposition method. The decomposition and
imaging of the seismic wave field is performed using a rich “bottom-up” ray
trace procedure based on an exploding
reflector model. The ray tracing is performed in all opening angles and all directions to achieve a uniform illumination
of each image point. All arrivals are taken
into account and phases are preserved.
This innovative imaging procedure
fully maps the recording wave field in
the local angle domain, returning full-azimuth image gathers of reflection amplitude
and structural (dip, azimuth and continuity)
amplitudes, which in turn, can be used to
construct a variety of diagnostic seismic

deliverables suitable for stress/fracture
determination and high-resolution geomechanical property analysis.
Figure 1 shows a single full-azimuth
(360) reflection angle gather in section
and three-dimensional views, generated
from the full-azimuth imaging and de-

composition process. The Eagle Ford reflector is highlighted in the red box.
Note that the residual move-out pattern
exhibits a sinusoidal behavior moving
from smaller to larger opening angles.
This move-out behavior is consistent
with a particular type of anisotropy–hor-

EQUATION 1
RMO Equation for all Angles and Azimuths to Determine
Stress/Fracture Orientation and Intensity
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FIGURE 3
Full-Azimuth Reflection Angle Gather
At Constant Opening Angle of 36 Degrees

FIGURE 4
Fracture/Stress Maps from Full-Azimuth RMO Inversion
(Left: Acquisition Surface Geometry; Right: Depth Map)

izontal transverse isotropy (HTI)–and is
generated by vertically fractured or
stressed reservoirs.
This process is able to detect the velocity anisotropy, which is only on the
order of 1 percent. What is more remarkable is that this anisotropy is being detected
at a depth of about 11,800 feet (Figure
2). Furthermore, the Eagle Ford Shale in
this area is only about 145 feet thick.
This anisotropy can be seen more clearly
in Figure 3, where the opening angle has
been confined to 36 degrees.
Full-Azimuth RMO
The presence of vertical fractures and
stresses in the rock can be modeled as
HTI anisotropy. Vertical fractures in the
presence of layering give rise to orthorhombic anisotropy, which is difficult
to deal with because it requires nine independent layer parameters. In practice,
under the assumption of small anisotropy,
we first model the velocity overburden
above the Eagle Ford Shale as isotropic
or transverse isotropic–vertical transverse
isotropy (VTI) or tilted transverse isotropy
(TTI)–depending on the behavior of the
formations.
An isotropic/transverse isotropic tomography procedure is run to update the
velocity model. Using the background
model, full-azimuth gathers are generated
and used for HTI analysis. A horizonbased HTI parameter inversion is employed at the base of a fractured reservoir
that uses the residual move-out measure
on gathers, such as that exhibited in
Figure 3. The azimuthal variation of the
residual move-out (RMO) can be described
by Equation 1.
The result of this velocity (RMO) inversion procedure is displayed in Figure
4, where the vector points in the direction
of the minimum horizontal stress, while
the length or size of the vector is proportional to the anisotropic intensity of the
stress and vectors. The low-intensity vectors
(small anisotropy) are filtered out to facilitate the interpretation. To ensure that the
result is not influenced by the acquisition
geometry, the vectors are displayed on the
left with the seismic acquisition geometry.
The same vectors are displayed on the
right with the depth map at the interface
between the Eagle Ford Shale and the underlying Buda Limestone.
It should be noted that unlike sectoring
approaches, the inversion fitting is carried
out with residual move-outs sampled over
all 360 azimuths. This gives us more confidence in the precision and quality of the
mathematical “fit” and the outputs.
In this full-azimuth imaging and characterization procedure, both residual
move-out and amplitudes can be extracted

FIGURE 5
Fracture and Stress Vectors from Full-Azimuth AVA(Z) Inversion
Superimposed on Curvature Seismic Attribute

FIGURE 6
Seismic Facies Classification
Based on Trace Shape with Seismic Curvature

