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ABSTRACT

Most current seismic methods to seismically characterize fractures in tight reservoirs
depend on a few anisotropic wave propagation signatures that can arise from aligned
fractures. While seismic anisotropy can be a powerful fracture diagnostic, a number of
situations can lessen its usefulness or introduce interpretation ambiguities. Fortunately,
laboratory and theoretical work in rock physics indicates that a much broader spectrum of
fracture seismic signatures can occur, including a decrease in P- and S-wave velocities, a
change in Poisson’s ratio, an increase in velocity dispersion and wave attenuation, as well
as well as indirect images of structural features that can control fracture occurrence.

The goal of this project was to demonstrate a practical interpretation and integration
strategy for detecting and characterizing natural fractures in rocks. The approach was to
exploit as many sources of information as possible, and to use the principles of rock
physics as the link among seismic, geologic, and log data. Since no single seismic
attribute is a reliable fracture indicator in all situations, the focus was to develop a
quantitative scheme for integrating the diverse sources of information. The integrated
study incorporated three key elements:

The first element was establishing prior constraints on fracture occurrence, based on
laboratory data, previous field observations, and geologic patterns of fracturing. The
geologic aspects include analysis of the stratigraphic, structural, and tectonic
environments of the field sites. Field observations and geomechanical analysis indicates
that fractures tend to occur in the more brittle facies, for example, in tight sands and
carbonates. In contrast, strain in shale is more likely to be accommodated by ductile
flow. Hence, prior knowledge of bed thickness and facies architecture, calibrated to
outcrops, are powerful constraints on the interpreted fracture distribution. Another
important constraint is that fracturing is likely to be more intense near faults — sometimes
referred to as the damaged zone. Yet another constraint, based on world-wide
observations, is that the maximum likely fracture density increases with depth in a well-
defined way. Defining these prior constrains has several benefits: they lead to a priori
probability distributions of fractures, that are important for objective statistical
integration; they limit the number of geologic hypotheses that need to be theoretically
modeled; they provide plausible models for fracture distributions below the seismic
resolution.

The second element was theoretical rock physics modeling of optimal seismic
attributes, including offset and azimuth dependence of traveltime, amplitude, and

impedance signatures of anisotropic fractured rocks. The suggested workflow is to begin



with an elastic earth model, based on well logs, theoretically add fractures to the likely
facies as defined by the geologic prior information, and then compute synthetic seismic
traces and attributes, including variations in P and S-wave velocities, Poisson’s ratio,
reflectivity, travel time, attenuation, and anisotropies of these parameters. This workflow
is done in a Monte-Carlo fashion, yielding ranges of expected fracture signatures, and
allowing realistic assessments of uncertainty to be honored.

The third element was statistical integration of the geophysical data and prior
constraints to map fracture intensity and orientations, along with uncertainties. A
Bayesian framework was developed that allowed systematic integration of the prior
constraints, the theoretical relations between fractures and their seismic signatures, and
the various observed seismic observations. The integration scheme was successfully
applied on an East Texas field site.

The primary benefit from the study was the optimization and refinement of practical
workflows for improved geophysical characterization of natural fractures and for
quantifying the uncertainty of these interpretations. By presenting a methodology for
integrating various types of information, the workflow will help to reduce the risk (and
therefore the cost) of exploring for and recovering natural gas and oil reserves in

fractured reservoirs.
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INTRODUCTION

The key to successful development of many low permeability reservoirs lies in
reliably detecting, characterizing, and mapping natural fractures. Fractures play a crucial
role in controlling almost all of the fluid transport in tight reservoirs, and they can
influence production even in reservoirs with moderate permeability.

Most current seismic methods to characterize fractures depend on a few anisotropic
wave propagation signatures that can arise from aligned fractures. Common among these
are seismic shear wave splitting, azimuthal variation of P-wave AVO, and azimuthal
variation in P-wave normal moveout (NMO) velocity. While seismic anisotropy can be a
powerful fracture diagnostic, a number of situations can lessen its usefulness or introduce
interpretation ambiguities.  These include (a) multiple fracture sets at different
orientations that combine to lessen the anisotropy, (b) the presence of nonfracture rock
anisotropy as might occur with large differences in horizontal principal stresses, (c)
fracture occurrence in narrow bands or swarms that are not sampled well by azimuthal
methods, and (d) seismic acquisition geometries that provide limited azimuthal coverage
— actually quite typical in spite of the name “3D seismic.”

Fortunately, laboratory and theoretical work in rock physics indicates that a much
broader spectrum of fracture seismic signatures can occur, including a decrease in P- and
S-wave velocities, a change in Poisson’s ratio, an increase in velocity dispersion and
wave attenuation, as well as well as indirect images of structural features that can control
fracture occurrence. Many of these lead to “isotropic” fracture signatures that have the
potential for complimenting or replacing some of the anisotropic methods.

In this project, we have pursued an integrated study with the objective to demonstrate
an interpretation and integration strategy for detecting and characterizing natural
fractures in rocks. Our approach has been to exploit as many sources of information as
possible, and we use the principles of rock physics as the link among seismic, geologic,
and log data. Experience has shown that no single attribute is a reliable fracture indicator
in all situations. Hence, we have developed a quantitative scheme for integrating the
diverse sources of information.

