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’ ABSTRACT

In this research new and existing seismic modeling and migration methods were
developed and modified, respectively, and were used in a number of different geophysical
applications. Innovative utilization of recent advances in computing based on the vector
computations and the subdivision of the computational sequence into parallel components
led to the development of highly vectorized and parallel algorithms. The algorithms were
vectorized using sophisticated techniques such as matrix multiplication by diagonals. Some
of the algorithms were highly parallelized by utilizing the inherent parallelism that the
seismic equations have in the frequency, space and partially in time domains. Their
implementation on vector and parallel supercomputers resulted in pronounced CPU,
parallelization and vcctorization performance.

A new 3-D acoustic modeling method was developed using a first order hyperbolic
wave system which was solved with explicit finite differences using the MacCormack
splitting scheme. The numerical solution of the 3-D wave system provides a useful method
for simulating the evolution of a pressure field which corresponds to the P or
compressional type of body waves which is most frequently recorded. Also, existing 2-D
elastic modeling algorithms were modified and fine-tuned for computationally efficient and
realistic wave propagation simulations in complex structures.

2-D depth migration parallel algorithms in the frequency-space domain using implicit
finite differences were developed. Furthermore, 3-D depth migration parallel algorithms
were developéd in the frequency-space domain that use a one-pass or alternative direction
implicit (ADI) finite difference method.

An original formulation of the 3-D reverse time migration method was developed
employing either a full or a one-way wave hyperbolic system that is solved with explicit
finite differences using using the MacCormack scheme. This method is very accurate, does
not suffer from the unwanted evanescent energy, can image dips beyond 90 degrees and
does not generate multiple energy.

Enormous reserves of bitumen or heavy oil are present in sands of Lower Cretaceous
age in Alberta, Canada. Enhanced oil recovery (EOR) methods such as steam stimulation
are used to reduce the viscosity of the bitumen and produce it by driving it into a production
well. However, during the steaming process, the movement of fluids away from the heated
sources at the perforation level is controlled by permeabiiity heterogeneities and even small
heterogeneities or anisotropy, caused from fracturing due to high pressure injected steam,
can play an important factor in the efficiency of the EOR process. Therefore, it is important



to image the shape and areal extent of the steam-heated zone and determine the direction and
rate of movement of the thermal front. Petrophysical alterations in the heavy oil reservoirs
during steam stimulation are caused by pressure, temperature, the replacement of bitumen
by steam or steam condensate, etc., contribute to velocity changes, attenuation and velocity
dispersion of seismic waves in the effected reservoir.

Two case studies were performed that involve steam stimulation projects (Mobil Oil
Canada and Imperial Qil of Canada) in the heavy oil sands of Cold Lake, Alberta. Seismic
monitoring of the reservoir during the thermal process was performed by the oil companies
with 3-D surface high resolution seismic surveys repeated over specified time intervals.
Extensive 2-D elastic and 3-D acoustic wave propagation simulations were performed
during different phases of the steam stimulation process in order to examine the relation
between reservoir properties and conditions with seismic characteristics. Furthermore, an
extensive seismic attribute analysis was performed on all 3-D seismic (base and monitors)
before and after our own processing such as one-pass 3-D depth migration. This resulted in
high resolution seismic attribute images such as amplitude anomalies, time and depth
pushdowns, and velocity reduction that mapped the areal and vertical extent of the steam-
heated zones (areal and vertical conformance), tracked the steam front and detected some
fractures. Furthermore, the attribute anomalies were correlated to the areal location and
pressure and temperatures states of the wells. A knowledge of the evolving reservoir
properties and conditions in real time allows the possibility of controlling and modifying
steam injection and production strategies. Thus, 3-D surface seismic monitoring has the
potential of becoming a powerful tool for the efficient management of EOR projects.

Atomic Energy of Canada is investigating the suitability cf plutonic rocks of the
Canadian Shield as a repository medium for nuclear wastes. Ground-Penetrating radar
(GPR) data were processed using seismic processing algorithms such as our own 2-D
frequency-space depih migration algorithm. Our migration algorithm enabled us to detect
and image fracture zones in the plutonic rock with a resolution never before achieved.
Furthermore, this depth migration algorithm was applied on LITHOPROBE's Alberta
Transect seismic data and succeed to image structures in the crust down to depths of 50 Km
and the crust/mantle boundary (Moho) at about 40 Km depth.
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CHAPTER 1

INTRODUCTION

1.1 SEISMIC MODELING AND IMAGING

The seismic reflection method is essentially an echo technique making use of artificially
induced elastic waves from seismic sources such as explosions (dynamite) and mechanical
vibrations (vibrators). The seismic waves are reflected, transmitted and attenuated due to
the changes of acoustic impedance in the subsurface geologic structure and stratigraphy.
The seismic reflection method seeks to image the structure of the Earth from the recorded
seismic wavefields at the surface. The seismic signal recorded by a geophone, is a
superposition of seismic waves originating from all possible directions in the subsurface.
Thus, much of the recorded energy is not from reflectors directly below the receiver but
from horizons far away from the point of recording.

In the last decades, several techniques have been developed for simulating and imaging
seismic wavefields. Because of the large amount of data, the use of certain theoretical
assumptions in the development of the algorithms, the use of 2-dimensional
approximations, and the requirement of a very large number of computations, the
conventional modeling and processing schemes produced limited results in many cases.
However, recent advances in computing based on vector computation and subdivision of
the computational sequence into parallel components can allow the development and
implementation of advanced techniques that are more accurate and cost effective than were
possible in practice in the past. These advanced techniques are distinguished mainly by
their use of the wave equation (acoustic or elastic in two or three dimensions) which
introduces mathematical rigor and computational complexity. However, 3-D seismic wave-
equation modeling and imaging has the potential of becoming feasible, efficient and more
accurate for any complex subsurface geclogic structure.

In forward modeling one starts with an assumed earth model and generates a wave
field by solving wave equations. In order to gain an acceptable geological model,
comparisons are often made between the synthetic and observed seismograms. In contrast,
in imaging one attempts to construct a possible model from the observed seismic wave
field. One of the most commonly used inverse methods in advanced seismic processing is



the migration technique in which the recorded wave amplitudes with the use of the wave
equation are redistributed to their true spatial positions to better image a two-dimensional or
three-dimensional subsurface reflecting structure.

Migration can be performed in a number of different domains such as in the time,
frequency, space and wavenumber domains. Also, it can be performed before or after
stacking the recorded seismic data. Stacking the data consists of adding together multiple
traces after applying normal moveout (a Pythagorean operation based on the assumption of
flat horizontal reflecting interfaces and a velocity field estimate). The resultant stacked
sections, representing the estimated seismic responses, may be regarded as data obtained
from coincident sources and receivers at each spatial location. Stacking of recordings from
many source receiver combinations improves the signal to noise ratio of weak subsurface
echoes and reduces the large amount of data for further processing. Poststack migration
attempts to correct a stacked section for the effect of the reflector dip since the obtained
stack sections with dipping or discontinuous reflectors are distorted. Poststack migration is
an important component of conventional processing. However, in complex geologic areas,
where seismic velocity varies strongly, poststack migration is inadequate due to inherent
assumptions and only prestack migration can place energy in the true subsurface position
and provide an accurate image of the complex subsurface. However, prestack migration is
computationally expensive since it uses the vast amount of recording data (e.g., a typical 3-
D seismic survey can generate 30 million traces which translate in the order of 200 Gbytes
of recorded data). '

One group of approaches for seismic wave-equation modeling are the discrete-
coordinate methods such as finite difference methods, finite element methods and other
methods that combine time advancing aigorithms and integral transformations with respect
to space variables such as the pseudo spectral method. Also, the numerical techniques
employed by migration processes can be divided in three general categories, namely, the
finite difference method, the summation or integral approach and the transformation
method. However, this thesis utilizes finite difference methods for the development of
seismic modeling and migration methods and algorithms.

The finite difference method, since its introduction into computational seismology in the
late sixties, has proved to be particularly versatile in extending the scope of solvable
problems. The finite difference method offers a most direct solution to the problem
expressed in terms of the basic equations, and the initial and boundary conditions. In the
elastic case, the method automatically accounts not only for direct waves, primary and
multiple reflection waves but also converted waves, head waves, diffraction waves and
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waves observed in ray-theoretical shadow zones. The finite difference method for both
modeling and migration generally require large computer memory and high performance
speed. However, with the advent of computer power they have received special attention
because they are capable of producing a complete synthetic seismogram for a realistic earth
model and image accurately the subsurface, respectively.

Finite difference schemes can generally be placed in two broad categories: explicit and
implicit. In explicit schemes the response is evaluated exclusively at one space location at
an advanced time directly from the response on the neighboring grid points already
determined at previous times. In implicit schemes the response is evaluated simultaneously
at all space locations at an advanced time from known values at previous times through a
matrix inversion technique. The explicit operators are easier and more economical to
implement but suffer from stability problems. For hyperbolic equations explicit schemes
are preferred because the stability conditions are not as severe as with parabolic equations.

This thesis explores new and existing wave-equation based modeling methods. A new
3-D acoustic modeling method is formulated and a computationally efficient algorithm is
developed for it. The second order differential wave equation is formulated into a first order
hyperbolic system which is solved with explicit finite differences using the MacCormack
splitting scheme. Also, existing 2-D elastic modeling algorithms are modified and fine-
tuned for computationally efficient and realistic wave propagation simulations in complex
structures.

Also, this thesis explores new and existing migration methods in two and three
dimensions. Two new 3-D reverse tii.ie migration methods are formulated employing a full
and a one-way wave system that is solved with explicit finite differences. Based on these
methods four new algorithms are developed for poststack and prestack migration of 3-D
complex seismic data. Also, 2-D poststack and depth migration algorithms are developed
in the frequency-space domain using implicit finite differences. These 2-D migration
algorithms are adapted for applications that range from deep crustal imaging of seismic
wavefields that involve 18 seconds long travel times (50 Km depth) and frequencies in the
order of 1~ 100 Hz, to imaging of radar wavefields that involve 2000 nano-seconds (ns)
long travel times and frequencies in the order of 50 MHz. Furthermore, a 3-D poststack
and prestack depth migration parallel algorithm is developed in the frequency domain that
uses an one-pass or alternative direction implicit (ADI) finite difference method.

Implementation of the above algorithms fully utilizes the existing current supercomputer
technology such as vector and parallel supercomputers (e.g., the Convex 210 vector mini-
supercomputer, the Fujitsu VPX 240/10 vector/parallel supercomputer, and the Myrias
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SPS-3 MIMD parallel computer) and single workstations and workstation clusters (e.g.,
SUN, IBM RISC 6000). Advanced modeling and imaging algorithms require a great deal
of numerical operations as well as a large number of data transfer operations. In order to
overcome these problems we explore all possible inherent vectorization and parallelization
techniques that can make the developed codes computationally fast. On the one hand, many
of the developed algorithms are highly vectorized using sophisticated approaches such as
matrix multiplication by diagonals to take full advantage of the computational power of
vector supercomputers. On the other hand, some of the algorithms are highly parallelized
by utilizing the inherent parallelism in the frequency, space and partially in time domains
that the seismic equations have and thus they can take full advantage of the computational
power of massively parallel computers and workstation clusters.

1.2 SEISMIC MONITORING OF OIL RESERVOIRS

As we head into the 21st century, it is recognized that an integrated approach to
reservoir description, development and management is necessary. Some of the reasons are
that new fields tend to be smaller and more complex, difficult economic times, focus on
increasing reserves by better characterization of existing fields and enhanced recovery.
Also, we tend to recover a fairly small fraction of the oil in the ground (30-40%). This
integrated approach requires that geophysicists, geologists and engineers successfully
analyze and integrate all available data into a single consistent description of the Teservoir.

For a successful reservoir management a number of major objectives must be met: such
as cost reduction of field development, optimization of total reserves, optimization of
production recovery, reduction of operating costs of the developed field, and enhanced
recovery if economically justified. Geophysics plays a very important role in efficient
reservoir management, since, geophysical methods can lead to the identification of
reserves, accurate characterization of the reservoir in terms of volume, fluid properties
lithology and continuation, and reservoir surveillance for accurate monitoring. During all
phases of the field management high resolution 3-D surface seismic data and borehole
seismic data can play a key role as they are integrated with geological and reservoir
engineering data within a single model of the reservoir.

In the predevelopment phase, where delineation of the reservoir (characterization of the
trap and determination of its structural nature, limits and volume) takes place, high
resolution seismic data can define structures and continuity of pay and nonpay zones and
can indicate the presence of gas or oil. 3-D seismic data can effectively reduce the risk of
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dry holes and the cost of delineation wells by predicting drilling hazards such faults and
overpressure zones.

In the initial development phase, where reservoir and aquifer description and
characterization takes place, geophysical data are beginning to play an active role. This
characterization involves estimating lateral facies and porosity variations, determining 3-D
distribution and continuity of the pore-fluid system of the reservoir and the aquifer system,
determining formation pressures and fluid saturations, analyzing reservoir fractures,
building a complete geological model and performing reservoir simulations based on this
model. Seismic stratigraphy provides information on depositional patterns and lateral facies
variations. Seismic data integrated with well data can improve the spatial description of
rock properties such as lithology and porosity which are input into reservoir flow
simulation models. Also, 3-D seismic data can help to determine reservoir continuity,
define reservoir subzones and map discontinuous shales and tight streaks that can act as
permeability barriers.

In the operating phase of a field development, where efficient reservoir management
(reduce operating costs and maximize hydrocarbon recovery) must take place, 3-D high
resolution data and borehole seismic data integrated with core, well and reservoir
performance data are beginning to impact reservoir monitoring. Dnring this phase,
reservoir surveillance is important since actual and predicted performance is usually
different. It is critical to detect permeability barriers, estimate reservoir continuity and plan
an accurate infill drilling program.

In the enhanced recovery phase a number of processes such as steam stimulation, steam
drive, combustion (fire-flooding), CO, stimulation, can be used to initiate recovery in the
case of heavy oil sands or increase recovery efficiency. Reservoir characterization is very
important before starting an Enhanced Oil Recovery (EOR) project because of the
possibility of failure due to reservoir heterogeneities and anisotropy. Also, reservoir
surveillance during an EOR process is critical for the evaluation of the EOR efficiency. 3-D
high resolution surface seismic and cross-well seismic data can be used for defining and
monitoring EOR processes. Time-lapse seismic images can monitor reservoir changes that
are induced during EOR processes.

Although field development and recovery phases appear distinct, in the reality they are
not because reservoir management is an iterative process. For example, a 3-D seismic data
volume can evolve into a continuously utilized and updated management tool that can
impact oil recovery strategies and evaluation for years after the seismic data were originally
acquired. As a result seismic interpretation and reservoir model become more detailed and
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sophisticated.

3-D seismic data analysis can image with high resolution the “‘geometric framework™ of
such as structures as faults and fracture patterns, structural and stratigraphic traps, and the
position and orientation of unconformities. Furthermore, a major shift in the use of the 3-D
seismic method is taking place since it has been realized that reservoirs are more complex
and heterogeneous than assumed in the past and are evolving during development and
enhanced oil recovery. This shift involves the use of 3-D seismic monitoring to
qualitatively and quantitatively correlate seismic attributes (e.g., amplitudes, phase
changes, interval traveltimes between events and frequency) with reservoir properties and
conditions (e.g., porosity, fluid type, lithology, fluid and gas saturation, permeability,
pressure and temperature) over time. Furthermore, the estimation of reservoir properties
may be possible by integrating information from 3-D seismic data analysis, borehole logs,
cores, mud logs, production and pressure data, temperature logs and other data. Although
the 3-D surface seismic method does not have the vertical resolution of borehole logs and
cores, it is the only method which can give details about areal distributions.

