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HOUSTON–Emerging technical software solutions are driving a new set of
geoscientific and engineering workflows that give operators the critical insights
needed to improve estimated ultimate recovery in tight oil reservoirs.
Tight oil reservoirs have assumed a noticeable and influential position in the
world’s crude oil supply, with production from new oil field “giants” such as
the Eagle Ford and Bakken/Three Forks pushing U.S. crude oil supply to more
than 10 percent of the world’s total, according to the U.S. Energy Information
Administration.
As production from these fields continues to grow, geoscientists and engineers
remain challenged as to how to boost estimated ultimate recovery from these
tight reservoirs. While the overwhelming successes of horizontal drilling and
hydraulic fracturing operations have resulted in a new brand for these assets–
“technology reservoirs”–it is somewhat ironic that the industry’s poor
understanding of reservoir performance can be attributed to the underutilization
of new technologies that better explain the heterogeneities that characterize
low-permeability reservoirs.
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This underutilization is not driven by
a lack of understanding or desire, but
rather by the fierce pace of drilling, which
compromises our ability to fully understand reservoir conditions and performance. This practice, however, is changing
by economic necessity as operators are
allocating more time to model and analyze
local reservoir conditions and properties
(stress, rock composition/mineralogy,
total organic carbon, etc.) in search of
correlations and analogs that can be used
to better predict reservoir performance
outcomes in new acreage areas. Additionally, technology providers have been
challenged to improve the time to a
quality reservoir model that captures the
totality of exploration and completions
technology and data.
Reservoir Geophysics
The industry’s focus on optimizing
the development of low-permeability oil
plays is increasing the relevance of reservoir geophysics. Specifically, tight oil
reservoirs have accelerated the development
of seismic imaging and reservoir characterization methods that greatly enhance
geoscientists’ understanding of the geomechanical properties of the subsurface.
Today, seismic imaging procedures
are able to use surface-recorded seismic
data to recover images of fracture intensity,
fracture density, fracture orientations,
stresses, brittleness, facies, and even estimates of total organic carbon. These
images can help geoscientists and engineers define permeability and low-stress

zones, identify preferred drilling directions,
and optimize well spacing.
To recover and characterize fracture
orientations and intensities, geophysicists
must be able to model the geometries of
the fractures described by their amplitude
or velocity behaviors. Fractured reservoirs
or reservoirs under stress exhibit anisotropic velocity behavior described by variations
along the principle axes of symmetry.
Two types of fracture-related anisotropy
that are routinely modeled in tight oil
formations are horizontal transverse
isotropic (HTI) anisotropy and orthorhombic anisotropy. The former describes vertical fractures in homogeneous media,
while the later describes vertical fractures
in layered or compacted media.
To model brittleness, fracture densities,
facies and total organic carbon, geophysicists must recover accurate amplitudes
from prestack time or depth migrations.
These amplitudes are subsequently run
through different inversion or classification
procedures with calibrations and transformations with well log data to generate
the desired property.
While all this sounds routine, results
from traditional seismic imaging and inversion methods often are deemed unsatisfactory or unreliable. Traditional approaches for imaging fractures with the
seismic method often rely on azimuthal
sectoring of seismic data at the acquisition
surface. Unfortunately, this process both
undersamples and averages the data,
masking and compromising the seismic
signatures that are required to accurately