Although this work has involved developing and using powerful theoretical methods,
our focus has been to demonstrate practical methodologies that can be applied in the field

to reduce interpretation risk and improve gas recovery.
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Our integrated study incorporates three key elements:

(1) Establishing prior constraints on fracture occurrence, based on laboratory data,
previous field observations, and geologic patterns of fracturing.

(2) Theoretical rock physics modeling of optimal seismic attributes, including
offset and azimuth dependence of traveltime, amplitude, and impedance signatures of
anisotropic fractured rocks.

(3)Integration and interpretation of seismic, well log, laboratory and geologic data.
This includes estimates of the uncertainty of the fracture interpretation.

The focal point for this project has been the development and demonstration of our
fracture detection and characterization methodologies on data provided by Marathon Oil
Company for the Neuville Field of East Texas.

This report summarizes the final results of the project, including technical

developments, lessons learned, and recommended practices for use by the gas industry.

SUMMARY OF TECHNICAL RESULTS

In this section, we summarize the technical results of this project. They include
theoretical developments, geologic field work, and integrated analysis of diverse data
from a fractured reservoir site. Additional details are given in a series of attachments.
Recommended practices and pitfalls will be summarized in the next section.

With the generous cooperation of Marathon Oil, we received well logs, lithologic
descriptions, and geologic insights into two Texas sites: fractured carbonates in the San
Andres formation of the West Texas Yates Field, and fractured carbonates in the James
Lime formation in the East Texas Neuville field. Although we performed basic rock
physics and fracture modeling in both fields, we ultimately focused on the Neuville field,
largely because of better data availability, and Marathon’s greater ability to cooperate
there.

Our work involved several key steps:

(1) Analysis of the stratigraphic, structural, and tectonic environments of the field sites,

(2) Geomechanical modeling of candidate structural scenarios, to help identify
mechanically likely distributions of fractures, as controlled by rock moduli, bed
thickness, bed topology, and regional stress boundary conditions,

(3) Compilation of observable patterns of fracturing from nearby wells,
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(4) Rock physics modeling calibrated to well logs, to explore the various seismic
signatures of fractures, including variations in P and S-wave velocities, Poisson’s
ratio, reflectivity, travel time, attenuation, and anisotropies of these parameters.

(5) Analysis of VSP data to identify potential fractures and to compare their signatures
with the rock physics modeling

(6) Development of a general methodology for integrating diverse fracture-related data,

and demonstration of the methodology on the field site with 3D seismic.

During Phase II of this project, we acquired a small-scale multi-offset-multi-azimuth
VSP (Vertical Seismic Profile) data set in the in the James Lime play. The goal was to
develop and validate the feasibility of our interpretation schemes for detection and
characterization of fracture systems, on a small-scale and controlled experiment.
Marathon Oil provided log data and expertise as needed. They took the lead in managing
the practical aspects of the field pilot VSP study, including design of the survey
specifications, and performing basic processing of the data. Stanford and Marathon
jointly participated in the analysis. We show below that we were successful in finding
and understanding many of the fracture signatures in the VSP, quantifying them using
rock physics models, and relating them to the wellbore data and to the geologic
environment.

During Phase III, we analyzed 3-D seismic from the same field, using it to
demonstrate our integration methodology. The 3-D data were also provided by Marathon.
Marathon provided the basic seismic processing, and Stanford extracted relevant seismic
attributes from the processed data. Stanford also developed and demonstrated a
generalized statistical rock physics integration scheme, as described below.

We now summarize the key results in more detail.

Integrated Strategy for Fracture Characterization

Many types of information can be used to study fractures, and each one of them
contributes in a different way to fracture characterization. For example, geological
outcrop studies give us direct observations of the fracture orientation, spatial density, and
sometimes even their length. Outcrops also lend insights into the geomechanical
relations, such as how fractures are related to strain, bed thickness, and facies brittleness.
However, the challenge is to extrapolate this information to the reservoir at depth.

Seismic data, on the other hand, provide good coverage at depth, but the measurements

5
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are indirectly related to fractures, and their resolution is lower than the scale of the
features we are interested in. However, even though we cannot directly image the
fractures from seismic measurements, we can use various seismic attributes, which give
us information about fracture density, orientation, and sometimes the type of fluid
saturating the fractures.

In this project, we demonstrated a methodology for integrating these various types of
geologic, well log, and seismic information using rock physics theories, in the framework
of an inverse problem, as defined by Tarantola (1982, 1987). A typical inverse problem
has three different elements: 1) the model parameters, represented by the subsurface rock
properties that we wish to detect and map, (in this case, the fracture characteristics), 2)
the data parameters (e.g. seismic and log measurements), and 3) the physical laws that
relate the model parameters to the data parameters, which are given by rock physics
theories. In addition to the seismic and log data, we often have prior information about
the subsurface rock properties (fracture parameters) from geologic interpretations and
constraints. These various types of geological and geophysical information can be
combined quantitatively if we translate them into the common language of probability
theory.