Enormous reserves of bitumen or heavy oil are present in sands of Lower Cretaceous
age in Alberta, Canada. However, most of the heavy oil can be extracted only by in situ
enhanced oil recovery (EOR) processes that consist of increasing the mobility of the oil and
then driving it into a production well. Two case studies are performed in this thesis that
involve steam stimulation projects (Mobil Oil Canada and Imperial Qil of Canada) in the
heavy oil sands of Cold Lake, Alberta. Seismic monitoring of the reservoir during the
thermal process (steam stimulation) is performed with 3-D surface high resolution seismic

-surveys repeated over specified time intervals carried out over the EOR sites. The modeling
and migration algorithms developed here are used for advanced processing and
interpretation of the recorded 3-D data volumes and integration of the seismic data with
other geological and engineering data. Furthermore, an extensive seismic attribute analysis
is performed on the 3-D seismic data in order to generate 4-D images (3-D plus calendar
time). The seismic images have the potential to map the areal extent of the steam-heated
zone, track the steam front, define fractures and reservoir permeability anisotropy, and be
used as reservoir temperature, pressure and gas saturation diagnostic tools. A knowledge
of the evolving reservoir properties and conditions in real time allows the possibility of
controlling and modifying steam injection and production strategies. Thus, non-invasive
methods such as 3-D surface seismic monitoring has the potential of becoming a powerful
tool for the efficient management of EOR projects.



1.3 RADAR IMAGING OF NUCLEAR WASTE REPOSITORIES

All the countries producing nuclear generated electrical power encounter the problem of
management and disposal of the nuclear waste. At present many of these countries are
researching methods for underground disposal of high level nuclear waste. As part of the
Canadian Nuclear Fuel Waste Management Program, Atomic Energy of’ Canada Limited
(AECL) is studying the plutonic rock of the Canadian Shield as a medium for disposal of
nuclear waste.

One of AECL’s principal geoscience research sites is the Whiteshell research area
which is located near Pinawa in southeastern Manitoba, Canada. In this site an
underground research laboratory (URL) has been built that has a vertical shaft and two
main working levels at 240 and 420 m depth. An extensive drilling program has been
carried out in the granitic Lac du Bonnet Batholith near the western margin of the exposed
Precambrian Shield. The main objectives of the research in this site are to apply and refine
geophysical methods for characterization of potential disposal vault sites in igneous rocks
of the Canadian Shield and to refine and calibrate the regional geosphere model for use in
hypothetical disposal vault performance assessment calculations.

Geophysical techniques are used for site screening, evaluation and excavation-scale
characterization. The techniques used for site screening and evaluation are airborne and
surface magnetic and electromagnetic (EM), surface gravity and surface seismic reflection
methods. The techniques used for site characterization, such as detecting, characterizing
and mapping fractures zones within the plutonic rock mass are well logs, high resolution
seismic reflection, crosshale seismic tomography and surface and borehole ground
penetrating radar methods. The method studied in this thesis is ground penetrating radar
(GPR).

Ground-Penetrating Radar (GPR) is being used to map the earth’s shallow subsurface
in engineering applications, groundwater detection, environmental and archaeological site
assessment. The radar reflection method is based on backscattering from discontinuities in
dielectric constants within a rock mass. Although the radar reflection method uses
electromagnetic waves in the 10 to 1000 MHz frequency band, there are similarities to the
seismic reflection method which uses viscoelastic waves in the 10 to 1000 Hz band. The
kinematic similarities between the radar reflection and seismic reflection methods are
explored in this thesis. Furthermore, both commercially available and our own seismic
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processing algorithms such as the 2-D frequency-space depth migration are applied to GPR
data from AECL’s Whiteshell research area in Manitoba in order to detect and image
fracture zones in the plutonic rock with a resolution never before achieved.

1.4 OUTLINE OF THE THESIS

This thesis consists of eight chapters and five appendices.

Chapter 1 introduces some of the concepts, problems and directions of this research
work.

Chapter 2 presents the current supercomputer and workstation technology with
emphasis given to parallel computers. It overviews existing experience, explores and
suggests techniques for the utilization of the new powerful computers for seismic data
processing and imaging.

Chapter 3 contains 2-D elastic and 3-D modeling algorithms. An existing 2-D elastic
modeling algorithm is modified, parallelized and fine-tuned for realistic wave propagation
simulations over steam injection sites. Also, a new 3-D acoustic modeling method is
developed for simulating the evolution of a pressure field in complex geologic models. A
fast vectorized algorithm was developed for this and was implemented on vector
supercomputers and tested with synthetic and real examples.

Chapter 4 contains a number of 2-D and 3-D migration algorithms. Parallel computer
algorithms are presented for the 2-D and one-pass 3-D poststack and prestack depth
migrations in the space-frequency domain that use implicit finite differences. Also, a new
reverse time migration method is developed that uses either a full and an one-way wave
system and explicit finite differences. Based on this method four algorithms are presented
for poststack and prestack depth migration in the time-space domain and they are tested
with realistic synthetic 3-D seismic data. Also, a dispersion analysis of the 3-D migration
algorithms is performed.

Chapter 5 discusses the geology, the reservoir and the thermally enhanced oil recovery
of the Cold Lake oil sands. It reviews seismic wave attenuation and velocity dispersion in
porous media. There is a discussion on the correlation between seismic character changes
and reservoir conditions and properties during cyclic steam stimulation.

Chapter 6 involves seismic monitoring studies of EOR projects at the Cold Lake tar
sands. In total four 3-D seismic surveys are migrated with the one-pass 3-D depth
migration developed in this thesis. Extensive simulations of wave propagation through the
reservoir during different cycles of the thermal process are performed. Also, an extensive

8



seismic attribute analysis is performed on the 3-D seismic data volumes in order to image
the steam-heated zone and other petrophysical changes during the steaming process.
Chapter 7 discusses the processing and interpretation of ground penetrating radar data.
These data were recorded over the plutonic rocks of the Canadian Shield by the Atomic
Energy of Canada as part of the Canadian nuclear waste management program. The
processing is performed using seismic processing algorithms and mainly the 2-D migration

algorithm developed in this thesis.
Chapter 8 contains conclusions, discusses the original contribution of this thesis and

suggests directions for future research.



CHAPTER 2

VECTOR AND PARALLEL COMPUTERS
FOR SEISMIC DATA PROCESSING

2.1 INTRODUCTION

In the 1970s, the design of high performance supercomputing evolved from scalar
to vector architecture (e.g., CRAY-1, CDC STAR 100) that drove peak performance to few
tens of Mflops (Mega, 106 floating points operations per second). In the 1980s, vector
processing (e.g., Cyber 205, CRAY X-MP, CRAY-2, ETA-10) continued the upward
surge in computing performance in the order of hundreds of Mflops to few Gflops (Giga,
109 floating point operations per second). In the 1990s, vector/parallel supercomputers
(e.g., CRAY Y-MP C90) and massively parallel processors (e.g., CRAY T3D) are driving
performance in hundreds of Gflops and approaching Tflops (Tera, 102 floating point
operations per second). The different processing architectures as they evolved with time are
illustrated in Figure 2.1.

Recent advances in computing based on the vector computation and the subdivision
of the computational sequence into parallel components have allowed the development and
implementation of more accurate and cost effective seismic imaging methods that were
impossible in the past. In this thesis, 3-D seismic modeling and migration has become
feasible, efficient and more accurate with the use of vector and parallel supercomputers. An
overview of the computer technology used in this thesis and its importance in the scismic
data processing will be presented in the following sections.

2.2 VECTOR SUPERCOMPUTERS

The scalar computing on mainframes with the Von Newman design is essentially
processing of one data point at a time. On the other hand, vector computing applies a small
set of program instructions repeatedly to multiple data elements, which is essentially
processing of data in an assembly line fashion. However, the computational process is
performed in a certain sequence and it cannot be accelerated beyond a certain point.
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Figure 2.1: Cartoons illustrating the different processing architectures as they evolved
with time: (a) scalar processing; (b) vector processing; (c) vector/parallel processing; and
(d) parallel processing (modified after Moriarty, 1987).
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Vector supercomputers involve the use of one or at most a few (CRAY C90, 16
CPUs with 1 Gflops peak performance per processor) fast processors with increased
packing capacity, minimum switching times and pipelining. Pipelining of a code involves
the breakup of an instruction to its components, such as instruction fetching, decoding.
operand address calculation, operand fetching and execution; each of which can be
executed independently with simultaneous computation on diffcrent data sets.

The process by which an application can utilize vector technology is called
vectorization. Data structure is the key to effective vectorization. This means that data must
be restructured in a global vectorization fashion. The data and computations must be
separated into elements that do not depend on each other. Then, these elements can be
processed in one vector instruction. Vector computer performance requires long vectors in
order to minimize the costly effect of the vector startup. By Amdah!’s law, speedup to
percentage of vectorization of a code is not linear. That means, that in order to succeed an
appreciable amount of performance, a code must be 80 to 90 percent vectorized.

Vector processing greatly improves the performance of applications that emphasize
calculations involving arrays of data. It eliminates most of the testing and branching
operations normally associated with loops. It minimizes the time spent waiting for operands
to be loaded and results to be stored by referencing groups of memory locations and using
multiple element (vector) registers. It performs identical arithmetic operations on groups
(vectors) of operands. It also maximizes the use of the available arithmetic functional units.
Furthermore, it reduces the number of machine language instructions that must be fetched,
decoded and executed.

Generally, loops containing array references that use loop induction variables as
subscripts are good candidates for vectorization. A loop induction variable is a variable that
is incremented or decremented by a constant value on each iteration of the loop (2.g., the
loop control variable).

Generally, when loops are nested, only the innermost loop can be vectorized. The
compiler can sometimes distribute or interchange nested loops in order to improve
vectorization performance. Some assignments into scalar values can be vectorized by the
compiler using vector reduction operations (some loops can be vectorized even if the results
of operations are not stored into arrays of data). Use of loop induction variables in
calculations does not inhibit vectorization. Conditionals within loops can often be
vectorized.
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2.3 PARALLEL COMPUTERS
2.3.1 Parallel Computer Architectures

Multiple processor systems can be divided into shared-memory computers and
distributed-memory computers depending on the relationship of CPUs to memory. In the
distributed-memory (message-passing) systems, processors that need to share or swap data
have to explicitly pass a message over the interconnection network. This approach is a
high-latency interconnect and depends on the topology of the network, the switching
method, the message length and the network traffic. On the other hand, in the shared-
memory systems all processors have equal and unbiased access to a global memory. This
approach is a low-latency interconnect. However, shared-memory computers need to retain
synchronization in data access. But as the number of CPUs assessing the shared memory
increases, access becomes a bottleneck.

There are two extreme types of parallel computers. One type is termed coarse-
grained, it has few powerful processors, typically vector processors (e.g., CRAY Y-MP8
C90), that work large individual computational tasks within a given problem, and is
associated with coarse-grain parallelism. Typically, coarse-grained systems have fewer
than 20 processors and have shared memories and compilers which automatically can
vectorize and parallelize parts of the code. Codes executed on these machines should have
vectorizable inner loops and outer loops that can be spread across available processors. The
other type is termed fine-grained, it has a large number (up to thousands) of less powerful
processors (e.g., nCUBE, Myrias) or even small custom designed processors (e.g.,
CM?2), that work on smaller computational tasks within a given problem, and it is
associated with fine-grain parallelism. In the middle we can put medium-grained systems
with fewer (<100) larger processors (e.g., workstation clusters) with slower interconnect.
These systems have distributed memories, where each processor has its own distinct bank
of memory, and processors share data by sending messages or emulating shared memory.

A traditional classification that relates to the programming model is the Flynn
taxonomy (Flynn, 1966). It groups computers in four categories: SISD (Single Instruction
stream / Single Data steam), SIMD (Single Instruction stream / Multiple Data stream),
MISD ( Multiple Instruction stream / Single Data stream) and MIMD (Multiple Instruction
stream / Multiple Data stream). Also, Duncan (1990) separates parzallel computers into

synchronous and asynchronous systems.



Serial computers such as mainframes and workstations are SISD class since they act
in a single instruction at a time. In the MISD class there are not any commercial computers.

Synchronous architectures are SIMD systems and pipelined vector processors.
SIMD computers consist of multiple processors that simultaneously execute the same
instruction on separate streams of data that are fed to each processor. This kind of
parallelism is called data parallel. Generally, SIMD parallel computers have a large number
of processors each with relatively low computer power and memory. SIMD systems arc
distributed-memory computers. The Connection Machine (CM2) which can have up to
64,000 processors is an SIMD distributed-memory computer.

Some vector supercomputers have multiple pipelined processors that can operate
concurrently. Although vector supercomputers do not have a large number of processors,
they can also be considered SIMD because a single vector instruction causes multiple pieces
of data (vectors) to be operated on. The Fujitsu VPX240/10 is a single processor, pipelined
SIMD system.

MIMD class computers consist of multiple processors that can execute different sets
of instructions simultaneously while working on independent data. Each processor of a
MIMD computer it is a complete computing resource with its own memory and works
independently. MIMD machines have, in general, a smaller number of processors relative
to the SIMD ones. MIMD systems are asynchronous based architectures that support
higher level parallelism (subroutine and task levels). MIMD computers can be divided into
distributed-memory systems and shared-memory systems. Some of todays distributed-
memory MIMD are the Intel iPSC/860 Hypercube, the Myrias SPS3 and the Connection
Machine CM35. On the other hand, computers such as the Convex C-series vector multi-
processors and the CRAY Y-MP C90 are shared-memory vector/parallel computers.

2.3.2 Massively Parallel Processors (MPPs)

Serial computers use a single central processing unit (CPU) with a specified amount
of memory. By using additional CPUs we can exploit any inherent parallelism within a
given problem, and therefore, provide a faster solution. Parallelism, then, represents a way
by which we can enhance computational performance.

According to Astfalk (1993a), peak performance for a single CPU has been leveling
off since about 1986. The single CPUs machines can not meet computing demands because
in the current design the physics limits the cycle time to a CPU to approximately 1 ns
(Astfalk, 1993a). In current computer design there are a number of limitations such as the
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electrical pulses that move through the computer’s conductor paths are speed of light
bound, heat generation per volume, lithography limitation and ballistic electrons.
Therefore, in terms of communication, the rate of data transfer is ultimately bounded and
the distance that information has to travel is essentially limited by physical constraints. The
c:‘cle time of today’s fastest computers is 2-3 ns. But many users are seeking computing
power increases by a factor of 10-100.

Another aspect of high performance is the cost per peak Mflops (million floating
points operations per second). The highest performance supercomputer today, the CRAY
C90, has 16 CPUs and costs $25-30 million. It has peak performance 16,000 Mflops with
a cost of $1700 per peak Mflops. On the other hand, the 735 Hewlett-Packard workstation
with a cost of about $40,000, has a peak performance of 198 Mflops with a cost of $200
per peak Mflops. The above comparison (Astfalk, 1993a) shows that supercomputers are
poorer in price-performance than workstations.

In summary, current computer designs can not progress fast enough to meet
computational demands; there are limitations in performance that can be achieved from
single CPUs; and vector multiprocessor supercomputers are expensive. Therefore, high
performance and cost effectiveness requires Massively Parallel Processors (MPPs) which
can achieve greatly improved price-to-performance ratios. Massively means multiple
processors within a machine that working in parallel, simultaneously, on a single problem.
A MPP system is qualified as scalable if it can be expanded without introducing a
fundamental bottleneck. Scalability relates the computational performance to the size of the
machine. If a computer is scalable then an increase in the number of processors produces
an analogous increase in its computational speed (Fox, 1989). The term massively parallel
computer or MPP is often used synonymously for a fine-grain computer.