FIGURE 7
Eagle Ford Brittleness from Seismic Inversion
Of Full-Azimuth Amplitudes to Impedances

from the prestack data over all angles
and azimuths. An additional seismic inversion procedure using amplitudes can
be used to invert for similar properties
related to stress and fracture intensity
and direction. Amplitude variation with
offset inversion is performed by fitting a
modified Ruger equation to each data
point on the full-azimuth gather after
flattening the gather based on the residual
(HTI) moveout.
Figure 5 shows the result after fullazimuth AVA(Z) inversion on the Eagle
Ford dataset. The stress intensity and orientation vectors are co-visualized with a
curvature attribute to understand the
impact of larger fault systems on the inversion results. The warm color highlights
zones with higher stress contrast. Again,
the HTI anisotropy as seen from the inversion map is very small (<1 percent),
but the patterns are very systematic. It is
also apparent that the results from both
the RMO(Z) and AVA(Z) inversions correlate to a high degree, giving confidence
in the inversion results.
Reservoir Heterogeneity
The Eagle Ford Shale is highly variable
in lithology, which results in brittle and
ductile geomechanical responses. Poststack seismic data and its derivative attributes can be used to identify geological

structures such as formations and faults,
and observe changes along a geological
formation.
Evaluating a variety of post-stack seismic attributes leads to selecting a few to
showcase the structure style and lateral/vertical changes in the shale formation.
These attributes include curvature and
trace shape (seismic facies) classification.
Figure 6 shows an overlay of the curvature
and facies attributes along the Eagle Ford
interval. The color represents different
trace shapes (seismic facies). The major
faults in the area are clearly defined with
the curvature. The trace shape attribute
indicates variations of the seismic data
and reflects the shale’s compositional,
depositional and structural heterogeneity.
Here, we see that major faults can provide
a controlling mechanism for the distribution of facies.
The full-azimuth imaging procedure
produces quality amplitudes sampled in
the proper physical domain (local angle
domain) to support additional transformations to geomechanical properties.
Seismic inversion procedures are used to
invert seismic data amplitudes to attributes
sensitive to lithology and fluid changes.
Compressional (P) and shear (S) impedances are layer properties directly related
to rock properties such as bulk modulus,
shear modulus, Young’s modulus and

Poisson’s ratio, from which shale brittleness can be estimated with supporting
well data.
Figure 7 shows the distribution of relative shale brittleness in the Eagle Ford
Shale interval from seismic inversion of
full-azimuth amplitudes to impedances,
and subsequent transformation to brittleness/ductility properties. The warm colors
represent the more brittle shale zones.
A full-azimuth and full-wave-field decomposition of seismic data is designed
to provide a broader understanding of
the relationship between subsurface image
points and surface-recorded seismic data.
It is particularly suitable for the richand wide-azimuth acquisitions that are
being conducted over shale resource plays
such as the Eagle Ford in search of
seismic signatures that can be detected
using standard imaging procedures (e.g.,
sectoring).
In this case study, full-azimuth decomposition and imaging detected HTI
anisotropy on the order of less than 1
percent, providing geoscientists with confidence and a desirable outcome for
stress/fracture determination. Additionally,
the method allows geoscientists to work
with material (layer) parameters in depth
rather than effective parameters in time.
It dramatically reduces project time when
compared with the sectored approach for
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any fractured reservoir characterization,
including shale plays.
Full-azimuth seismic data also carry
critical information related to rock properties, which is needed for prospect identification, ranking and well planning. Applying established and recently developed
technologies, many attributes can be gen-

erated from various seismic data reconstructions, including structural attributes,
rock property attributes and anisotropic
attributes. Integrated analysis and interpretation of these attributes enable the
geoscientist to understand the heterogeneity of a shale formation, estimate
and map the 3-D distribution of shale

brittleness, and recover stress intensity
and its orientation.
When properly processed, imaged,
analyzed and interpreted, seismic data
become a vital data source for the exploration and production of shale resource
plays.
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