FIGURE 1
Full-Azimuth, 5-D Common Reflection Point Image Prestack Gather

measure fracture and stress orientation
and intensity.
Accurately determining fracture properties from seismic data requires that we
localize the seismic operator in situ,
similar to the way a cross-dipole sonic
tool scans a formation. This is not a
trivial process. In addition to localizing
the seismic operator, data need to be
sampled in all directions with the highest
levels of directional (azimuthal), temporal
and amplitude resolution.
New 5-D Procedure
To improve on these traditional processes, a new procedure has been developed
for the seismic imaging and characterization of fractures. This procedure performs a five-dimensional decomposition
and imaging of surface-recorded seismic
data in situ, in depth, and over all azimuths
and angles. Figure 1 shows a full-azimuth,
5-D, common reflection point image,
pre-stack gather used to characterize tight
oil formations.
This remarkable “full-azimuth” imaging and characterization procedure has
been demonstrated to measure fracture
anisotropies with the highest levels of
accuracy (less than 1 percent in the Eagle
Ford), and resolve the intensities and
orientations of stresses and fractures required by reservoir geoscientists and engineers to plan their well programs. It
also has been demonstrated to detect
and image dual-fracture systems in the
Bakken.
Figure 2 displays full-azimuth, common reflection angle image gathers exhibiting (HTI) fracture anisotropy. The
Eagle Ford gather, exhibiting 1 percent
anisotropy, is shown on the left, while a
Bakken gather with dual fractures is in
the middle. A stress orientation and intensity map from the Eagle Ford is on
the right.
Moreover, the robust local angle domain amplitudes recovered in the process
are highly suitable for inversion and classification processes that deliver estimates
of brittleness, total organic carbon, and
facies. When integrated with the fracture
determination outputs, interpreted lowstress areas or zones with low compressional/shear velocities reveal “sweet spots”
that can be qualified and calibrated with
wellbore data Figure 3 shows a full characterization of an Eagle Ford Shale play
using full-azimuth, angle domain image
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gathers.
Depthing issues are mitigated or eliminated with this procedure, since incorporating full-azimuth tomography into
the workflow reduces the mathematical
non-uniqueness of the velocity model,
positions the seismic data properly in
depth, and improves the landing and
steering of horizontal wells. A mistie tomography procedure also allows geologic
constraints (well markers) to be incorporated in the velocity updating process as
a “redepthing” (depth-to-depth) procedure.
These highly valued additions are ideal
for tight oil plays, where thousands of
well markers are available. With the
proper technology, seismic data are, indeed, highly relevant to the exploration
and development of tight oil reservoirs.
Petrophysical Analysis
The petrophysical analysis of tight oil
formations plays a fundamental role in
understanding the mechanical behavior
of tight oil formations and their total organic carbon. Since tight oil reservoirs
vary tremendously from play to play in
mineralogy, stress and the maturity of
organic matter, traditional petrophysical
logs (e.g., resistivity, gamma ray, and
neutron density) assume a more limited
role. Mineralogy in the tight oil formations
controls the rock’s mechanical behavior
and determines where and how a formation
should be stimulated.
Production zones in the Barnett Shale,
for example, are strongly correlated with
low stress, high quartz-clay ratios. Mineral
content is a controlling factor also in determining the response of clays (e.g.,
swelling) to stimulation fluids, which can
have an adverse influence on production.
New wireline spectroscopy tools, coupled with advanced multimineral modeling
software tools, have become essential in
understanding the formation fabric of
tight oil reservoirs. Advanced multimineral
modeling can be used to identify prospective zones, quantify rock properties, and
optimize hydraulic fracturing. Customized
multimineral models to estimate kerogen
content, brittleness, and even closure stress
have been developed for shale plays.
Multimineral modeling allows the analyst to specify the minerals and fluids to
be modeled, and then solves for an optimal
solution that provides the best match
among the data, the model and the results.

For example, kerogen modeling in the
Barnett Shale has been improved greatly
with the addition of special minerals such
as pyrite and siderite, which are conducive
to the reducing environment associated
with organic carbons (Figure 4).
Electrofacies analysis also can be
adapted to tight oil formations for facies
delineation and reservoir quality predictions. While many techniques have been
proposed for creating electrofacies with
varying clustering methods based on sta-

tistics, graph-theory or neural networks,
the key challenges that formation evaluation professionals face are determining
how many clusters to form and eliminating
operator bias.
In essence, what we want to do is analyze the underlying structure of the input
data and form natural groups. Multiresolution, graph-based clustering offers a
solution that determines the optimal number of clusters at a number of different
resolutions and allows the geologist to

FIGURE 2
Full-Azimuth Common Reflection Angle Image Gathers
From Eagle Ford (Left) and Bakken (Center)
And Eagle Ford Stress Orientation/Intensity Map (Right)

Note: Eagle Ford seismic data courtesy of Seitel

FIGURE 3
Full Characterization of Eagle Ford
Using Full-Azimuth Angle Domain Image Gathers
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control the final level of detail in his
classification such that it is appropriate
to his requirements. This cluster method
is being applied to tight oil reservoirs
with high levels of success.
Understanding Stimulation
Microseismic data have proven to be
an effective tool in estimating the volumetric extent of formations impacted by
hydraulic fracturing, understanding the
stimulation efficiencies along horizontal
wells, optimizing well spacing, and mitigating hazards. This information is fundamental in assessing reservoir heterogeneity and planning future wells.
As the application of microseismic
data and its supporting technology matures, its value in estimating EUR also is
strengthened for the upstream oil and
gas industry. When evaluated with fullazimuth, prestack seismic fracture and
property attributes; core petrophysical
data; well logs; and production data, correlations emerge that enhance our predictive powers in assessing rates and reserves.
Emerging technology is playing a key
role in this assessment with significant
advances in earth modeling integration
and visualization. For stimulation, this
includes a comprehensive integration of
measured (microseismic) events, production surveillance data, and chemical and
radioactive tracer data in a 3-D setting.
Once these data are assembled, the next
step is to animate this information, allowing the geoscientists and engineers
to search for relevant correlations and
better understand fracture evolution.
To help in this visual correlation and
better model the hydraulic flow inside
the formation as a function of time, new
algorithms have been developed to simulate the flow of water inside the activated
fracture network. The activated fracture
network is constructed from filtered microseismic events and incorporates their
time of appearance. This stimulated fracture path can be guided with secondary
information such as preferred fracture
orientation derived from seismic prestack
information or well measurements (Figure
5). The volume of rock “affected” by
these activated fractures can be better
estimated than with conventional eventwrapping techniques.
Given this stimulated volume “para-