The general direction in MIMD massively parallel computers is globally shared
distributed memory (Myrias SPS3). The computer has physically distributed memory but
the hardware presents to the user a global address space. This makes programming easier
since the user’s logical view is that of a shared-memory machine. Currently,
supercomputer vendors such as Convex and CRAY are following the above approach in
the development of their MPP systems.

In late 1993, CRAY Research introduced an MIMD MPP system; the CRAY T3D. It
uses the 64-bit DEC Alpha chip which is capable of 150 Mflops peak pe-formance. This is
a reduced instruction set computing (RISC) microprocessor which is cache-based and has
pipelined functional units. In the CRAY T3D, processors communicate at rates of 300
Mbytes/sec in every direction, resulting in up to 76.8 Gbytes/sec of bisection bandwidth
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for a 1024-processor system. The memory is physically distributed among the processors
but is globally addressable. It is scalable in all aspects; from 32 to 2048 processors, from
512 Mbytes to 128 Gbytes of memory and from 4.2 Gflops to 300 Gflops peak
pertormance. The CRAY T3D system can support high performance on applications with
fine, medium and coarse-grain parallelism by taking advantage of the globally shared
distributed memory, the high performance RISC microprocessors and the low latency
interconnect technology.

MPPs with the use of RISC microprocessors are capable of utilizing coarse grain
parallelism and distributed memory architecture. This allows the implementation of not only
simple process level parallelism but also algorithmic parallelism for compute intensive
applications such as seismic modeling and migration. However, MPPs are technology
driven, their success depends on advances in the performance and functionality of
commodity reduced-instruction-set-computing (RISC) microprocessors. According to
Holling and Ketelsen (1991), MPPs are and will continue to be communications bound,
not compute bound; memory will drive affordability; interconnect technology will drive
efficiency; and I/O will drive accessibility.

In conclusion, MPP systems that closely integrate RISC microprocessors with the
proven capabilities of current scalar/vector/parallel architectures will be truly powerful
systems that can offer exciting new opportunities for geophysical supercomputing.

2.3.3 Workstation Clusters

Workstation technology has provided users with very good price/performance ratios.
Currently, it continues to do so with the reduced instruction set computing (RISC)
microprocessors, such as the 64-bit DEC Alpha chip capable of 150 Mflops peak
performance, which are cache-based and have pipelined functional units.

RISC technology provides the opportunity to succeed cost effectiveness in seismic
data processing. However, RISC workstations do not provide the capacity required for
solving large problems. But this limitation can be addressed by creating a parallel computer
consisting of a network of many RISC processors. The IBM 9076 Scalable
POWERparallel 1 (SP1) computer is an example of this type of parallel system. It consists
of 8 to 64 RISC 6000 processor nodes in frames of 8 to 16 processors and with each node
configured with 64 to 256 Mbytes of memory. In this system each processor can have its
own local disc (0 to 2 Gbytes) that results to small interprocessor communications.

Many research facilities, universities and companies have a large investment in
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workstations (e.g., the University of Alberta has 750 units) and due to hard economic
times it is possible to capitalize on this investment before purchasing additional computing
power. For example, at the University of Alberta the FDDI Campus Research Ring
interconnects workstations located across campus and have them appear as a single
computing facility (English, 1993). This FDDI network operates at 100 Mbits/sec for high
speed data transfer and can operate at a total distance of up to 200 Km with a maximum of
1 Km distance between active workstations. Participation is voluntary and researchers
wishing to devote the entire power of their workstation to their own computing can disable
the shared usage of their machine by issuing a software command.

A network (cluster or farm) of workstations such as IBM RS/6000s configures a
powerful MIMD parallel computer system. The main disadvantage of the workstation
clusters over massively parallel con«uters is their slower interconnect. However, many of
the features required to make massively parallel systems to perform and use efficiently,
which were described earlier, are applicable to workstation clusters. For example, Myrias
Computer Technologies has implemented its PAMS operating system to network
workstations and provides all the features of the massively parallel versions plus additional
support to better integrate into the workstation environment (Karpoff and Lake, 1993).
Other available software platforms for managing interprocessor communication, scheduling
and synchronization are the PVM (Parallel Virtual Machine from Oakridge National
Laboratory), Network Linda, Express, DQS (Distributed Queuing System).

Applications with inherent coarse grain parallelism are well suited for workstations
clusters since we can have a large number of independent high CPU intensive tasks

requiring few synchronizations and inter-process communication.
2.3.4 Problems and Solutions in Parallel Computers

It is widely accepted that the next generation of high performance computers will be
largely parallel in nature. Massive parallel computers have for a decade been presented as
being the future of high performance computing. Today, massively parallel computers are
only modestly used in non-research environments despite their considerable raw power and
potential cost performance advantages. Some of the problems related to the acceptance of
MPPs in mainstream computing today are: third-party software packages, porting effort,
compilers, latencies and data decomposition (Astfalk, 1993b). The main problem that the
move from one single CPU to many parallel CPUs is that there are billions and billions of
lines of existing code that were written with the sequential machine in mind and a porting
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effort is necessary in order to run existing code on parallel computers. For example,
distributed memory parallel computers present to the user a programming model that
requires explicit message passing.

Existing compilers are procedure-based compilers. This means that during
optimization the compiler operates on a single procedure or subroutine at a time. But we
need compilers that can perform interprocedural optimization so that the compiler can
automatically parallelize procedures and procedure call trees. Also, the compiler must
perform automatic data decomposition of arrays within the user code.

The time spent for the execution of an application program consists of two parts, the
computation and the communication. In most parallel algorithms the time spent to
communicate information among the processors of a parallel system is higher than the time
spent for computation. The main goal when using a massively parallel computer is to
succeed the highest possible ratio of computation to communication time.

The techniques for the parallelization of an application algorithm depend on the nature
of the algorithm and the structure of the data. The user of a MIMD programming model
needs to follow certain steps such as decomposition, mapping and fine-tuning when
porting an algorithm. Decomposition is the division of the problem into a set of parallel
processes and data. According to Grewal et al. (1993), there are three general
decomposition methods: the perfectly parallel decomposition, the domain decomposition
and the control decomposition. Mapping is the way that processes and data are distributed
among the processors in order to have load balancing. Finally, fine-tuning is the last step,
when the user makes changes to the working paralle! algorithm in order to improve
performance.

When our problem is “‘embarrassingly” parallel the code can be parallelized among the
available processors and the concurrently executing parts require little or no communication
(perfectly parallel decomposition). A seismic application of this kind is going to be
presented in a later chapter where we parallelized and implemented the 3-D depth migration
in the frequency-space domain on a Myrias SPS3 parallel computer. But in many
applications, such as seismic modeling or migration in the time domain, there is need of
inter-task or inter-processor communication over the course of parallel execution.
Interconnect latency is defined as the time delay between a processor requesting a piece of
data and actually receiving it. Naturally, in order to have high performance we need low
latencies.

Domain decomposition is a technique that decomposes the domain of computation
into segments each of which can be assigned to a processor. Different topologies such as
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overlapping geometries, pipelining, gapped, triangular or pyramid shapes (Kapotas, 1991),
can be used for different applications. Also, no single decomposition technique may be
effective for large and complex problems.

If we want good performance from a distributed-memory MIMD parallel computer
we need to parallelize the outer loops of a code since parallel inner loops result in high
startup and synchronization/communication costs. This is opposite to the vectorization
approach where the inner loops were vectorized and the whole computation was faster.
Unfortunately, outer loops have more loop dependencies than inner loops. However,
domain of dependence decomposition (Wilson and Karpoff, 1993), can applied to an
application code to change the order in which computations are performed without
changing the computations themselves or the dependencies amcng them. This can
dramatically reduce synchronizations necessary during computations, thus making it well
suited for parallelization of codes implemented on MIML distributed-memory computers.

Another way to minimize communication time is data decomposition. We can position
the data in the correct place among the processors before computation begins so that certain
amounts of computations can be done without requiring data transfers. The data
decomposition is closely related to domain decomposition. Researchers at Rice University
(Fox et al., 1990) have developed Fortran-D (“D” for “Data” or “distribution” or
“decomposition”) which is a set of Fortran extensions for allowing a priori placement and
alinement in the memory of distributed memory machines. Also, the High-Performance
Fortran Forum (HPFF), a group of academia and industry representatives, has developed
the so-called High-Performance Fortran (HPF) (it can be obtained via anonymous fip on
titan.cs.rice.edu.), (Astfalk, 1993c). Its minimal set of Fortran extensions can help the
user to perform data decomposition and distribution across a multitude of parallel hardware

plaforms.
2.4 SUPERCOMPUTING AND SEISMIC DATA PROCESSING

Since the 1970s, the demand for more computer power has increased significantly
among the geophysical community. Up to date this need has typically been met by
mainframes and vector supercomputers. Howe .r, conventional supercomputer
architecture as we discussed earlier is approaching physics limits in communication
Jcomputation imposed by signal propagation and heat dissipation. Thus, some form of
massively parallel processing is required for successful implementation of computationally

demanding algorithms such as 3-D modeling and migration.
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In forward modeling, one starts with an assumed earth model and a time-varying
source function to simulate the propagation of the wavefield forward in time. Syathetic
seismograms are then created by recording the time histories of the wavefield at spatial
locations of interest for any receiver-source geometry. In contrast, in seismic imaging one
attempts to construct a possible earth model from the observed seismic wavefield.
Conceptually, all depth migrations involve the transfer of time data volumes to depth data
volumes. For example, post stack depth migration is performed by recursive downward
continuation of the recorded at the surface wavefield (x,y,z=0,t) and then, by applying
certain imaging principals at each depth step for the generation of the migrated wavefield
(x,y,z,t=0).

There are a number of problems associated with 3-D seismic processing. The first
problem of 3-D seismic processing is reading the vast amount of data into the computer.
For example, a 3-D survey with 300 receiver lines and 1000 shots per line. Each shot is
recorded at 120 receivers for a total of 36 million traces (Eisner, 1989). If each trace has
1500 samples, then the total amount of the 3-D data need to be processed is 54 billion
samples or words, or equivalently 216 Gbytes for 32-bit words. Furthermore, assuming
that we have an efficient way of feeding input data into the computer, the second problem
that arises is whether the entire data volume can reside within the disk farm of our computer
system.

The third major problem in 3-D seismic is whether we have enough computational
power for implementing sophisticated processing and modeling algorithms. Most problems
in exploration seismology such as modeling and migration, can be reduced to time
progression or depth extrapolation problems where the wavefield is recursively
extrapolated in time or space by solving numerically some form of the wave equation.
Today there is only one obstacle to the use of 3-D wave-equation numerical techniques and
that is the availability of computational power. The recursive wavefield calculations are
very computationally demanding. Conventional supercomputer architecture, as we
discussed earlier, is approaching physical limits in communication/computation imposed by
signal propagation and heat dissipation. However, massively parallel computers may be
capable of offering a feasible solution to this problem by utilizing the inherent parallelism
found in seismic processes. Parallelism is certainly not a new concept and in essence, it
implies concurrency. Computational solutions of seismic problems can utilize parallelism in
source, receiver, space, frequency, wave number and even time domain.

A large number of migration and modeling algorithms have already been implemented
with varying degree of difficulty and success on SIMD and MIMD massively processors
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(MPPs), on workstation clusters and on vector/parallel supercomputers. Next, we present
some examples of seismic parallel implementations.

Integral or Kirchhoff migration methods in time or depth compute the integral
solution of the wave equation. Since the algorithm requires a large amount of floating point
operations in the traveltime computations and a large number of data transfer in the
diffraction summation, it is well suited for parallelization and implementation on massively
parallel computers. Van Trier (15 "] has implemented a constant-offset Kirchhoff depth
migration algorithm on Connection Machine with 64K processors and achieved a 2 to 4
Gflops of sustained performance. In his approach data points from a large number of traces
residing on different processors are summed into each migrated point, depending on the
migration aperture. However, this can create problems in parallel environments, such as
load inbalancing and high coinmunication times, because of poor data locality. In systems
like the Myrias SPS3, this can result in moving entire pages between processors when only
a single data element is needed (Kapotas and Karpoff, 1993). Also, Charrette (1991)
implemented a 2-D Kirchhoff prestack migration on a MIMD nCUBE parallel computer
with 128 processing elements. He calculated travel-time maps using ray tracing on a single
processor and he performed the imaging in parallel over shot points.

Finite difference schemes are discrete methods where a computational grid is
superimposed over the earth model in question. The simplest way to parallelize a finite
difference code is tc use a fine-grain parallel computer and assign at each grid point of the
finite difference mesh a processor. Fricke (1988) has successfully implemented reverse
time migration on a SIMD Connection Machine (CM1) that has 64 K processors. Highman
and Pieplrzak (1991) implemented a 3-D poststack one-pass depth migration algorithm on a
SIMD massively parallel computer (Connection Machine CM2). The algorithm is based on
an explicit finite difference w-x-y scheme that uses McClellan transformations for building
2-D convolutional operators. Their parallel implementation achieved 6 Gflops sustained
performance using 65,536 processing elements (PEs). Also, a group of researchers from
Mobil Research and Thinking Machines developed and implemented an explicit finite
difference 2-D acoustic moaeling algorithm on a massively parallel Connection Machine
(64 K CM2). This code achieved a sustained performance of 5.6 Gflops in 1989, giving
the group the 1989 Gordon Bell Prize award, and 14.182 Gflops in 1991.

However, in algorithms such as the above ones where explicit finite difference
schemes are used, each processor not only needs to reference its own local memory for
previous and second previous values, but also needs to get values from its neighbours (the
number of intertask communications depends on the order of the spatial and temporal
21
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operator). This kind of implementation may be successful only on SIMD fine-grain
machines with small processors. But on machines such as the MIMD (ones with more
powerful processors) this kind of approach results to very low computation-to-
communication ratios. This is because the amount of calculation at each grid point is not
very computing intensive to benefit from the capabilities of a MIMD. Therefore, if one uses
more powerful processors capable of performing a large number of floating point
operations then one must assign tasks with equivalent number of floating operations. A
coarse-grain parallelization approach can utilize parallelism that runs over one of the spatial
coordinates such as depth allowing the other spatial domains to be calculated serially inside
each task for the advanced time.

Kapotas (1991) has extensively parallelized and implemented a number of finite
difference migration and modeling algorithms on a MIMD Myrias parallel computer. He
utilized coarse-grain parallelism over depth for implementation of explicit finite difference
algorithms such as 2-D reverse time migration and 3-D acoustic modeling. Also, he
parallelized the reverse time migration algorithm combining parallelism over space (x-
domain) and dependence decomposition that allows partial parallelism over time.
Furthermore, he parallelized implicit finite difference 2-D and 3-D poststack and prestack
depth migration algorithms over frequencies. Kao (1993) developed a preconditioned
iterative 3-D implicit finite difference depth migration algorithm for parallel implementation
on the massively parallel CRAY T3D system.