A general way of expressing mathematically the prior geologic knowledge about the
model parameters (fracture characteristics) is through a priori probability density
functions (PDFs). We can think of the prior model as the geologist’s best prediction of
where the fractures are likely to be, before seeing the quantitative seismic information.
This prior model is best expressed as a PDF, because a PDF allows us to express likely
fracture hypotheses, while at the same time quantifying our confidence (or lack thereof)
in the predictions. The seismic data, which are affected by measurement errors (from
acquisition, processing, noise, etc), can also be described through PDFs. Furthermore,
the theoretical relations between the model parameters (fracture characteristics) and the
data parameters (seismic attributes), given by rock physics theories, are also uncertain.
This uncertainty results from approximations in the rock physics models and from natural
variability of the rock properties. Therefore, we also use PDFs to express mathematically
the uncertainty in the physical correlations between the model and data parameters.

The language of probability theory allows us to integrate quantitatively the various
types of information and, at the same time, fo estimate the uncertainty in our predictions.
The solution to the integration methodology formulated in this framework is represented
by the a posteriori PDF for the model parameters (fracture characteristics), obtained by
combining quantitatively the prior geological information, the seismic measurements, and

the information from the rock physics theories. From this posterior PDF we can obtain

6
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the expected values for fracture parameters, but we can also derive probability maps, as a

general way of expressing the uncertainty in our estimations. The language of

probability also allows us to estimate the impact of each type of information in reducing

the uncertainty in our predictions (Shannon, 1948; Takahashi et al., 1999). Therefore,

this method can have a significant impact on risk and decision analysis for reservoir

management in various exploration and production stages.

We obtain several types of outputs from this integrated approach:

A map with the most likely distribution of fracture density and orientation, based on
the prior geological information and constrained by seismic data,

Objective methodologies for updating the map when new information becomes
available,

Objective estimates of the uncertainty associated with the fracture maps, and
Objective methods for assessing the relative value of each type of measurement. For
example, in a given situation, what new measurement will be most valuable for

reducing fracture uncertainty?

The workflow that we developed and recommend consists of the following steps,

which are described in detail in the following sections:

1.

Analysis of the geologic scenarios, including stratigraphic and structural controls on
fracture occurrence. The end results of this step are a list of likely fracture scenarios
to evaluate (e.g., Which intervals might be fractured? How many fracture sets might
exist? What pore fluids should be considered?), constraints on fracture occurrence,
and a prior fracture model, expressed as a PDF.

Rock physics fracture modeling, to explore the seismic signatures of the fracture
distributions that are possible and likely at the site. These tasks are best calibrated
with log data. The end results are physical insights into fracture signatures, and PDFs
expressing the theoretical relations (with uncertainty) between the target fracture
parameters and the data.

Analysis of field seismic data to ensure optimum processing, identify potential
artifacts (such as acquisition footprint), and extract attributes that will be useful for
the fracture interpretation, based on the rock physics modeling.

Finally, integration of the prior information, the theoretical relations, and the
geophysical data to produce the final fracture interpretation, expressed

probabilistically, as well as quantitative estimates of uncertainty.
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Geologic Model of Fracture Occurrence in the James Lime Field

ATTACHMENT A summarizes the geologic setting of our site in the James Lime
play of the Neuville Field in East Texas where the bulk of our field demonstration was
focused.

In spite of the lack of reservoir exposures, which prevents a direct outcrop analogue
study, we develop a conceptual model based on mechanical stratigraphy and the tectonic
setting. The dominant structural style is normal faulting, and the current state of stress is
also extensional. In the case of the James Limestone, the interposition of brittle and
ductile layers at different scales and the development of the Sabine uplift at the Texas-
Louisiana border during the Cretaceous are two factors with definite impact in the
development and orientation of conjugate normal faults and the development of fracture
swarms.

The lithologic composition of James Limestone, characterized by the interposition of
meter-scale layers of limestone and calcareous shale, plays a significant role in the
distribution of fractures. This lithologic composition is dominant in the Mesozoic
sequence of the Gulf of Mexico, which basically consists of the interposition of ductile
and brittle layers at different scales. In general, joints form within the limestone (brittle)
lithologies and abut against the shale (ductile) layers. Propagation of small faults
depends on the fault offset and shale thickness. In the same way that salt layers have
played a significant role in the development of conjugate and listric normal faults in the
Gulf of Mexico, shale intervals above, below, and within the James Lime may constitute
gliding planes for shearing and localized faulting. The details of this faulting mechanism
are explained in ATTACHMENT B. Conjugate normal faulting is considered as the
main deformation mechanism within the James Limestone. Conjugate normal faults form
narrow zones with high fracture density. Fracture swarms or clusters are therefore
associated with subseismic faults, or faults that cannot be detected with conventional
seismic methods. Between these fracture swarms, the background fracture density may
correspond to regularly spaced joints.

The geologic interpretation based on the integration of the Multi-offset VSP
(ATTACHMENT F) and the horizontal lateral sections of the Henderson-1 well,
confirms the presence of subseismic faults and fracture swarms within the James
Limestone. The presence of small faults is indicated by changes in the stratigraphy along
the well trajectory, as well as by small displacements of the James-Lime reflection

observed in the VSP data. These faults are also associated with reduction in the P-to-P
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reflectivity, an indication of low bulk compressibility, most likely related to fracture
swarms.