meterized” with attributes such as “tortuous distance to wellbore,” we can update
a simulated fracture network with new
fracture aperture coefficients. These small
fractures can be upscaled into standard
corner point reservoir grids as secondary
permeability information. In parallel, we
can automatically pick small faults issued
from attributes such as fault likelihood,
and include these small faults inside a
reservoir model and generate either a
faulted structured grid or an unstructured
mesh. Flow simulation can be run in this
new reservoir model, which incorporates
all of the information collected from mi-

croseismic, well data and seismic data.
This type of analysis greatly enhances
the conventional methods of working
with microseismic events, including distance-based computations of stimulated
rock volume as grid regions, envelopes,
and time-dependent volumes. The method
also is able to take advantage of the rich
set of mechanical modeling techniques
available in modern earth modeling systems.
Interpretation Systems
Pulling together all of the field data
and diversity of the processed information

FIGURE 4
Barnett Shale Multimineral Model with Quality Control Curves

FIGURE 5
Stimulated Fracture Paths from Microseismic and Other Controlling Data

FIGURE 6
Integrated Interpretation and Modeling Canvases

and deliverables is not a trivial task. Interpretation systems need to be able to
incorporate multiple seismic surveys and

extend project areas as new acreage and
data are acquired. They also must incorporate readily accessible and high-reso-

lution visualization methods to co-render
different attributes and maps. For mature
tight oil fields, they must be able to
support some of the largest well databases
in the world, incorporating tens of thousands of well logs and markers. These
are the minimum requirements that characterize a tight oil interpretation system.
Modern interpretation systems must
be equipped to handle production data,
completions data, prestack seismic data,
well log data, etc., and interpreters must
have access to both basic and advanced
seismic inversion methods. Figure 6 shows
integrated interpretation and modeling
canvases to support tight oil reservoir
development. Indeed, much of the refocus
on quantitative seismic interpretation is
being driven by tight oil, particularly the
shale plays.
Oil-bearing reservoirs that hold tight
oil, where porosity and permeability are
provided mainly by the fracture network,
require sophisticated procedures to model
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fractures. The fractures create complex
paths for hydrocarbons and other fluids,
which impact reservoir characterization,
production performance, and EUR. Traditional approaches for modeling fractures
in naturally fractured tight oil reservoirs
are based on discrete fracture modeling
(DFN) methods, in which 3-D fracture
density models are estimated for each
fracture set using well open fracture
counts as hard data and secondary fracture
data derived from seismic data (e.g., fullazimuth HTI inversion) methods. The
results are merged with geostatistics.
Discrete fracture networks are generated subsequently from the fracture density
estimates (one per fracture set) along
with fracture measurements of length/orientation/aspect ratio/aperture. The output
of this process includes upscaled fracture
properties, including fracture porosity
and fracture permeability. Stochastic simulations can be run subsequently to assess
the uncertainty on fracture parameter
models. Although widely used, DFN
models can suffer significantly from bad
input data since much of the fracture
data come from core data sampled under
laboratory conditions, rather than in situ
reservoir conditions.
To overcome these problems, a unique

FIGURE 7
DFN Model and Fracture Probability Model

fracture probability model is proposed
for the reservoir interval, taking into account the geometry of the reservoir grid
(with no simplifications of faults and
horizons), the influence of all deformations
from the time of deposition, a geomechanical facies model, and the sensitivity
of the rock materials to the fractures
(Figure 7).
In this fracture workflow, the effective
permeability of large-scale flow cells is
modeled in such a way that it integrates
the presence of small-scale fractures.
This workflow is carried out largely from
fracture permeability data from the wellbore (well test data), interpretation data,
borehole or seismic facies data (rock

type model), structural and geomechanical
attributes, and seismic data fracture and
property inversion methods.
Horizontal drilling and fracturing operations have transformed tight oil plays
from interesting and potential hydrocarbon
sources to real and significant contributors
to world oil supply. The industry is at a
pivot point where a more thorough understanding of the structural and compositional formation fabric can boost EURs
from these tight reservoirs. Emerging
petrotechnical software solutions are driving a new set of workflows for the geoscientists and engineers tasked with keeping these oil fields at the forefront of the
global energy landscape.
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