A number of 3-D seismic processing algorithmis have been successfully implemented
on vector/parallel supercomputers. Holling and Ketelsen (1991) performed interactively
3-D poststack time and depth migration on a large data set (800x400 CDPs, 1.5 Gbytes)
and achieved high performance using a CRAY Y-MP system. Kao et al. (1992) presented
parallel implementation of 3-D one-pass depth migration using synthetic data on a 16-
processor GRAY Y-MP C90 computer. They used the split-step Fourier transform method
for downward continuation and they parallelized the algorithm over frequencies and/or
depth extrapolation steps. Also, Kao (1993) implemented a 3-D prestack Kirchhoff time
migration on the same machine using multitasking. Most recently, Blanc et al. (1993) were
able to migrate large data sets, in the order of 1.5 million traces, by implementing an
accurate 3-D poststack migration algorithm on CRAY C90 with 16 processors. Their
algorithm was based on the Remez-Soubaras method for calculating spatial convolutional
filters for the wavefield extrapolation and utilized parallelism over frequencies.

On the other hand attempts for utilizing the capabilities and cost-performance of
networked workstations are currently under way. Black et al. (1991, 1992) implemented a
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3-D finite-difference depth migration algorithm on a cluster of RISC/6000 (IBM 530)
workstations that was networked via Ethernet and used the Network Linda parallel
operating system. He parallelized his algorithm over frequencies and groups of depth-
slices. Also, Schleicher and Copeland (1993) parallelized an one-pass 3-D migration
algorithm with a variety of options for downward continuation including finite difference,
phase shift plus interpolation and split-step transform methods on a network of RISC
processors. Furthermore, they show the advantage of the RISC network system over a
mainframe in terms of cost and performance after benchmarking the migration algorithm.
Chen (1993) and Liu (1993) discussed parallel implementation of 3-D phase-shift migration
and 3-D prestack Kirchhoff migration, respectively, on a cluster of workstations.
Furthermore, Koshy et al. (1991) have exploited the inherent parallelism found in 3-D
seismic ray tracing using a network of workstations (SUNSs).

In the later chapters of this thesis, a number of migration and modeling algorithms are
developed and implemented (Kalantzis et al., 1993) successfully on massively parallel
computers and vector supercomputers (see Appendix A for a description of the computers
used). 2-D elastic finite difference modeling algorithms were highly vectorized by Vafidis
et al. (1992), and fine-tuned and implemented in this thesis on a Convex C210 for realistic
simulations of wave propagation in reservoirs during thermally enhanced oil recovery.
Also, 3-D acoustic modeling and reverse time migration algorithms were developed. They
are based on a explicit finite difference MacCormack splitting scheme and have been
vectorized and implemented on a Fujitsu VPX/240 supercomputer (see for a description of
the Fujitsu supercomputer in Appendix A). The 3-D migration algorithm for a problem of
size 97 x 113 x 260 and 800 time steps required about 28 minutes CPU time and attained
over 90 percent total code (including I/O) vectorization on the Fujitsu VPX/210
supercomputer. The explicit finite difference modeling and migration algorithms have also
been parallelized using both coarse-grain parallelism over space and domain of dependence
decomposition (partial parallelism over time) with significant improvements in
performance. Furthermore, implicit finite difference 2-D and one-pass 3-D poststack and
prestack depth migration algorithms in the frequency-space domain has been developed and
parallelized over frequencies and space. All above parallel modeling and migration
algorithms have been implemented on a 44-processor MIMD Myrias SPS3 parallel
computer (see for a description of the Myrias parallel computer in Appendix A). The one-
pass 3-D depth migration (including /O and FFT) for a 3-D data set of size 90 x 73 CDPs,
1500 depth steps and 250 frequencies required about 9 hours of CPU time on 40
processors of a Myrias SPS3 MIMD parallel computer.
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2.5 CONCLUSION

The high resolution imaging of the earth’s structure and the prediction of its
properties has always been the seismologist’s dream. Thanks to current advances in
computer technology, theoretical and experimental developments in our knowledge of
seismic wave phenomena in the rocks, expanded usage of 3-D seismic and integration of
geological and reservoir engineering information, this dream is on the verge of becoming
reality.

3-D seismic technology plays an important role in exploration and development of
hydrocarbons resources. 3-D seismic data provide a more accurate image of the earth’s
complex subsurface than 2-D data. But this leads to large data volumes (e.g., a typical
marine survey has 40 million traces) that need sophisticated analysis. Both the large amount
of data and sophisticated processing algorithms need enormous amounts of computing
resources. However, utilizing the inherent parallelism of seismic processes we can use
parallel computers for accurate and efficient 3-D seismic processing.

Parallelization depends on the numerical technique used and the size and type of the
particular problem, e.g., model/grid size for modeling or data volume for migration.
Therefore, we should exploit carefully the parallelism of each individual application. We
should always assign parallel tasks with equivalent number of floating operations as the
ones that the corresponding processors are capable of.

Also, the new generation of workstations can be used in visualization, image
processing (e.g., contrast stretching, artificial illumination, edge detection etc.) and
interpretation of all aspects of 3-D seismic data such as traveltime, depth, reflection
amplitude, frequency, phase, polarity, dip, azimuth. Because of the greater need to interact
with 3-D seismic data during processing and interpretation and the need to integrate seismic
with geological and reservoir engineering information, there has been a shift from
mainframe to interactive workstation applications. However, this shift does not imply a
reduced need for supercomputers. Workstations merely provide a new interactive window
to visualize and integrate the available data.

In the above sections we discussed current vector and parallel comiputer technology.
We presented some of the problems and solutions that this technology presents, especially
in seismic applications. Also, we reviewed a number of parallel seismic applications
already implemented on a number of parallel systems.

In conclusion, we can see a potentially powerful exploration and production seismic

24



integration paradigm where the utilization of current and future computer technology
together with sophisticated algorithms will enable us to manage, interact and integrate all
available data. In large seismic processing centers, vector/parallel supercomputers and
MPPs can be used as compute servers and superintegrators of vast amounts of
information. On the other hand, workstations andlor workstation clusters can be used as
visualization, interaction and integration servers. Furthermore, in smaller centers
workstation clusters, connected to a larger machine capable of managing the large data
volumes, could be used as cost-performance effective compute servers and information

integrators.
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CHAPTER 3

SEISMIC MODELING

3.1 INTRODUCTION

In the last decades, several techniques have been developed for simulating the
propagation of seismic wavefields in the earth. Because of the large amount of data and the
complex theoretical format, the conventional modeling schemes produced limited results in
many cases. However, recent advances in computing based on the vector computation and
the subdivision of the computational sequence into parallel components can allow the
development and implementation of more accurate and cost effective methods.

In forward modeling one starts with an assumed earth model to generate the wave
field by using ray tracing or solving wave equations. In order to gain an acceptable
geological model, comparisons are often made between the synthetic and observed
seismograms. In contrast, in imaging one attempts to construct a possible model from the
observed seismic wave field.

Prior to the availability of supercomputers, seismic modeling was essentially
performed in 1-D and 2-D using ray tracing. Even today with supercomputers available ray
trace modeling is still the most widely used seismic modeling method. The main reason for
that is that ray tracing is usually faster than wave equation methods and it is close to the
way that a geophysicist thinks about how & seismic section is formed. However, ray theory
(Cerveny et al., 1977), a high frequency approximation, breaks down in many cases such
as at caustics the predicted amplitude is infinite and in shadow zones the amplitude is zero.
On the other hand, in cases of complex geology and/or complex wave phenomena wave-
equation modeling has a number of advantages over ray tracing. Some of these advantages
are (Baker, 1989): (a) automatic generation of diffractions, critical refractions and
multiples; (b) more accurate amplitudes and waveforms in the presence of small structures
and thin beds:; (c) no missing of seismic events regardless of complexity.

One groun of approaches to seismic wave-equation modeling are the discrete-
coordinate methods such as the finite difference methods (Alterman and Karal, 1968;
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Alford et al, 1974; Boore, 1972; Kelly et al., 1976; Mufti, 1985; Dablain, 1986; Vafidis et
al., 1992), the finite element methods (Smith, 1975; Marfurt, 1984) and other methods that
combine time advancing algorithms and integral transformations with respect to space
variables such as Fourier transform method (Bracewell, 1965, Reshef et al., 1988) and the
pseudo-spectral method (Gottlieb and Orszag, 1977: Gazdag, 1981; Kosloff and Baysal,
1982; Mikhailenko and Korneev, 1984, Kosloff et al., 1984, Dablain, 1986; Fornberg,
1987).

In finite difference solutions, the spatial and time variables are discretized by
saperimposing a rectangular grid on the model. We can follow two approaches in the
forward modeling (Kelly et al., 1976). The homogeneous approach is where we solve the
wave equation and impose boundary conditions explicitly at each interface between the
layers of the model. Alternatively, there is the heterogeneous approach, where we solve

the wave equation directly for the whole model.
The finite difference method, since its introduction into computational seismology in

the late sixties, has proved to be particularly versatile in extending the scope of solvable
problems. The finite difference method offers a direct solution to the problem expressed in
terms of the basic equations, and the initial and boundary conditions. In the elastic case, the
method automatically accounts not only for direct waves, primary and multiple reflection
waves but also converted waves, head waves, diffraction waves and waves observed ir
ray-theoretical shadow zones.

The finite difference method generally requires a large computer memory with high
performance speed in order to avoid some significant problems associated with the
technique. The first problem arises from the need to use fine grid spacing to avoid
dispersion of energy which degrades the quality of the resulting seismograms. The second
problem is numerical stability. In order to keep the model numerically stable, the ratio of
time sampling-to-grid spacing must be kept very small and this results in a prohibitive
amount of CPU time. Also, truncation errors are introduced by replacing the wavefield
derivatives with difference relations in finite difference solutions. Their magnitude depends
on the size of the grid spacing and time sampling interval. But the resultant truncation
errors are negligible and the computed seismograms are very accurate since we use a fine
grid and temporal sampling to avoid dispersion and instability. Therefore, with the advent
of supercomputer technology these problems can be overcome and finite difference
methods can receive special attention because they are capable of producing a complete
synthetic seismogram for a realistic earth model.
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Finite difference schemes can generally be placed in two broad categories: explicit
and implicit. In explicit schemes, the response is evaluated exclusively at one space
location at an advanced time directly from the response on the neighboring grid points
already determined at previous times. In implicit schemes, the response is evaluated
simultaneously at all space locations at an advanced time from known values at previous
times through a matrix inversion technique. The explicit operators are easier and more
economical to implement but suffer from stability problems. For hyperbolic equations the
explicit schemes are preferred because the stability conditions are not as severe as with
parabolic equations.

One of the key factors in forward modeling is the implementation of the source. For
the two dimensional problem, since an axial symmetry is implied, we use a line source. In
three dimensions we use a point source. Convolving the impulse response with the source
excitation results in an integral which can be numerically evaluated (Romberg or Gauss
integration). A Gaussian function whose frequency response is band limited with a known
peak frequency is often used to describe the source excitation.

A basic problem in theoretical seismology is to determine the wave response of &
given model to the excitation of an impulsive source by solving the wave equations under
certain simplifications. In a scalar approximation, the acoustic wave equation may be
solved to evaluate the waveform but only compressional waves (P-waves) are considered.

A more complete approach is to study the vector displacement field using the full
elastic wave equation for modeling both P-waves and shear waves (S-waves). A more
realistic simulation can be performed through the heterogeneous elastic wave equation in
two dimensions since coupling between P and SV waves is considered. Methods which
allow the modeling of seismic wave propagation in complex laterally and vertically varying
structures, containing combinations of isotropic and anisotropic layers, are highly
desirable. In order to calculate the elastic response of a model, two coupled second order
differential equations must be solved simultaneously. Instead of solving this second order
system, the equivalent first order system was solved numerically for isotropic media
(Vafidis et al., 1992) and for transversely isotropic media (Tsingas et al., 1990). This
system consists of the basic equations of motion in the x and z directions and the stress-
strain relations.

However, important wave properties such as attenuation and dispersion require a
more sophisticated set of equations, such as Biot’s equations for porous media. Biot
(1956) deveioped a theory from the view point of continuum mechanics for wave motion in
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a porous elastic solid saturated with a viscous compressible fluid. This is an inertial flow
model where attenuation of wave energy is due to the motion of the pore fluid relative to the
rock frame. More recently de la Cruz and Spanos (1985) constructed macroscopic wave
equations for elastic porous media filled with viscous fluid by using volume averaging
techniques in conjunction with physical arguments. Wave dispersion and dissipation in
these models are mainly due to the viscous fluid motion relative to the solid matrix.
Numerical solution of Biot's acoustic wave equations is given by Hassanzadeh {1991) and
a second order finite difference solution to Biot’s poroelastic wave equations is proposed
by Zhu and McMechan (1991). Dai (1993) reformulated Biot’s and de la Cruz-Spanos
equations into first order differential system which enable one to obtain the fluid and solid
particle velocities and stress components and also the fluid pressure. For the two-
dimensional problem of wave propagation in porous media, SH waves decouple from P
and SV waves. The Biot’s model predicts the existence of one shear and two
compressional waves with a faster and a slower velocity. However, mathematical models
based on this type of mechanism suffer many times from excessive free parameters that
makes realistic wave simulations for exploration targets very difficult or impossible.

Considerable progress has been also made in seismic wave attenuation for single
phase material. In this context, seismic attenuation is taken to describe any energy losses,
other than those due to spherical divergence, reflections, transmissions and mode
conversions, which a seismic wave experiences as it propagates through a medium.
Emmerich and Korn (1987) used a generalized Maxwell body to approximate an arbitrary Q
law yielding a second order differential equation system with extra intermediate variables
for SH waves. A first order hyperbolic system has been derived for 2-D anelastic acoustic
wave motion by Vafidis et al. (1993) based on the generalized Maxwell body
approximation and solved with an explicit finite difference scheme. Furthermore, Blanch et
al. (1993) used finite difference schemes to model wave propagation in 2-D and 3-D
viscoelastic media. On the other hand, Carcione et al. (1988) used pseudo-spectral methods
for simulation of viscoelastic wave propagation.

Despite the extensive theoretical and algorithmic developments described above,
realistic and accurate wave propagation simulations in elastic, viscoelastic and porous
media are possible only in two dimensions due to memory and computational limitations of
current computer technology.

The advent of the new generation of supercomputers motivated this work towards
realistic simulations of wave propagation with higher accuracy in two and three
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dimensional inhomogeneous media. In this research we developed a 3-D acoustic modeling
algorithm for simulating the evolution of a pressure field. Furthermore, existing algorithms
such as 2-D elastic (P-SV and SH) modeling algorithms (Vafidis et al., 1992) have been
modified and fine-tuned for realistic elastic wave simulations. Both 3-D acoustic and 2-D
elastic algorithms have been vectorized, parallelized and implemented on vector and parallel
supercomputers, such as the CONVEX 210 vector computer, the Fujitsu VPX 240/10
supercomputer and the Myrias SPS-3 MIMD parallel computer.

Computer simulations of seismic wave propagation were essential for the
interpretation of the field data from enhanced oil recovery projects studied in this thesis.
Using the above algorithms, finite difference modeling of seismic waves in acoustic and
elastic media in two and three dimensions in the region over the steam-heated zone during
cyclic steam stimulation of oil sands was performed, as it will be shown in later chapters.
These modeling studies were undertaken in order to examine the relation between reservoir
properties such as porosity, saturation and permeability with seismic characteristics such as
velocity, amplitude and frequency modification with time.

3.2 ELASTIC MODELING IN TWO DIMENSIONS
3.2.1 Introduction

In forward seismic modeling the wave response of a given model to the excitation of
an impulsive source is determined by solving the wave equations. When we use the
acoustic wave equation to evaluate the waveform only comprescional waves (P-waves) are
considered. However, if we use the full elastic wave equation the vector displacement field
can be evaluated since we consider both compressional (P) and shear (S) waves.