Fracture orientation, a critical uncertainty in fractured reservoirs, has been determined
from the 3D seismic data. In the case of the well Henderson-1 we had three possible
scenarios: (1) scenario A, fractures parallel to the Cretaceous depositional slope that
basically means parallel to the adjacent normal faults; (2) scenario B, fractures
approximately normal to the adjacent normal faults; and (3) scenario C, fractures parallel
to the current depositional slope, which means oblique to the adjacent normal faults. A
previous geomechanical model showed that fracture orientation at Henderson-1 depended
exclusively on loading conditions, and we could not rule out any of these three probable
scenarios. The AVOZ analysis from 3D seismic data (ATTACHMENT G) shows
seismic anisotropy consistent with faults and fractures sub-parallel to the adjacent normal
fault. The results from the AVOZ analysis not only rule out the possibility of scenarios B
and C, but also show the spatial variability of fracture orientation, which in general
ranges from parallel to slightly oblique to the large normal faults.

Regarding fault spacing, we combined a systematic analysis of the LWD gamma ray
and the seismic attributes of the VSP data to obtain the distribution of faults along the
path of Henderson-1. Even though this method has limitations in resolution, since it
cannot identify faults with very small offset, it can be particularly useful in wells where

wellbore-image logs are not possible or available.

Evolution Of Conjugate Normal Faults In Sedimentary Sequences With
High Brittleness/Ductility Contrast

ATTACHMENT B describes a mechanical model for fracture occurrence in these
types of formations.  Conjugate normal faults are a common geometric fault
configuration that occurs in different natural settings at different scales. The origin and
evolution of these faults is poorly understood. Here we propose a model for evolution of
conjugate normal faults in sedimentary sequences with high brittleness/ductility contrast.
The model is based on both field observations and numerical modeling. It is shown that
conjugate normal fault patterns are the result of sequential events of slip and hierarchical
splay jointing. Basically, slip along ductile bedding surfaces or layers generates a stress
perturbation that results in the formation of subvertical splay joints. Slip along these
subvertical splay joints (sheared joints) generates a new stress perturbation that creates a

new set of splay joints. The azimuth of the new set of splay joints is parallel to the
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sheared joints, but they have opposite dip direction. The new splay joints constitute new
low-friction planes that slip, forming a set of conjugate normal faults. Interaction
between bed-confined, subparallel sheared joints (normal faults) is required in order to
form larger normal faults.

This sequential evolution of conjugate normal faults results in a particular shape that
we call the tectonic bowtie. The limits of the bowtie are defined by the parent (synthetic)
normal fault and the main two opposite-dipping antithetic faults. With respect to the
parent fault, the antithetic faults are located at the upper quadrant of the hanging wall and
the lower quadrant of the footwall. The zones between the parent fault and the antithetic
faults are characterized by high-density of fractures, or fracture swarms, which are
parallel to the parent fault. The bowtie can be well-preserved or partially preserved
depending upon the actual geometry of the parent fault.

The deformation documented in this paper is associated to faults with less than 1 m of
vertical offset, and therefore corresponds to faults that are below the limit of seismic
resolution. Nevertheless, these fracture swarms may have a significant impact on both

rock impedance and rock permeability. Figure 1 shows examples in an outcrop.
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Figure 1. Outcrop examples of tectonic bowties.

As we have been discussing, faults and fractures can have a range of seismic
signatures. However, seismic analysis can never resolve individual fractures and many of
their geometric details. Hence, we believe it is critical to have a geologically sound
model for the subresolution details of the fracture zones that we can use as inputs to our
rock physics models. We have adopted the bowtie model for fault and fracture

occurrence in the James Lime play.

11
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Quantitative Integration of Outcrop Studies to Reservoir Modeling

ATTACHMENT C presents a pioneer work in the use of outcrop descriptions to
constrain the static model of fractured reservoirs. Outcrop analogue studies are
commonly used to generate conceptual models of the reservoir. More quantitative
studies look for statistical correlations between fracture density and kinematic, geometric
or stratigraphic variables like shear, tilting, or bed thickness. These statistical
correlations are somewhat deterministic, since they use the mean or the median as the
main statistical parameter. In this paper we propose to take the whole population,
reproducible using the type of distribution and their respective statistical parameters, and
apply geostatistical methods to reproduce the spatial variability observed at the outcrop.
We believe this method has the potential to become an alternative to the Discrete Fracture

Network technique, however it requires further research.

Rock Physics Analysis and Fracture Modeling

As just discussed, the geological model for the James Limestone reservoir suggests
the presence of fracture swarms or clusters associated with small faults. Also, between
these fracture swarms, the reservoir may exhibit regularly spaced vertical joints.
Therefore, the reservoir is modeled with distributions of fractures that may correspond to
the bowtie fracture swarms (discussed in ATTACHMENT B), within which the
distribution of fractures can be more or less random, as in a brecciated zone. We also
consider a set of vertical joints that generates an azimuthally anisotropic medium with
HTI symmetry (transversely isotropic with horizontal symmetry axis).