Vafidis et al. (1992) developed 2-D elastic wave modeling algorithms and
implemented them on a Cyber 205 vector supercomputer. In this part, we modified his
algorithms, applied more accurate absorbing boundaries, fine-tuned, and implemented them
on vector/parallel supercomputers and massively parallel processors (MPPs). However,
present computer limitations did not allow us to expand them into three dimensions.
Nevertheless, accurate and realistic simulations of seismic wave propagation were
performed in very detailed and sophisticated 2-D elastic reservoirs before and after steam
injection in oil sands at Cold Lake, Alberta.
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3.2.2 The Equations and the Numerical Method

For two dimensional SH-wave propagation in a heterogeneous medium the basic

equation can be solved. This equation in a heterogeneous isotropic medium is:

) au) @ du 3%u
— | ux,z) — |+ —|ux,2) —| = px,2) — (3.2.1)
ox (l»l E)x) 0z (ll az) P o2

where u(x,z,t) is the displacement in the horizontal plane and in the y-direction, p(x,z) is
the shear modulus, p(x,2) is the density and 0 denotes partial derivative. Body forces have
been neglected. But instead of solving numerically this second order hyperbolic wave
equation one can use an equivalent first order system (Virieux, 1984 and 1986) which can
be derived from the equation of motion and the stress-strain relations for isotropic media
(Vafidis et al., 1992) and transversely isotropic media (Tsingas et al., 1990). For
heterogeneous isotropic media the equation of motion is

QV_=L(3_‘ZQ+ ‘Z‘.f.) (3.2.2)
ot P ox oz

and the stress-strain relations

IOy _ " ov

ot ox
(3.2.3)
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ot dz

From the above equations (3.2.3, 3.2.3) one obtains the following equivalent first order
system (Virieux, 1984, 1986, Bayliss et al., 1986; Vafidis et al., 1992) in matrix form
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—| © =
ot 02:
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v(x,z,t) is the particle velocity in the y-direction and ox),(x.z,t) and ©,,(x,z,1) are the stress
components. The above equation can be written in a compact form as

JdU=Adx U+ BJd,U (3.2.5)

Numerical solutions to the SH-wave equation do not describe converted phases. A
more realistic simulation can be performed through the elastic wave equation in two
dimensions since coupling between P and SV-waves is considered. Methods which allow
the modeling of seismic wave propagation in complex laterally and vertically varying
structures, containing combinations of isotropic and anisotropic layers, are highly
desirable. In order to calculate the elastic response of a model two coupled second order
differential equations must be solved simuliancously. I~stead of solving this second order
system, the equivalent first order system will be solved numerically. This system consists
of the basic equations of motion in the x and z directions and the stress-sirain relations after
taking the first time derivative

di dOxx , OOy,
—= 4+ =

ot Ox 0z
(3.2.6)
oW _ d0y, N dC,,
Jt  ox Jz
and the stress-strain relations after tuking the first time derivatives
8_0’2‘_ = (A+21) E_)_l.!. + )\'gi
ot ox dz
90 _ |2, 2 (3.2.7)
ot ox 0z
§-Gﬁ=7»ai+ (A+2U) —
ot X z

where u=u(x,z,t) and w=w(x,z,t) are the particle displacements in the x and z directions
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respectively; u and w are particle velocities; Gxx, Oxz, Ozz, are the stress components;
n=p(x,z) and A=n(x,z) are the Lamé parameters; p=p(x,z) is the density; 0 denotes partial
derivative: and dot denotes time derivative. In this formulation there are no space

derivatives of the Lamé coefficients.
Equations (3.2.6) and (3.2.7) can be written in matrix form (Vafidis at al., 1992)

T0 0 p' 0 0 |
u 1 a "
5w 0O 0 0 0 p 5| w
S Cxx |Z|A+20 0 0 O O 5" Cux |+
Y Ou X{ Ox
iy A 0 0 0 O g
L0 w0 00 - (3.2.8)
o 0 0 0 p!
1 u
0 0 p! O W
+ 0 0o 0 0 Oxx
z
0 A2 0 0 Oz
Gxz
L 0 0 U
or again in a compact form
o U=Ad,U+ BJd, U (3.2.9)

Furthermore, Tsingas et al. (1990) formulated the P-SV and SH problem for transversely
isotropic elastic inhomogeneous media.

Equations (3.2.5) and (3.2.9) describe first order hyperbolic systems that are solved
numerically using an explicit finite difference method based on the MacCormack splitting
scheme. Using a splitting in time approach (Strang, 1968), the solution U of the equations
(3.2.5, 3.2.9) can be approximated by

U™2=F,F,F; F; U" (3.2.10)

where F,, F,’ are one-dimensional difference operators approximating the solution of the

one- dimensional equation
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0, U(x,z,t) = A dy U(x.z,t) 3.2.11H)

while F, and F: correspond to a similar partial differential equation with respect to z and
x=xg, a constant. The MacCormack scheme (Gottlieb and Turkel, 1976), applied to
(3.2.11) consists of a predictor and a corrector (section 3.3.4). The MacCormack scheme
for particle velocity and stress components in the x-direction for 2-D elastic (P-SV and SH)
modeling is given by Vafidis (1988).

3.2.3 Absorbing Boundaries for 2-D Elastic Modeling

The size of the models used in wave propagation simulations is limited both laterally
and vertically by the available computer memory. When implementing discrete methods
such as finite difference for wave-equation modeling one major consideration is the
generated artificial reflections from the model boundaries. Therefore, it is necessary to
simulate infinite boundaries on the finite computational grid. Depending upon the problem
and the strength of the artificial reflections different boundary conditions can be used, such
as approximate-radiation conditions {for simulating an infinite medium), stress free
conditions (Neuman condition or free surface condition) and the zero particle velocity
condition which is equivalent to zero displacement condition (Dirichlet condition or rigid
surface condition).

Lysmer and Kuhlemeyer (1969) imposed viscous behavior on the artificial
bordaries so that much of the incident energy is absorbed mathematically. For first order
systems this condition becomes a Dirichlet condition and can be implemented easily
(Bayliss et al., 1986). This condition is exact for normal incident P and S- waves.
However, it does not absorb Rayleigh waves since it is based on the one-dimensional
characteristics. One way of solving this problem is by burying the source.

Clayton and Engquist (1977), Reynolds (1978) and Keys (1985) used the paraxial
approximation of the wave equation for constructing absorbing boundary conditions.
However, these conditions have limitations for large angle of incidence to the boundary.

Israeli and Orszag (1981) approximated radiation conditions at the numerical
boundaries using one-dimensional transmissive sponge boundaries. They proposed an
perator that can transmit waves in one direction and attenuate them in the opposite
direction. Cerj* e: ~1. (1985), Kosloff and Kosloff (1986) and Sochacki et al. (1987)
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implemented on second order wave-equation modeling this sponge approach for boundary
conditions. They enlarged the computational grid and used a damping mechanism on the
additional part of the computational grid. However, this approach is computationally
expensive, since the sponge must be applied smoothly over a transition zone three to five
wavelengths long in order to avoid artificial scattering from the sponge itself.

More recently, Dai (1993) developed one-dimensional absorbing boundary
conditions, based on the characteristic analysis of the first order hyperbolic systems, that
absorb perpendicularly incident waves. For P-SV wave modeling the 1-D absorbing
conditions for the bottom boundary can be described by the following equation (Dai,

1993):

_ ) -
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where u(), w(D), o{l) and 6{!) are the values of u, w, 0;; and Oy at the bottom boundary
calculated by the finite difference scheme just prior to the transition zone. Furthermore, Dai
(1993) implements the 1-D boundary conditions in combination with conditions that are
imposed in a transition zone adjacent to the boundary region. In the transition zone, he uses
a wave modification method that adjusts the propagating waves so that they reach the
boundaries at normal angles, or a sponge filter that selectively dissipates the remaining
incoming waves. For example, for the bottom boundary region, the modification method,
basically, produces a the transition zone which is anisotropic and in which the velocities
laterally change smoothly to zero. Therefore, the outgoing waves from the transition zone
are perpendicular to the bottom boundary where thereafter the 1-D absorbing conditions can
absorb them effectively.

In the sponge approach a dissipative factor is basically imposed on the waves as they
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propagate through the transition zone by adding a damping term in the wave equation
(Dablain, 1986; Dai, 1993).

Ideally, we would like an absorbing boundary condition that has maximum absorbing
power and minimum amount of memory and computation requirements. However, here we
are interested in a practical solution that is accurate enough but also computationally
efficient in terms of CPU and memory requirements.

In the elastic wave simulations that we perform at the Cold Lake oil sands (Chapter 6)
we use absorbing boundaries that combined three techniques. First, we include an
absorbing boundary region (no more than 30 grid nodes in each direction). Second, we use
the wave modification technique that modifies the outgoing waves so that the wavefront
reaches the borders at normal angles. This is succeeded by imposing some kind of
anisotropy in the medium’s physical parameters in the border area. Third, we apply a
mirror image technique at the edge of the boundary. This technique imposes values on all
differential operators at every time step so that they are mirror images of the corresponding
values inside the grid. This combined approach in the absorbing region enables us to
generate synthetic seismograms free of artificial reflections from the finite boundaries of the
models used.

3.3 ACOUSTIC MODELING IN THREE DIMENSIONS
3.3.1 Introduction

Most seismic modeling is currently conducted in 2-D using both ray tracing and wave
equation, Some ray tracing is performed in 3-D and there is a limited amount of 3-D wave-
equation modeling. However, accurate and realistic 3-D wave-equation modeling is
becoming increasingly important as we collect more 3-D data, search for smaller and
complex reservoirs, and use enhanced oil recovery methods. A 3-D world requires a 3-D
solution. 3-D modeling can help in the optimum selection of the acquisition parameters, in
understanding amplitude variations as a function of offset, in the identification of lateral
velocity variations and estimation of more accurate velocity models, and in more
dependable interpretation of the real seismic data. However, because of its stringent
computational demands it is still mostly a research tool and constitutes a challenge for
today’s most powerful computers (Mufti, 1989; Mora, 1988 and 1989; Fagin, 1991; Piault
et al., 1991; Kapotas, 1991).
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Pereyra et al. (1992) performed 3-D elastic wave simulations using the finite element
method. In one of the largest up-to-date simulations using this approach, they simulate a
single shot experiment over a recumbent fold geologic model. They solved this problem
using a grid with 234x234x240 elements and about 13.3 million nodes, a 3 Hz pressure
source, 1700 time steps and time increment of 0.6 ms, on a Fujitsu VP2400/10 in 4.5
CPU-hours with sustained rate of performance of about 0.5 Gflops.

The numerical solution of the 3-D acoustic wave equation provides a useful method
for simulating the evolution of a pressure field which corresponds to the P type of body
waves most frequently used.

Reshef et al. (1988) solved the acoustic wave equation using spatial derivatives in the
Fourier domain on a GRAY X-MP supercomputer. However, among the existing methods
for forward modeling, finite difference methods are the most popular. Mufti (1985)
developed an implicit finite difference modeling algorithm in order to avoid numerical
stability problems and he used higher order differences in order to use larger grid intervals
and thus to overcome computational limitations. Also, Mufti (1989) implemented 3-D
explicit finite difference modeling on a CRAY-2 supercomputer. In terms of parallelization,
Mora (1988) performed 3-D acoustic modeling on a CM2 SIMD parallel computer. Also,
Kapotas (1991) performed explicit finite difference 3-D acoustic modeling for a medium
size problem (grid dimensions: 80x80x80) on a parallel MIMD computer.

Realistic large scale 3-D acoustic wave modeling for simulating 3-D seismic surveys
is possible today with the availability of powerful vector and parallel supercomputers. The
larger virtual memory of the todays supercomputers results in finer grids which
dramatically minimize the dispersion effects even for the popular second order schemes.

Mufti (1989), after developing a fourth order finite difference modeling algorithm,
asked the following question: “What else can be done to develop a modeling algorithm
which yields more accurate results than the simple fourth-order algorithm?”’ Here, we have
an answer to this question. We developed a very fast vectorized and parallelized accurate
algorithm for modeling the acoustic wave propagation in a 3-D heterogeneous medium.
However, due to the massive number of grid points in a 3-D model, we did not consider
the use of implicit finite difference approach, but used an explicit method in the time
domain. The acoustic wave equation after it is reduced into a first order hyperbolic system
is solved with a particle velocity-stress finite difference method and the dimensional
splitting technique. This method is a version of the MacCormack scheme that is second
order accurate in time and fourth order accurate in space. The algorithm is highly vectorized
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following the semantic vectorization approach and using the matrix times vector by
diagonals technique. Also, the algorithm is parallelized utilizing grain parallelism over
depth and using the domain of dependence decomposition technique that results in a partial
parallelism over time. The algorithm is implemented on either vector and parallel
supercomputers with results that are pronounced in both execution time and in handling
quite large models. An original hyperbolic system is also formulated for one-way wave
propagation in heterogeneous three dimensional media. This system is used in
implementing absorbing boundaries.

In the following sections, we present the formulation of the system of first order
partial differential equations (hyperbolic system) which is equivalent to the 3-D scalar wave
equation. Also, we describe the computational aspects of the finite difference code and
details for the absorbing boundaries. Simple numerical examples, such as a two layer 3-D
model, illustrate the fundamental aspects of propagation in three dimensional media. 3-D
synthetic seismograms and snap shots are generated for the French model (two domes and
a fault). Furthermore, large scale 3-D acoustic wave propagation simulations are performed
for realistic models at the Cold Lake oil sands.

3.3.2 Problem Formulation: Equations

In this development, we consider a 3-D medium with two horizontal axes, x and y,
and a vertical axis pointing downward. The medium is assumed isotropic. The 3-D acoustic
scalar wave equation (see Appendix B) is

a’p o°P P , P
+ + =

= (3.3.1
ox2 9y2 922 VAxy.z) ot )

where P=P(x,y,z,t) is the pressure field; and V=V(x,y,2)= YK(x,y,z)/p is the seismic
wave velocity in the medium where K(x,y,z) is the bulk modulus and p is the density
independent of spatial coordinates. However, instead of using the above equation we
consider the equations of motion
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and the pressure-strain relation

P =K 93'-*-+a—"¥+91’1). (3.3.5)

ox Jdy 0z

In the above equations (uy, Uy, u,) is the displacement vector, p=p(X, ¥, ) is the density
and K=K(x, y, ) is the bulk modulus or incompressibility. By taking the time derivative
of both sides in (3.3.5) and by replacing the displacement vector with the particle velocity
vector (vy, Vys v,), we obtain the following first-order partial differential equations:

P _k aﬁ+§v_y+"_‘£) , (3.3.6)

ot ox dy 0z
ovy P (3.3.7)
ot ox

oy P (3.3.8)
ot dy

and

ov, 0P

p = — (3.3.9
ot 0z )

In matrix form this system of equations can be written as :

au U 9
AU, gdU , cU (3.3.10)

or ox oy 0z
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P
v
U= v; (3.3.11)
V2
0 K 0 0 |
pl 0 0 O
A= (3.3.12)
0 0 0
i 0 0 0 |
i 0 K 0 |
g-| 0 0 0 0 (3.3.13)
pl 0 0 0
L0 0 0 0
i 0 0 K |
0 0 O
C= (3.3.14)
0 0 O
L pt 0 0 O

This system is hyperbolic since the eigenvalues of the matrices A, B and C are real and
their eigenvectors are independent. The above system is solved in the next sections for 3-D
acoustic modeling of seismic wave propagation in heterogeneous media.

3.3.3 Source Excitation
We use an explosive point source w. ose analytic solution can be evaluated from

Green's function in a free infinite homogeneous space. For a point source located at (xg,

Y z,), the pressure is given by (Aki and Richards, 1980):

P (x,y,zt) = -4-7:—5 S(t%) (3.3.15)
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where d = V/(x-x5)2 + (y-ys)2 + (z-25)? , the prime denotes derivative and the time variation
of the source is taken as a Gaussian function S(t) = C e-o(-1)? with 6 and C constants and

t] a positive time delay. The particle velocities are given by

vx=%:d]—23(t- -5 dS(t--d-) Xk (3.3.16)
e i) @2
v,,=pl:l2 s(z-%)- S(t- )z'dzs. (3.3.18)

3.3.4 Numerical Solution

The finite difference numerical method is based on the concept of splitting in time

(Strang, 1968). Equation (3.2.10) can be written in a linearized version as

U _ 49 g L U i +L,+Lp)U. (3.3.19)
ot ox ay 0z

From Taylor's theorem

2
U(x, y,z,t+At)—(l+At§+:]Z At2a8t2+... UK, y,2zt)=

= exp (At 50 U, y,z,t) = (3.3.20)
= exp [At (Lx+Ly+ Lz)] U, Yy, zt)
but
exp (At (Ly+Ly+L) = exp G L) exp B Ly exp (8t Ly)exp G- Ly exp @G- Ly
(3.3.21)

is accurate up to second order in time and the corresponding difference approximation is

U™? = Fy FyF,F} FjFf U" (3.3.22)
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where F denotes 1-D difference operators, UM represents the discrete vector of unknowns
at time t=n At. One advantage of splitting methods is that stability is governed by the 1-D
schemes. Also, splitting methods have smaller phase error than a wide class of unsplit
schemes (Turkel, 1979).

The F,, Ff are one-dimensional difference operators approximating the solution of
the one- dimensional equation

o, U(x,y,zt ) = A dx U(x,y,z,t) (3.3.23)

Each operator advances the time step by 1/3 of a time interval so that the final output from
the six operators is n+2 time units.

For the finite difference solution, a grid mesh (I x J x K) is superimposed on a 3-D
model. The discrete points are defined as (x;,yjZi.tn) and xj=i Ax for i=0,1, ....1; yj=j Ay
for j=0,1, ....J; zx=k Az for k=G,1,...,K; and t,=n At for n=0,1,...,N; where Ax, Ay and
Az are the grid spacings in x, y and z-directions and At is the time step. Consider a (2,4)
version of the MacCormack scheme (Vafidis et al.,1992) which when applied to the one
dimensional system (3.3.23) in the x-direction consists of the predictor:

1
U! fk =UT - 6AAt_ A (TUL k- 8UR 1 i + U2 5 (3.3.24)
X

and the corrector:

U= %(U(l)k'*'u Jk) ‘Jk(7U§lJ)k 8L k+U(11%Jk) (3.3.25)

i-1,j,

where At is the time step (in seconds), Ax is the grid spacing (in meters) in the x-direction,
the subscripts i, j, k correspond to x, y, z and the superscript (1) denotes the intermediate
step. Equations (3.3.24) and (3.3.25) are used in alternate time steps with:

Ui, = Uljx+ AL Ak (703 - 8UL ik +Ul2 k) (3.3.26)
v 6 Ax

and
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Un':'IIB l(U(,Jk ”') ‘AL'Auk(m(.l,)k 8U“%,k+Ufl%, ) (3.3.27)

A detailed description of the MacCormack scheme for the pressure and the particle velocity
components is given in the Appendix C.

In terms of accuracy the MacCormack scheme is second order in time and fourth
order in space. The splitting technique in one direction is described by equations (3.3.24 to
3.3.27). In three dimensions the MacCormack splitting scheme is performed in the
following steps: (1) the pressure field and the particle velocity components are calculated at
time step n+1/3 taking into account wave propagation in the x-direction only, using
equations (3.3.24, 25); (2) then, they are evaluated at time step n+2/3 taking into account

wave propagatior | --.:tion only, using a similar set of equations as the (3.3.24,
25); (3) then the u- . evaluated at time step n+1 taking into account wave
propagation in the z-: n'y, using a similar set of equations as the (3.3.24, 25); 4)
the altcrnate e.;.cs. - -:ailar to (3.3.26, 27) are applied at time n+4/3 taking for

propagation in tlie z-ab cction; (5) the 2, they are calculated for propagation in the y-
direction at time n+5/3 frow alternate equations similar to (3.3.26, 27); and (6) finally, the
pressure field and the particle velocity components are evaluated for propagation in the x-
direction at time n+2 using alternate equations (3.3.26,27).

Waves propagating on a discrete grid become progressively dispersed with time. This
is called grid dispersion. The higher frequency waves are delayed relative to the ones of
lower frequency. As a result, on the synthetic seismograms a substantial “tailing” of the
signal is generated. Grid dispersion increases as the grid spacing becomes larger.
Dispersion analysis indicates that the shortest wavelengths in the model need to be sampled
at five grid points per wavelength. Thus, to avoid grid dispersion, the grid spacing must be

Ax <5xgin (3.3.28)

where the Ap;, is the minimum wavelength present in the computations and it relates to the
minimum wave velocity. In general, the spatial resolution is based on the minimum seismic
wave velocity and the stability condition is based on the maximum wave velocity present in
the model. The stability condition of the method (Gottlieb and Turkel, 1976) is
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'A't'vmax<2 (3.3.29)
Ax 3

where At is time step, Ax is the grid spacing and Vo is the maximum seismic velocity
present in the model. This yields the largest time steps for computational efficiency without
losing temporal accuracy.

3.3.5 Absorbing Boundary Conditions for 3-D Acoustic Modeling

Internal interfaces are not treated by explicit boundary conditions because they are in a
heterogeneous formulation (Kelly et al., 1976). They are represented naturally by changes
of physical parameters of the model. However, difficulty arises in the boundary regions
since both incoming and outgoing waves are present. A boundary condition is required to
minimize the incoming waves from the artificial boundary reflections. Only six explicit
boundary conditions have to be considered: the six sides of the finite-sized model. Here,
we introduce a new set of absorbing boundaries for waves propagating in 3-D. We will
derive the boundary condition for the bottom side of the model by applying characteristic
analysis (Dai, 1993) to the 1-D wave system

v _c¥. (3.3.30)

Assume that U(z,t) is a solution of the above equation in the computational region z €
(O,H). Then, we can write

LY Cc =LY (3.3.31)
CRY =2, RY (3.3.32)

where A; is an eigenvalue of C with the corresponding left eigenvectors Lg) (row vector)
and the right eigenvectors R(Ci) (column vector) and because of the orthonormality of left

and right eigenvectors
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LY RY = §;; (3.3.33)

Then, from equations (3.3.31,32,33) it follows that

LcCRc=A (3.3.34)

and the one-dimensional equation (3.3.30) for the acoustic problem can be expressed as

W _ gaarV (3.3.35)
ot dz

where L, consists of rows that are the normalized left eigenvectors of C

1 0 0 -YKp
1 0 A 0 0 3
Le=m1 o 0o VI 0 (3:3.36)
1 0 0 -YKp

R, consists of columns that are the normalized right eigenvectors of C

(3.3.37)

and A is diagonal with Aj;= A; ordered so that Aj < A9< A3 < A4. For Aj<0 we have

downgoing waves and for A;>0 we have upcoming waves. The eigenvalues of C for the

acoustic case are (A1, A2, A3, Ag) = (-,\/%, 0,0, «/§)=(-V,0,0,V), where V=, /——jpt is

the wave velocity in the medium. Thus, A can be written in matrix form as
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A= (3.3.38)

.

Substituting equations (3.3.36, 37, 38) into equation (3.3.35) and allowing only

downgoing wave propagation by letting A4 = 0, we obtain the one dimensional one-way

system
/Ko 0 K |
p
| F 0 0 0 o |.[PF 1
2l Ve el Vs (3.3.39)
y 2 Yy
ot oz
v, 0 0 0 0 Va.
1 0 o - /K
L P P
or in compact form
a—l—J— = Cyq a_LJ (3.3.40)
ot Jz

Then, the 3-D one-way wave system in the bottom or top absorbing region taking
into account only downgoing (+z) or upgoing (-z) waves, respectively, and setting no
restriction for waves propagating in the x and y direction, becomes

ai-_-Agy..*.Bili.,.C_*__a_U_ (3.3.41)

ot ox dy = 0z
where A and B are the same as in the full 3-D system and are given by (3.3.12) and
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(3.3.13), respectively, and C,. is given by

'iﬁ 0 0o -K |

0 0 0 0
(3.3.42)

<
o
o
(o]

'Oi-—-
o
o
H

R

Also, the 3-D one-way wave system in the left or right side absorbing regions taking into
account only -x or +x ouigoing waves, respectively, and setting no restriction for waves

propagating in the y and z direction, becomes

W _ .Y, gdU | cU (3.3.43)

ot ox dy oz

where A is given by

(3.3.4%)

1 —

and B and C are the same as in the full 3-D system (3.3.10) and arc given by (3.3.13) and
(3.3.14), respectively. Furthermore, the 3-D one-way wave system in the front or back
side absorbing region taking into account only -y or +v outgoing waves, respectively,
and setting no restriction for waves propagating in the x and z direction, becomes
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§2_=A.a£+8i.a.y_+cgy_ (3.3.45)
ot ox ay 0z
where B, is given by
-, /K . -
./ o 0 K 0
0 0 0 0
By=-3 (3.3.46)

[}
O he) l,_‘
(]
+
A
fe]

and A and C are the same as in the full 3-D system (3.3.10) and are given by (3.3.12) and

(3.3.14), respectively.
The dispersion relation of the 3-D acoustic one-way wave system for downgoing

waves is
K _ K-k -k (3.3.47)
k k?. . —l—k‘;’z _ l}\2

On the other hand the dispersion relation of the 3-D full scalar wave equation is

2 2
%= 1;_;‘;_2_ (3.3.48)

If we use two-w 1y wave propagation in the model volume and one-way wave (downgoing)
propagation in the absorbing region, the effective reflectivity at the bottom boundary is

. 33,1 (3.3.49)
k, +k;
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Substituting (3.3.47) and (3.3.48) into (3.3.49) we have

cos0 - (1 - 5in%0 sin?¢ - sin?@ cos20)(1 - 0.5 sin?@ sin?¢ - 0.5 sin?0 cos2o)”’

10, ¢) = 5
cosB + (1 - sin20 sin%¢ - sin?0 cos20) (1 - 0.5 sin?@ sin?¢ - 0.5 sin%0 cos20)
(2.3.54)
where
= Q0 = Wi i = Ogj 3.51
k v ky v sin@ sin¢ , ky v sin6 cosd (3.3.51)

with 8 and ¢ denoting the wave propagating angles measured from the z-axis to the x-y
plane and from the y-axis to the x-axis. Figure 3.1 illustrates the reflectivity versus 8 and

¢. We observe that the reflectivity takes very small values. Thus, the one-way wave system
is effective when used as an absorbing boundary condition.

3.3.6 Numerical Examples

In this section the method is tested with a siraple wave propagation problem of two
half spaces separated by an interface (Aki and Richards, 1980). In generating synthetic
seismograms the following procedure is taken. First a P-wave velocity and a density value
are assigned to each grid point. Also the model parameters like grid spacing, source and
receiver locations, dimensions of the model etc. must be given. It should be noted that any
receiver and source geometry can be handled by the Z-D modeling algorithm. Second, from
the stability condition of the numerical scheme and the maximum P-wave velocity we
calculate the maximum time step. Third, the source is inserted in *he computational grid
through the pressure. The numerical scheme described in *he previous section is applied at
every grid point in order to advance in time the four components of the propagation vector.
Particle velocity or pressure synthetic seismograms are generated at all recording locations
in the computational grid by extracting the particle velocity or pressure amplitude at those
grid points for a sequence of time steps and then plotting these values as time series.

Figure 3.2 illustrates the model geometry where the receivers are located along two
parallel lines and the source is located between the receiver lines. This two layer model was
excited by point source whose time function is Gaussian with peak frequency at 30 Hzand
the delay time t; is 100 ms. Figure 3.3 illustrates the analytical and numerical solutions for
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a source-receiver distance of 48 m. The numerical solution is calculated using grid spacing
5.5 m and time step 1 ms. Portion of the 3-D synthetic shot gather for the pressure field
(Figure 3.4.a) show a very strong direct wave arriving at around 85 ms while the reflected
waves are very weak (almost invisible). The particle velocity field (vertical component) is
shown in Figure 3.4.b where we mainly observe the reflected waves at around 140 ms.

3.4 VECTORIZATION OF THE FINITE DIFFERENCE MODELING
ALGORITHMS

Matrices are viewed usually in terms of ows and columns, and in most of the
scientific programming languages a row or columu type storage is assumed. For bard
matrices however, a very efficient way of minimizing storage requirements is the storage
by diagonals. In a vector computer every diagonal will be viewed as a vector. In addition to
saving space, this type of storage has the advantage of allowing one to perfoiim a number
of matrix manipulations e.g., matrix transposition. There is however a pi'ce (o pay for
these advantages, namely the matrix algorithms are more difficult to describe and the whole
picture is less intuitive. Besides, the diagonals have different lengths and the’r total niunber
is larger than the number of rows or columns. Madsen et al. (1976) gave a description of
the matrix multiplication by diagonals both for full and band matrices.

Since only vector operations are involved, the algorithm is suitable for vector
computers. For narrow-band matrices the algorithm is more « {icient than the row by
column multiplication. Finite difference (FD) schemes consist of & - mber of simple vector
operations (vector additions and vector multiplications) including matrix by vector
multiplications. Matrix times vector by diagonals is a very efficient vectorized algorithm
which helps in the complete vectorization of the FD scheme. The technique described above
decreases the computational time of FD by a factor of about 50 (Vafidis et al. 1992).

The 2-D elastic modeling algorithms were implemented on a Convex C210 vector
“mini”-supercomputer (see Appendix A for a description of the Convex C210). Elastic
simulations on a model of grid size 400 x 800 nodes and 8000 time steps required about 2
hours of CPU time. On the other hand, the 3-D acoustic modeling algorithm due to its large
CPU and memory requirements was implemented on a Fujitsu VPX/240 supercomputer
(see Appendix A for a description of the Fujitsu) in order to handle large 3-D models.

(Text continued on page 57)
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Reflectivity

Figure 3.1: Reflectivity versus the wave propagating angles.

53



Source

1 Receivers—>\ 201

55

Depth (m)

220

Figure 3.2 : The two-layer model used for testing the 3-D acoustic modeling method
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Figure 3.4 : Portion of the 3-D synthetic seismograms (shot gathers) for the pressure
field (a) and for the particle velocity field (b) from 3-D acoustic modeling on the two-layer

model.
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The 3-D modeling algorithm is highly vectorized and is implemented without any tuning on
the Fujitsu VPX/240. The code attained high vectorization (including I/O) during execution
that varied between 90 and 98 percent for various applications of different I/0
requirements. High temporal and spatial resolution simulations fur a model of grid size 100
x 150 x 200 nodes and 8000 time steps required 130 minutes of CPU time with a total

vectorization of 98 percent.
3.5 SEISMIC MODELING IN PARALLEL

From our experience with finite difference modeling on vector computers such as
Cyber 205 and Convex 210, we believe that existing limitations in simulating wavefields in
two and three dimensions are related to the limited memory and CPU capacity available on
these computers. For example, a realistic acoustic wave simulation for a 2-D model of
dimensions 2000 X 3000 m and grid spacing 1 m requires 240 MBytes of memory. Also,
the splitting technique used requires 112 floating point operations (multiplications and
additions) per grid point in order to advance the solution by one time step. For overcoming
problems due to the large CPU time and memory requirements of the above algorithms, we
have developed parallel algorithms for 2-D and 3-D finite difference modeling.