Another critical input to developing a prior fracture model is an understanding of
what range of fracturing has been seen in other field situations, and what degree of
seismic anisotropy would be considered significant and anomalous. ATTACHMENT D
gives an analysis of previous field data on shear-wave anisotropy acquired by various
authors in different types of environments and summarized by Crampin (1994). The
results of this analysis are valuable a priori information, which can be used to constrain
the fracture density in our modeling, as a function of depth. This helps us evaluate the
feasibility of various seismic methods to detect fractures, depending on the depth of the

reservoirs.

12
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In ATTACHMENT E we present our general methodology for stochastic simulations
of seismic properties of fractured media. Based on this methodology we model both the
interval and interface seismic properties for the fractured James Lime reservoir, with the
main objective of understanding how fractures impact the seismic response in different
possible scenarios. The first part of this attachment focuses on the rock physics analysis
of the well log data, and on the information about fracture occurrence available from the
FMI data. The second part presents the results of our stochastic simulations for seismic
properties of the fractured James Lime reservoir. The main objective is to understand
how reservoir heterogeneities and especially fractures impact the seismic response, and to
provide a framework for quantitative analysis of the VSP and 3D seismic data for
estimating fracture orientation, fracture density and fluid type. Our approach also allows
for estimating the uncertainty in fracture characterization due to natural variability in the
fractures and background host rock.

The results of our rock physics analysis, together with the interpreted FMI
information about fractures from well McCoy #1, show that fractures in the James Lime
reservoir are associated with the cleaner limestones intervals that have higher velocities

and lower porosities.
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Figure 2: Vp- Vs scatter-plot for the San Andres reservoir, Yates field. The data are color-coded by
depositional environment: low-energy, subtidal (blue), shoal-margin (green), shoal (red).
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The preferential association of the fractures with a particular type of depositional
environment with the corresponding facies was also observed for San Andres reservoir in
Yates field. In that case, the fractures occur primarily in the low-energy, subtidal
depositional environment, represented by dolomitic mudstones. Figure 2 presents a
seismic Vp-Vs scatter-plot, derived from the well-log data corresponding to the San
Andres reservoir. The data are color-coded by the type of the depositional environment:
the low energy, subtidal environment (blue), the shoal-margin environment (green), and
the shoal environment (red). We can see that the three different types of environments
have different elastic signatures, so they may be seismically differentiable.

From the core analysis in the same well we observe that most of the fractures are
associated with the low-energy, subtidal environment, characterized by higher velocities
and lower porosities. On the left panel of Figure 3 we show the proportion of each
depositional environment present in this well. On the right panel of Figure 3 we show the
total number of fractures (from core analysis) that occurs in each of the three different
types of environments encountered in the San Andres reservoir. We can see that 50% of
the fractures occur in the low-energy depositional facies, even though that facies accounts

for only 25% of the sections.

58%
50%

34%

25%

17% 16%

subtidal shoal-margin shoal subtidal shoal-margin shoal

Figure 3: Left panel: Percentages for the different depositional environments corresponding to San
Andres reservoir occurring in one of the wells. Right panel: Percentages from the total number of
fractures that correspond to each of the three different depositional environments: low-energy,
subtidal (blue), shoal-margin (green), shoal (red).
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This association of the fractures with the higher velocity rocks, observed for both
James Lime, as well as San Andres reservoirs, can have an impact on fracture delineation
from seismic data. Even if the velocity will be drastically lowered for the most fractured
zones, on average the velocities of the fractured regions may be larger than the velocities
of the unfractured rocks, characterized by higher clay content. Therefore, an impedance
inversion may help in delineating the zones with higher fracture probability. Inside each
high impedance region, we can then do a more detailed analysis to determine the zones of
the highest fracture density.

Based on the well-log analysis of the James Lime, we consider that the reservoir may
exhibit three main types of facies: 1) unfractured, clean limestones, 2) shaly limestones,
and 3) fractured, clean limestones, which we have modeled with different distributions of
fractures. The goal is to find the optimal combination of seismic attributes for
distinguishing the gas-filled fractured zones from the shaly and unfractured limestones in
the reservoir.

For each of the hypotheses of isotropic and anisotropic fracture distribution we
stochastically model seismic interval and interface properties such as interval velocities,
Impedances, travel time, PP reflectivity as a function of angle of incidence and azimuth.
The modeling shows that all of these properties may be influenced by the presence of the
fractures. The gas filled fractures enhance the ability to detect fractured zones, as
compared with the brine-filled fractures.

The interval velocities decrease with the fracture density. For gas filled fractures the
P-wave velocity is more sensitive to the presence of the fractures than S-wave velocity.
The largest decrease in Vp for fixed crack density is in the direction orthogonal to a set of
vertical joints. Vp parallel to crack plane is the least sensitive to fractures, as expected.
P-wave velocity for an isotropic distribution of fractures is also significantly lowered.
For large crack densities, the Vp of the gas-filled fractured zones becomes comparable to
the Vp of the shaly limestones in the reservoir, which are less susceptible to fracture. The
S-wave velocity decreases less than Vp, and its expected value remains larger than the S-
wave velocity of the shaly rocks. Therefore, Vs is a valuable piece of information to
discriminate between the gas-filled fractured zones and the shaly limestones in the
reservoir.