As shown above, the MacCormack splitting type finite difference schemc nvolves 1-
D operators in x, z directions (and y if we are doing 3-D modeling). For the operator in x
direction, the wavefield at grid point (i,k) at the next time level is calculated from the
wavefield at grid points {(i-2,k), (-1,k), (i+1,k), (i+2,k) at the current time level; similarly
for the operator in z direction. Therefore, only second order neighbours in every direction
are required for calculations. Neighbours along diagonal directions are not needed. Figure
3.5 illustrates the computation of the wavefield in time and along only one direction (x).
Based on the above observations one can introduce parallel task allocation into each grid
point location, The ultimate goal would be to have as many processors as grid puints.
However, this fine-grain parallelism cannot be utilized on a MIMD parallel computer since
the amount of computations at each grid point is not floating point intensive but rather it is
communication intensive. Thus, intercommunication between the processors during the
execution of parallel tasks is the key requirement for parallelizing finite difference in time
domain.

The evolution of the wavefield with time is based on the above scheme which as we
showed has local characteristics. This makes the algorithm suitable for implementation on a
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parallel multiprocessor network. The outer most loop that can be parallelized is source
loop. Each shot can be simulated independently on a every processor.

Furthermore, a coarse grain-parallelism over space can be utilized. Parallelism runs
over one of the spatial coordinates allowing the other spatial domains to be computed
serially inside each task for higher efficiency. If we have a 2-D model matrix (I x K), then
depending upon the number of the available processors we divide the model matrix into
submatrices. Our algorithm is flexible, we can partition the model in many ways or the
algorithm itself can calculate the best way to partition the problem. Since second order
neighbours (Figure 3.5) are involved in the calculations, to perform time marching on a
submatrix we need two additionial rows and columns on each of its sides. Each model
submatrix (L x M) is assigned to a processor and requires [(L+4) x (M+4)] memory space
per task (Figure 3.6.a). However, the memory requirement on each node (processor or
task) for SH and P-SV elastic wave simulation is [15 x (L+4) x (M+4)] and [25 x (L+4) x
(M+4)], respectively. The number of 15 and 25 represents the number submatrices (arrays)
for the reguired physical parameters stored on each node, for the SH and P-SV problem,
respectively. After all the physical parameters required by the individual nodes are
distributed to the respective processors, the calculations begin. Using the
intercommunication capability of the processors (Figure 3.6.b), after each time step the data
along the boundaries of the submatrices (two rows and two columns) are exchanged with
the immediate neighbours. For the submatrices along the boundaries of the whole model
the immediate neighbours are less than four and therefore, lesser data exchange is invoived.
However, computations along the boundaries of the model are performed in a different
manner since boundary conditions are implemented.

We have implemented this parallel algorithm on a 44-processor Myrias SPSZ MIMD
parallel computer. The implementation is based on the uncashed shared memory approach
of the Myrias system (see Appendix A) for the intertask communication and on the creation
of “semaphores” for the synchremization of tasks. There is a significant improvement in
performance in comparison to the the serial version implemented on the Convex 210.
However, we did not benchmark the parallel algorithm. Phadke (personal communication,
1993) has benchmarked the SH version of this parallel algorithm on a transputer based
parallel computer. The processing nodes are T-800 transputers from INMOS Ltd. of UK
with 4 MBytes of memory each. For SH wave simulation, the algorithm was implemented
on 50 nodes: (1) for model size 250x250 and 1000 time steps, the required CPU time was
536 sec; (2) for model size 500x500 and 1500 time steps, the required CPU time was 1745
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seconds.
Although computations within each time step can be parallelized as we have shown

above, we recognized two problems: one, there is typically insufficient work to achieve
high parallel efficiencies, and two, increased paging movement between the processors
since at each time step intercommunication between the processors and synchronization of
tasks is necessary. The explicit finite difference algorithms such as the one we parallelized
above have an outer loop over time steps, which can not be parallelized because a given
iteration depends on the results of the previous iteration. However, we can solve this
problem by using an algorithmic technique called domain of dependence decomposition
(Wilson and Karpoff, 1993) that provide us with a partial parallelism over time. Kapotas
and Karpoff (1993) have applicd this technique for the parallelization of explicit finite
difference algorithms, based on the second order scalar wave equation, such as 2-D reverse
time migration.

The dependence decomposition as it was implemented on the 2-D elastic modeling
algorithm is described next. We subdivide the solution matrix into subregions based on one
vpatial dimensions (1-D decomposition). ‘Then, we compute each one of these subregions
in parallel but independently; no communication and synchronization between parallel tasks
is required. This process is repeated for a number of time steps until further ~~mputations
cannot be made; “building picks.” Then, we merge the subregions, now wvackhronization
and communication between processors is required, and divide the mocdel matrix by
shifting the division point by one half of the width of the subregions. The computations
start again independently for each subregion; “filling valleys”. This technique is a two-step
process that can continue alternatively until the desired model matrix is computed (Figure
3.7.a). As a result, the propagation of the wavefield can be advanced several time steps
with a number of global synchronizations that is less than the number of time steps.

We can apply two or three-dimensional decomposition by dividing the global model
matrix into smaller regions in one, two or three (for 3-D models) spatial coordinates,
respectively. However, decomposition in more than one-dimension is a more complicated
technique. Because after the first step, that is the building of “pyramids”, we need to
repartition the computational grid in more than one direction in order to fill all the “valleys”,
thus resulting into a more than two step process. For example, in Figure 3.7.b a four-step
2-D decomposition technique is shown where we are building pyramids and filling valleys.

(Text continued on page 63)
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(a) DATA STRUCTURE FOR EACH TASK / PROCESSOR
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Figure 3.6 : Coarse grain parallelism for 2-D elastic modeling. (a) A model submatrix is
assigned on each processor. (b) Communication between tasks / processors is required.
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(a) 1-D DOMAIN DECOMPOSITION
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Figure 3.7 : Dependence decomposition for partial parallelism over time for 2-D elastic
modeling. (a) 1-D domain decomposition and (b) 2-D domain decomposizion.
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There is a trade-off between creating more pyramids (increasing the maximum
number of processors) and increasing the height of the pyramids (increasing the amount of
work per parallel task). Currently, we are working towards an optimum solution that will
make the model move a significant number of tim2 steps between synchronizations. The
domain decomposition technique can at least doubie the parallel efficiency of the code since
the requirements for the system to support paging are dramatically reduced.

3.6 2-D ELASTIC AND 3-D ACOUSTIC MORELIN(; APPLICATIONS

3.6.1 Introduction

With finite difference modeling one is computing synthetic shot records. For
interpretation purposes we stack all shot records to get a stacked seismic section. However,
when one moves from 2-D to 3-D the computational task increases by at least 2 or 3 orders
of magnitude only in terms of calculating seismic sections along different orientations of the
3.D structure. One can avoid this by calculating zero-offset secuons using the exploding
reflector model (Loewenthal et al., 1976) where point sour-es are assigned at every grid
point of the model in the subsurface and are exploding simultaneously at zero time resulting
it only upcoming travelling waves with half the velocity of the mec. . Mufti 1989 used
this approach for 3-D modeling on a CRAY-2 for a dome model v 240x240x240 grid
dimensions and spacing of 20 m, max freq of source=50 Hz, dt=2 ms (time sampling
interval), number of time sieps (nt)=500.

3.6.2 Simulations durinz Thermal EOR Processes at Cold Lzake

Computer simulations of seismic wave propagatior were essential for the
interpretation of field data from monitoring thermally enhanced oil recovery (EOR) projects
at Cold Lake, Alberta. Finite difference modeling of seismic waves in 2-D elastic and 3-D
acoustic media in the region over the steam-heated zone is performed in order to examine
the relation between reservoir conditions such as pressure, temperature and saturation with
seismic characteristics such as velocity, amplitude and frequency modification with time.

Computer simulations of 2-D elastic and 3-D acoustic wave propagation are carried
out for very detailed multi-layer models before any steaming and during the steam and
production cycles. P-wave line and point sources were used for the 2-D elastic and 3-D
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acoustic modeling, respectively. A Gaussian function was used as a source of excitation
with & dominant frequencies of 50 or 100 Hz. Synthetic zero offset sections and shot
gathers were generater! for all components of particle velocity or stress components and
oressure field. The common shot gathers can directly be compared with fie'd shot gathers
or after sorting into CMP gathers, NMO and stacking, the resultant stacked section can be
niigrated ar i - 1. ured to a field inline or crossline. The shot gathers and the stacked
sections af... ... m injection show reflections and diffractions from the steam zone. The
amplitude of the reflector at the top of the steam zone is stronger since the bitumen has been
replaced by steam or has been heated. Time delays are observed below the low velocity
steamr: "

Extensive 2-D elastic modeling has been carried out for Mobil’s and Esso’s EOR
projects (before. during and after si»am injection). The results are presented and discussed
in Chapter 6. The simulation of eacl: shot gather, for a model of grid size 393 x 501 nodes
and 8046 time steps, required 2.01 hours of CPU time on a Convex 210.

3-D acoustic modeling was perforrned on a large scale model from the oil sands in the
Cold Lake area of Alberta. However, at this time only a limitec amount of simulations were
performed due to large storage and trut.ster requirements of the generated data. In
particular, the 3-D acoustic simulations gererate a large amiount of synthetic data which
require large disc space in order to be stored and analyzed. Also, the transfer of the
generated data from the Fujitsu VEX/240 (located at the High Performance Computing
Center in Calgary), where the simulations are performed, to our workstation (at the
University of Alberta in Edmonton) is exiremely time consumir ; task due to low data
transfer rates (only 7.7 Kbytes/sec). A representative zero offset section is shown in
Chapter 6 (Figure 6.10.a) that was generated over a realistic 3-D model from the Cold Luke
oil sands. The discretization of this model resulted into a grid siz¢ of 97 x 113 x 260 nodes.
The simulation of either 3-D zero offset sections or 3-D shot gathers for this model required
28 and 128 minutes of CPU time and attained 92 and 98 % vectr .ization on the Fujitsu
VPX/240 using 801 (time siep of 1 ms) and 8001 (time step of 0.1 ms), respectively.

3.6.3 Three-dimensional Acoustic Wave Simulations for the French Model

Computer simulations of 3-D acoustic wave propagation were carried out for a more
complicated model similar to that presented by French (197-). The main structures on this
model are two domes and a fault. The dimensions of the model are shown in Figure 3.8
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with one depth siice (~120 m) and a vertical cut (~inline 45) from the 3-D velocity model.
Also, the iocation of some inlines and crosslines of the seismic grid are shown (Figure 3.8)
with respect to the structures (domes and fault). A Gaussian function was used as a source
of excitation with a dominant frequency of 30 Hz. The model was discretized
(dx=dy=dz=5.5 m) to a grid size of 156 x 156 x 120 nodes (including absorbing
boundaries, only 7 gri¢ points on each side). For one source location (shot 1, Figure 3.8)
synthetic shot gathers were generated for all components of particle velocity components
and pressure field (four in total). Also, seven snapshots of the evolving pressure field
through the 3-D model were generated at no extra cost (except I/O). Furthermore, 3-D zero
offset data can b¢ generated by setting a scurce at every receiver location. The CPU time
required for these sumulations, using 500 finite difference time steps (time step=1 ms) and
sampling rate also of 1 ms, was only £ niinutes or the Fujitsu VPX/240 and the total
vectorization (including I/G, attained v- - %7 <., cent.

Representative portions (along inline 43 asc crossline 16) of the 3-D shot gather
(vertical particle velocity component) are shown in Figure 3.9. These sheve the high quality
of the Gara recorded and thus, th capabilities of our algorithm to model complicated
euctures. However, the data are extremely difficult to interpret due to diffractions and
sideswipe events from the domes and the fault an2 due to reflections fresn the flat interfaces
below. Of course, wwhen one vistalizes the model geometry and the location of the source it
is possible to azcount for all the arrivals in the data. For example, it is easy to identify the
diffractions from the domes. Furtheriore, a depth slice (77 m) and a vertical profiie (along
inline 45) from the 3-L> snapshot at time 150 ms is shown in Figure 3.10. These s:upshots
show the complex evolution of the pressure fici at that particular time (as the two domes
and the fault begin to affect the wavefielu;. However, snapshots at later times are far too
comple 1d difficult to interpret.

(Text continued on page 69)

65



%rosslmes
eceivers ™
1 16 68
748 : .. — -

(o 2]

(5] £
=g
Inlines f‘n

E
OffsetY (m) —>

Receiver Lines —™

176

....;
N

V1=2 Km/s

§ 1
165 374 748
Offset X (M) —»

@,

=
m%»z
m

(b)

-«+— Depth (m)

374
Offset X (m) —>

Figure 3.8 : A depth slice and a vertical cut of the French model (two domes and a fault)
used for 3-D acoustic modeling.

66



3061 3081 3101 3121

0.1
éo.z } )) ) i (@)
a It (66
<mlr i »B 'f i s
\1))) 71 })
0.3 —NIIIIIERE it |
WG T
TR
0.4 MR |
1089 110y 1129 1149
0.0 ik li
0.1
30.2 (b)
)
x ST TIPRAS
0.3 — ( TSSO
| IRy
T s ,
il DTN »
ol S ik TSN

rigure 3.9: Portions of the 3-D shot gather (vertical particle velocity component) from
the 3-D acoustic wave simulation for the French model (Figure 3.8): (a) along inline 45 and
(b) along crossline 16.

67



Crossiines —»-
36

16

704

Inlines —» <

7
N M 165 374 704
W »E
S 44
E120
i =
a
[]
(b) B
‘ 270
3854 165 374 704
Offset X (m) —»

FSNaEE6898 s a3 FaTIALARALE

Figure 3.10: (a) A depth slice (77 m) and (b) a vertical cut (along inline 45) from the 3-D

snapshot (150 ms) for the pressure field from the 3-D acoustic wave simulation for the
French model (Figure 3.8).

63



3.10 CONCLUSION

The advent of the new generation of vector/parallel supercomputers and massively
parallel processors (MPPs) motivated this work towards simulations of wave propagation
with higher accuracy in two and three dimensional inhomogeneous media. We follow the
semantic vectorization approach in which the numerical parts of the program are fully
vectorized. The larger virtual memory of the supercomputers results in finer grids which
dramatically minimize the dispersion effects. Furthermore, we utilized the inherent
parallelism present in the problem over the space domain and applied a domain
decomposition technique for additional parailel efficiency. The result is a pronounced
decrease in execution time, ability to handle quite large models and an increase in accuracy
and resolution. Particularly, the implementation of the 3-D acoustic modeling algorithm on
the Fujitsu VPX/240 supercomputer resulted in pronounced CPU and vectorization
peiformance thus opening the avenues for large scale realistic wave propagation
simulations in 3-D complex structures.

Existing 2-D elastic modeling algorithms were modified to incorporate high resolution
corplex modcis and use very efficient absorbing boundary conditions. Furthermore, they
were vectorized, parallelized and fine tuned resulting a five-fold increase in performance
over the original ones.