In the case of an isotropic distribution for the fracture orientation, the P-wave
Impedance - Poisson’s ratio domain is an optimal combination of interval properties for
delineating the gas-filled fractured zones in the reservoir. However, if the fractures are
saturated with brine, it is difficult to distinguish them from the unfractured, clean

limestones.
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The travel time can be also influenced by the presence of fractures. For the case of
an HTI medium, the travel time in the direction orthogonal to fractures is larger than the
travel time through an unfractured medium. However, for the James Lime reservoir
modeled as an HTI medium, the travel time difference between fractured, slow direction,
and unfractured is very small, even for a relatively high fracture density such as 0.07. In
the hypothesis of a fractured reservoir modeled with randomly distributed fractures, the
difference between travel time through fractured and unfractured zones is a little higher,
approximately 5 milliseconds. However, since the sampling rate for VSP and seismic
data is 2 to 4 milliseconds, the travel time is not an optimal attribute for fracture
characterization in this case, due to the fact that the reservoir is too thin.

The interface properties such as PP reflectivity can be very useful to discriminate
fractured zones from unfractured ones, and also to quantify the density of the fractures.
The advantage of using this attribute is that it can provide localized information at the
interface of interest, unlike the travel time methods. We consider again both the isotropic
and anisotropic fracture distributions in the James Lime reservoir. The cap rock is the
Bexar shale, whose elastic properties are very different from those of the reservoir. That
is why at the top of James Lime we can notice a very strong reflection in the VSP and
seismic data (ATTACHMENT F). However, our modeling suggests that the presence of
randomly oriented cracks filled with gas decrease the amplitude of the reflected wave
considerably. The higher the fracture density, the larger the decrease in Rpp amplitude.
Therefore, even at normal incidence the expected Rpp can be a very efficient attribute to
discriminate between fractured and unfractured zones, especially if the fractures are
randomly orientated.

At normal incidence, the Rpp from a fractured zone with vertical joints filled with gas
is smaller than the Rpp from the unfractaured zone. However, for the same crack density,
the decrease in the normal incidence Rpp amplitude for vertical joints is smaller than for
randomly distributed fractures, as expected.

For the interface properties, the AVO Gradient - Intercept domain is a potentially
useful combination for discriminating gas-filled fractures in the reservoir. However, due
to a large variability in the seismic properties of the cap rock, the uncertainty in
differentiating fractured zones from interface properties is a little higher than from
interval properties, such as P-Impedance and Poisson’s Ratio. As the fracture density
increases, the PP reflectivity from the fractured zones decreases, and becomes closer to
the PP reflectivity from the shaly limestones in the reservoir. The AVO gradient can help
resolve this ambiguity. Modeling shows that the shaliness moves the AVO gradient to

smaller negative values as compared to the clean, unfractured limestones, while the
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fractures filled with gas move the AVO gradient to larger negative values as compared to
the clean, unfractured limestones (Figure 4). Therefore, the AVO gradient can help in

better separating the gas-filled fractured zones from the shaly zones in the reservoir.
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Figure 4: Joint probability distribution functions of the AVO Gradient and Intercept for the Monte
Carlo simulations of the unfractured, clean limestones (blue), fractured limestones with randomly
oriented cracks (green), and shaly rocks (red). Fractures are filled with gas.

Brine-saturated fractures are difficult to distinguish also in the AVO Gradient -
Intercept domain.

In the hypothesis of a nearly vertical set of joints, we also consider the Rpp
Amplitude Variation with Incidence Angle and Azimuth (AVAZ). The azimuthal
variation depends on the fluid type. In the assumption of little fluid communication
between fracture and matrix porosity during a seismic period, the gas filled fractures and
brine filled fractures have opposite azimuthal polarity. For the brine filled fractures, the
maximum Rpp value at a fixed angle of incidence is in the direction perpendicular to
fractures, while for the gas saturated fractures the maximum Rpp value is in the direction
parallel to fractures. This is an interesting result that can be used to differentiate between
gas filled and brine filled fractures for a vertical set of joints. The orientation of fractures
should be determined from geological information or other seismic attributes, such as
travel time. Therefore, quantitative azimuthal analysis of Rpp from 3D seismic data can

be used to determine also the fluid type.
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In summary, our fracture modeling shows the possible changes in the seismic
response due to fractures in James Lime reservoir for two different hypotheses: 1)
random distribution of fractures corresponding to swarms of fractures in the vicinity of
faults, and 2) parallel, vertical set of joints. Rock physics fracture modeling and
stochastic simulations for seismic attributes of James Lime reservoir provide a
framework for quantitative analysis of the seismic data, with the objective of estimating

fracture orientation, fracture density and also fluid type.

The Integration Methodology

Figure 5 presents schematically the flow for the quantitative integration of geological,
well-log, and seismic information using rock physics theories.
ATTACHMENT H describes the approach in detail.

In the following we give a summary with the practical steps for integrating the prior
information about fracture distribution, obtained from the geological interpretation, with
the well-log and seismic measurements, using stochastic rock physics modeling within a

Bayesian framework:

1) Prior information about fracture parameters

We first need to evaluate the possible geological hypotheses for the fracture
distribution, based on the site-specific outcrop observations, if available, or outcrop
analogs, as well as on the well-log information. Another valuable source of information
for fracture distribution can be derived from the geological structure of the reservoir,
which can be obtained from the interpretation of seismic data. Some of the important
parameters controlling fracture occurrence are: bed thickness, bed curvature, distance
from the faults, local tectonic stresses, etc. We also need to quantify the uncertainty about
the prior information, and the method we propose is using the MaxEnt principle, which is
explained in ATTACHMENT H.
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Figure 5. Workflow for statistically integrating log, seismic, and geologic information for fracture
characterization using rock physics theories.
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For James Limestone reservoir the fracture occurrence is controlled primarily by the
existing faults. Rocks undergoing fracturing exhibit increased fracture density with
increased strain (Nelson, 1985). Therefore, large fracture densities are usually associated
with the presence of faults. Fracture density increases in the proximity of faults, and it

decreases away from them.

0.045

Figure 6: Left panel: Amplitude map at the top of a fractured carbonate reservoir, with the
interpreted fault. Bin size is 200 ft. Right panel: Map with the interpolated a priori spatial
distribution of the mean value of fracture density at the top of the reservoir, based on the
geological interpretation of a fault, schematically represented in the figure.

Figure 6 presents in the right panel a map with the distribution of the mean values of
fracture density at the top of the fractured reservoir. This spatial distribution is based on
the geological interpretation of a fault from seismic data (Figure 6, left panel). In the
proximity of the fault, the expected crack density is larger than away from the fault.
Outcrop observations can help in calibrating the initial distribution of the mean values for
fracture density in relation to the fault observed from seismic data. However, the fracture
density values from outcrops should be transformed to the corresponding reservoir
stresses. For the James Limestone reservoir, we assume a smooth exponential decay for
the mean fracture density with increasing distance from the fault, as we show in Figure 6,
right panel. The maximum expected fracture density in the proximity of the fault is
assumed to be 0.07. This value corresponds to an upper value for the crack density for a
reservoir at 2 km depth, based on the previous field data on shear-wave anisotropy
collected by Crampin (1994), presented in ATTACHMENT D.

At each location we estimate the prior uncertainty about the fracture density using the
MaxEnt principle, which predicts a prior exponential distribution, over the range of
variability for fracture density considered (Figure 7). The prior PDF, symbolically

denoted as py(m), varies with location.
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Figure 7: Example for a prior probability density function for fracture density. The PDF is an
exponential distribution on the interval 0.02 to 0.12, with mean 0.04.

For James Limestone reservoir we consider two geological hypotheses: 1) of isotropic
distribution of fractures, such as in brecciated zones, and 2) of a single set of vertical
aligned fractures, as the FMI data from a nearby well suggests.

2) Rock-physics modeling and stochastic simulations: Theoretical PDF

Next, we perform rock-physics forward modeling and stochastic simulations based on
the well-log data available, under the chosen geological hypotheses. The goals of this
step are, first, to choose the most informative seismic attributes with respect to the
fracture density (Takahashi, 2000), and second, to derive the physical relations between
the fracture parameters and the chosen seismic attributes. We use rock-physics fracture
modeling and stochastic simulations to incorporate the natural variability of the
background rock properties. By using Monte Carlo simulations, we obtain many
realizations of sets of fracture parameters and seismic attributes that span the intrinsic
natural variability. Based on these realizations, we can estimate the theoretical joint PDF
O(m, d), which describes the physical relations between the fracture parameters (e.g.
fracture density) and the seismic attributes. The theoretical PDF is assumed stationary
and representative for the area of study. However, this theoretical joint PDF is site
specific.

Figure 8 gives an example for the theoretical joint PDF between the fracture density
(model parameter), and the azimuthal reflectivity anisotropy (data parameter), in the
geological hypothesis of a single set of aligned vertical fractures. The physical law from
which we generate the joint PDF in Figure 8 is given by Hudson’s (1981) theory, which

relates the fracture density to the elastic properties of the fractured media. Using the
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elastic properties for the fractured rocks we estimate the seismic reflectivity anisotropy
based on the Ruger’s (1997) equations, in the hypothesis of a vertical set of fractures
(more details in ATTACHMENT E). As expected, the rock physics theory predicts

increasing azimuthal reflectivity anisotropy with increasing fracture density.
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Figure 8: Theoretical joint PDF of crack density and azimuthal reflectivity anisotropy, derived
based on the rock physics theories. The uncertainty is due to natural variability of the target rock
properties.

3) Seismic data

For the James Limestone reservoir, the data parameters are represented by various
reflectivity attributes from a 3D seismic dataset acquired over the reservoir, presented in
ATTACHMENT G.

For example, in the hypothesis of a nearly vertical set of fractures, as the FMI data
from a nearby well suggests, the reflectivity at far offsets varies with azimuth. Amplitude
variation with azimuth (AVAZ) is a useful attribute to determine the fracture strike and
the relative intensity of fracturing. Figure 9 presents the azimuthal reflectivity anisotropy
at far offsets (left panel), with the associated standard deviations (right panel). The mean
values as well as the standard deviations are derived using a bootstrap method to take into
account the measurement errors associated with the reflectivity. The uncertainty due to

measurement errors is assumed to be Gaussian.
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Figure 9: Left panel: Map with the mean values of the azimuthal reflectivity anisotropy at far
offsets at the top of the reservoir. Right panel: Standard deviations associated with the mean
reflectivity anisotropy.

4) Quantitative integration of the prior geological information with seismic data
using rock physics.

Next we derive the prior joint PDF, p(m, d), for the fracture parameters and the data
at each grid point, assuming that the prior geological information about the fracture
parameters and the actual seismic data are statistically independent.

Finally, we quantitatively integrate the prior geological information and seismic data
using the theoretical PDF, given by the rock physics theories. At each location we derive
the posterior PDF, o(m, d), over the fracture parameters and data by multiplying the
prior joint PDF on the fracture parameters and the seismic data, which contains the
information from geology and seismic, with the theoretical PDF, which represents the
rock physics information. Then we integrate the a posteriori PDF, o(m, d), over the
seismic attributes space to obtain the updated distribution of fracture parameters, Gy(m).
This posterior PDF, om(m),. represents the updated measure of uncertainty about the
fracture parameters after integrating the prior geological information with the seismic
data using rock physics theories.

From this a posteriori PDF of the fracture parameters, we can derive any statistical
information, such as posterior expected values. More importantly, we can compute the
probability that a certain model will satisfy any criteria, for example, the probability that
the fracture density exceeds certain thresholds. These probability maps help us assess the
uncertainty in our predictions, and therefore they can help us in making informed

decisions regarding the reservoir management.
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For example, Figure 10 shows a map with the spatial distribution of the posterior
expected values for fracture density at the top of the reservoir, conditioned on the

azimuthal anisotropy of reflectivity at far offsets.
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Figure 10: Map of the expected values for crack density derived from the a posteriori distribution,
obtained by constraining the a priori geological information with the azimuthal anisotropy of
reflectivity at far offsets, in the hypothesis of a vertical set of aligned fractures.

We observe a relatively higher fracture density in the proximity of the fault, sketched
in Figure 10, which penetrates the carbonate reservoir, as the prior geological information
also suggests. We can also observe the asymmetric distribution of the expected crack
density with respect to the fault, with higher values of fracture density in the hanging wall.
This result is in agreement with outcrop observations that suggest higher fracture density
in the proximity of the fault, especially in the hanging wall (Florez, 2003). However, we
also highlighted other zones of higher fracture density away from the fault. These zones
may also correspond to possible subseismic faults.

Figure 11 presents on the left panel a probability map of fracture density exceeding a
value of 0.09, which represents a relatively large degree of fracturing. We can observe
the zones of higher probability of fracture density exceeding 0.09, which are the areas of
interest for drilling new wells, since the fracture permeability may be controlling the
reservoir production. Figure 11 presents on the right panel a probability map of fracture
density being smaller than 0.04. According to Crampin (1994), rocks with fracture
density smaller than this value behave almost like an intact mass of rock. Therefore,
using these probability maps we can assess the risk of drilling a well in a zone a small

fracture density.
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Figure 11: Left panel: Probability map for fracture density exceeding a value of 0.09, obtained by
conditioning the prior geological distribution on the azimuthal reflectivity anisotropy at far offsets.
Right panel . Probability map for fracture density being smaller than a value of 0.04, obtained by
conditioning the prior geological information on the azimuthal reflectivity anisotropy at far offsets.

These probability maps serve as decision-making guideline for reservoir management,
after we quantitatively integrate the geological, the seismic and the theoretical rock

physics information.

3D Seismic data and AVAZ for fracture characterization.
In ATTACHMENT G, we focus on the analysis of the amplitude variation with offset

and azimuth from a 3D seismic data set acquired over a fractured carbonate reservoir in
eastern Texas, for determining the fracture orientations and the azimuthal anisotropy in
reflectivity at the top of the reservoir, which is related to the intensity of fracturing.

In the first part of the Attachment, we show the impact of the 3D seismic acquisition
footprint on analyzing the variation of the reflectivity with both offset and azimuth. The
acquisition footprint of this survey affects significantly the seismic amplitudes, as we
observe on the reflectivity time slices. The fold is not uniform, and it creates artificial
stripes of low and high reflectivity that can mask the actual signatures of fractures.

Azimuthal analysis of the PP reflectivity involves partial stacking of the data on
different ranges of azimuth. There is a tradeoff between the azimuthal resolution, which
requires small ranges of azimuth, and the signal-to-noise ratio that requires larger fold,
and implicitly larger azimuthal bins. For a fixed azimuthal range we can increase the fold
by increasing the bin size, at the expense of reducing the spatial resolution.

In this Attachment, we show how increasing the spatial bin size can diminish the

strong acquisition footprint, while increasing the fold and implicitly the signal-to-noise
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ratio at each superbin location. The azimuthal range for stacking the reflectivity is kept
constant, equal to 20 degrees. Based on the analysis, we determine that for this 3D
seismic survey, the superbin size should be at least 800 ft, at 20° azimuthal range, to
make a reliable interpretation of the reflectivity variation with offset and azimuth.

Once we observe an azimuthal variation in the seismic amplitudes, the challenge is to
interpret it in terms of fracture density, o