The 3-D acoustic modeling algorithm was tested with a simple model and the French
model. It was shown that the algorithm is capable of simulating the propagation of
wavefields and generate synthetic seismograms of high quality and resolution in complex
structures. Also, both 2-D elastic and 3-D acoustic modeling are used extensively (Chapter
&) for high resolution and large scale simulations in the Coid Lake oil saniis before and
during steam stimulation processes.

The numerical solution of the 3-D acoustic wave equation provides a useful method
for simulating the evolution of a pressure field which corresponds to the P or
compressional tpe of body waves which is most frequently recorded. In the 3-D acoustic
modeling ooth lateral and vertical variations of the acoustic (P-wave) velocity and density
are allowed. The method accounts for many important wave phenomena such as
diffraction, interference and generation of multiple reflections. Although the use of the
acoustic wave equation rules out the generation of shear and surface waves, it is still
accurate enough for many important exploration and production problems. Another
advantage of 3-D modeling is that time slices (snap shots) come at no extra cost and they
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can enable us to examine the spatial configuration of the wavefield as it propagates through
the 3-D earth model and reaches the surface at different times.

The 3-D modeling algorithm may easily extended to simulate wave propagation in
three dimensional anisotropic heterogeneous media. Furthermore, the computational
performance of the algorithm suggests the possibility of large scale 3-D elastic wave
simulations in realistic and complex media. Howe'. ¢, both topics are beyond the scope of
this thesis and are left for further research.

In conclusion, the 3-D finite difference modeling is a remarkably flexible method that
can simulate fast and accurately the seismic response of geologically complex structures
and stratigraphic areas. Indeed this choice of modeling allows computations to run as fast
as the acquisition of 3-D field seismic data. We believe that employing the current vector
and parallel supercomputer technology, the above algorithms can be powerful tools in all
phases of exploration and reservoir geophysics including exploration and hydrocarbon
reservoir predevelopment, development, operation and enhanced oil recovery phase.
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CHAPTER 4

SEISMIC REFLECTION IMAGING

4.1 INTRODUCTION
4.1.1 Migration

The seismic reflection method seeks to image the structure of the Earth from seismic
wavefields recorded at the surface. The seismic signal recorded hy a geophone is a
superposition of seismic waves originating from all possible directions in the subsurface.
Thus, much of the recorded energy is not from reflectors directly below the recerver but
from horizons far away from the point of recording.

In the last decades several processing techniques have been developed for scismic
data. One of the most advanced methods is migration. The term migration refers to the
redistribution of the recorded wavefields to their true spatial subsurface reflecting positions.
The migration technique positions dipping and diffracted data to their true position resulting
in an image which has greater spatial resoluiion. For example, a point scatterer that is
buricd in a constant velocity medium generates a zero offset seismic section that is a
hyperbola in two dimensions. In this case, migration integrates the wave amplitudes along
the diffraction hyperbola and then places the result at the apex of it.

Migration is an inverse process in which the recorded events are propagated back to
the corresponding reflector locations. In the process of seismic data acquisition, the upward
travelling waves are recorded at the surface. In the migratior. process these recorded waves
are used either as initial conditions or boundary conditions for a wavefield governed by the
wave equation.

4.1.2 Migration: Extrapoilation ané Imaging

There are two distinct parts to migration, namely, extrapolation and imaging.
Extrapolation means reconstruction of the wavefield at depth from the seismic data recorded
at the earth’s surface. Imaging is the process, based on sume principle, that allows one to
obrain the local reflection strength from the extrapolated data in depth and create an image
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of the subsurface reflectors.
If the seismic wave is recorded in water, the pressure field at the earth’s surface can

be approximated by the scalar wave equation (Appendix B). If the recording wave is on a
solid surface the scalar equation can be used as an approximation for the vertical component
of motion. This scalar equation can be used to downward continue the recorded wavefield
in depth. However, the scalar wave equation is not often used for migration because of a
number of reasons: (1) The scalar wave equation generates unwanted internal multiple
reflections that involve both upcoming and downgoing waves. (2) The scalar wave
equation with space variable coefficients generates energy that does not contribute to the
focused image. (3) The depth dependence of the physical solution is a growing or damped
exponential; these solutions are the evanescent waves. (4) The scalar wave equation has a
second order depth-z derivative. Thus, we need two boundary conditions for the
extrapolation, one will be the pre ure P(x,y,z,t) at z=0 and the other the first derivative of
the pressur - (OP/dz) at z=0. However, 0P/0z is unknown since it is not recorded.

Because of the above problems with the scalar wave equation, most extrapolation
operators in wave theory based migrations are constructed from an one-way wave
equation. The one-way wave equation is commonly obtained by seeking a polynomial or
rational approximation to the dispersion relation of a square root . orm.

We reconstruct the wavefield in depth using an extrapolation operator. However, in
¢. " to image the subsurface reflectors from seismic data, an imaging principle has to be
i.-. .ked. This principle is just a prescription for constructing a picture of the subsurface
from the data. Different imaging principles lead to different types of migration.

Frequently in exploration sei:.nology, we use the zero-offset model. This is based
on the assumption that the source and receiver are in identical locations on the surface and
the waves are true echoes similar to that used with electromagnetic or radar waves. For a
more accurate approximation we correct for the extra travel time for spatially separated
shots and receivers and derive a new data trace located midway between source and
receiver, cilled the common midpeint (CMP) or common depth point (CDP) trace.
Therefore, a CMP or CDP section may be regarded as data obtained from coincident source
and receivers. In the zero offset model, the energy travel path from source to reflector is
identical to that from reflector to receiver. The assumption is that all sources are activated
simultaneously, but ¢ach receiver records signals originating from only the same source -
receiver point. Such zero offset data do not correspond to any wavefield resulting from a
simple experiment. As a result it is helpful to create a hypothetical physical experiment 1o
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provide an intuitive picture of zero offset migration. Such an experiment is known as the
Exploding Reflector Model, (Loewenthal et al, 1976). According to the ERM the energy
sources are not at the surface, but they are distributed along the reflecting surfaces. In other
words, the reflectors are represented by buried sources, which are "exploded” at the same
time, t=0. Therefore one needs to be concerned only with upward traveiing waves. Thus,
the recorded signal P(x,y,z=0,t) is the surface (z=0) expression of the upcoming wavefield
P(x,y,z,t) that was generated by an explosion at time t=0. Since the record section involves
two-way travel time, it needs to be converted to one-way travel time. In practice the time
scale of CMP sections is kept unchanged. Instead the velocity of the wave propagation is
scaled down by a factor of two. Then, the recorded field is extrapolated in depth P(x,y,z,1)
and is imaged at time zero, P(x,y,z,1=0). This imaging concept naturally leads to poststack
migration.

A different imaging principle is based on the idea that a reflector exists at points in
the Earth where an upgoing wave is time coincident with the first arrival of a downgoing
wave (The Clzzrtout concept). The recorded wavefield at the surface receivers is
extrapolated do'/n'. :rd and correlated with the downgoing wave from the sources. Where
the correlatior between upgoing and downgoing waves is finite a reflector exists with the
reflectivity beiig proportional to the correlation (Berkhout, 1982; Wapenaar et al., 1987).
This leads naturally to an algorithm which extrapolates both up and downgoing wavefields
to points of intersection, to obtain a reflection coefficient by correlation. Data recorded at
the Earth's surface are considered as upgoing waves which can be extrapolated down into
the Earth and backwards in time. Sources are considered 10 generate downgoing waves,
which can also be extrapolated down into Earth but forward in time. Comparison with the
extrapolated upgoing wave of the first arrival of the extrapolated downgoing wave yields a
reflection coefficient. This concept leads naturally to prestack migratioa such as common
shot gather or profile migration (Claerbout, 1970, 1971; Snyder, 1979; lacobs, 1982;
Marfurt, 1978; Tsingas and Kanasewich, 1990; etc.)

Another imaging method used for prestack depth migration is the double downward
continuation approach (Schultz and Sherwood, 1980; Thorson, 1980, Kapotas '991) or
survey sinking (Claerbout, 1985). Survey sinking, based on the cau<.iity concept,
transforms the seismic data into results of a depth sequence of seismic experiments
performed inside the earth. In this technique both sources and receivers are downward
continued into the earth with images being formed at time zero at the reflector positions.The
double downward continuation approach is based on the principle of reciprocity (Aki and
Richards, 1980) which states that the wave is the same when source and receiver are
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interchanged. In practice, shot gathers are downward continued by one depth step and then
the data are reorganized into common receiver gathers which subsequently are downward
continued by the same depth step. The migrated depth section is imaged at zero traveltime
and zero offset for each depth level. This process is carried out until the maximum depth is
reached. This approach although accurate is very expensive computationally and requires
surveys with symmetric arrangement of shots and receivers which are not always possible
in field.

4.1.3 Poststack versus Prestack Migration

In seismic sounding the measurements of a physical experimen: consist of source
(shot) gathers. A shot gather is the seismic recording of reflected energy from a source at a
unique location to closely spaced receivers. A reverse configuration can give a receiver
gather.

Stacking of recordings from many source-receiver combinations is essential to
improve the signal to noise ratio of the weak subsurface echoes. The stacking of records
not only improve the signal to noise quality but reduces the immense amount of data that
must be handled by a computer array processor. The final stacked product displays a
section in which the source and the receiver are spatially identical for reflecting surfaces
with little dip.

Poststack migration attempts to correct a stacked section for the effect of dip. But in
many cases, the obtained stack sections with dipping or discontinuous reflectors are
distorted since the original field records were made with source receivers not in identical
positions. However, poststack migration is an important component of conventional
processing (CDP processing).

In geologic areas where the velocity does not vary or varies only with depth, the
common depth point (CDP) assumption is valid and poststack migration is applicable.
However, complex geologic structure causes raypaths and arrival times to deviate
significantly from the hyperbolic, straight-ray assumptions on which stacking is based.
Then, the CDP stack inadequately represents the true zero-offset data that poststack
migration expects. Therefore, in complex areas where the seismic velocity varies strongly
laterally, the common midpoint assumption breaks down, poststack migration is inadequate
and only prestack depth migration can place energy in its true subsurface position.

Many researchers have suggested methods for prestack migration (Jain and Wren,
1980; Schultz and Sherwood, 1980; Yilmaz and Claerbout, 1980; Temme, 1984; Wapenaar
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et al., 1987; Reshef and Kosloff, 1986; Chang and McMechan, 1986; Stolt and Benson,
1986; Muller and Temme, 1987; Berkhout, 1987; Tsingas and Kanasewich, 1990).
Prestack migration is a computationally expensive alternative to common depth point (CDP)
processing but it gives correct imaging, better dip preservation and amplitude information.
However, poststack migration is the most common type of migration routinely used in
most exploration surveys, since migration of stacked sections is about two orders of
magnitude (2-D cases) less expensive than current prestack migration methods. In
conclusion, migration can be performed before or after stacking the data in time or depth.

4.1.4 Migration Methods

There are many ways to migrate 2-D seismic data. The numerical techniques
employed can generally be separated in three broad categories, namely: summation or
integral methods such as Kirchhoff migration (French,1975; Schneider, 1978); difference
methods such as finite difference migration (Claerbout, 1970, 1976, 1985); and transform
methods such as f-k migration (Stolt, 1978; Gazdag, 1978). Also, Berkhout (1982)
developed a migration that is a spatial convolution process in the space-frequency domain.
Most of migration methods employ the one-way scalar wave equations or approximations
of it. But there are schemes that employ the full scalar wave equation (Kosloff and Baysal,
1983; Reshef and Kosloff, 1986). Also, migration can be accomplished employing the full
elastic wave equation (Wapenaar et al., 1987).

One can view the various migration methods in terms of the complexity of the
velocity models that one can accommodate. There are a number of constant velocity
migration algorithms that can be applied for the migration of stacked data using the zero-
offset and the exploding reflector models. In the wavenumber (k) - space domain we have
the phase-shift migration (Gazdag, 1978) and the f-k migration (Stolt, 1978). In space-time
(x-t) domain we have the Kirchhoff migration (Schneider, 1978) which is a summation
method. On the other hand, we have the differential wave equation migrations (Claerbout,
1976) that can be performed either in space-time (x-t) or frequency-space (®-x) using
explicit or implicit finite difference schemes. The methods used for poststack migration can
be utilized for shot gather and common offset migrations (Stolt and Benson, 1986) most
often using the so-called double-square root (DSR) equation. Constant velocity prestack
migration eliminates distortions found in the stacked data due to reflector dip.

When there are moderate velocity variations, poststack time migration is commonly
used. The use of the rms velocities is straightforward for the space (x) domain migration
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algorithms such as the Kirchhoff and the differential wave equation migrations. The f-k
migration has problems when applied in depth variable velocity fields which are overcome
with a time stretch (Stolt, 1978). The phase-shift m:gration can handie a depth variable
velocity perfectly well. A number of other schemes can be applied in conjunction with time
migration. Partial prestack migration (Yilmaz and Claerbout, 1980) can correct moveout for
dip so as to validate more standard processing sequences. Furthermore, full prestack time
migration can be employed.

Migration can be performed in time in order to ¢otain a subsurface image. But
hydrocarbons are extracted in depth and not reflection traveltime. For this reason time-to-
depth conversion is necessary to properly interpret seismic data. This is usually
accomplished with vertical trace stretching or ray tracing of selected reflectors. However, a
conventional time migrated section can not simply be stretched to depth. Conventional time
migration techniques fail, even with accurate knowledge of subsurface velocities, mainly
because Snell’s law is ignored at dipping interfaces. Time migration does not position
reflected energy in its true location and treats improperly diffracted energy when the
velocity varies substantially laterally. Therefore, a time migrated section needs to have an
image ray (Hubral, 1977) correction so the events can be approximately located in the true
horizontal location and depth. The depth conversion can be accomplished by mapping the
data along image raypaths rather than by simple vertical stretching.

On the other hand, depth migration compensates for ray bending, lateral velocity
pull-ups and structure. It accommodates lateral velocity variations and positions the energy
at the true subsurface location. Also, a natural advantage of the depth migration is that the
output image is displayed in depth and can be used directly for geologic interpretation and
well depth estimates. The essential difference between depth migration and time migration
is that depth migration can make proper use of the detailed velocity structure in complex
media where the time migration cannot. There are a number of depth migrations. The
modified Kirchhoff migration, using perturbed ray tracing via the Fermat’s principle
(Carter and Frazer, 1984), can allow some lateral velocity variations. Gazdag and
Squazzero (1984) proposed the phase-shift plus interpolation migration. Also, there are the
space-frequency (f-x) domain wave equation migrations such as explicit recursive
migration (Gazdag, 1980; Berkhout, 1981) and implicit finite difference migration that uses
a paraxial approximation to the one-way wave equation (Claerbout, 1985). Another
approach to depth migration is the reverse time migration (Kosloff et al., 1983; McMechan,
1983) where instead of extrapolating the wavefield downward in depth, is extrapolated
backwards in time.

79



The main alternative to conventional migration processing is to migrate the unstacked
data. Prestack depth migration best handles nonzero dips, nonzero offsets and strong
velocity variations and it can properly image complex structures. A number of prestack
depth migration algorithms have been presented such as the profile or shot gather migration
(Claerbout, 1970; Snyder, 1979; Tsingas and Kanasewich, 1990), the plane wave
mugration (Temme, 1984), the double-downward continuation (S-G) migration (Jain and
Wren, 1980; Schultz and Sherwood, 1980; Thorson, 1980; Kapotas, 1991) and the
prestack reverse time migration (Chang and McMechan, 1986).

Most extrapolation operators in wave theory based migrations are constructed from an
one-way wave equation due to the fact that the signal recorded by the seismic surface
survey come from the upward traveling wave field only. The one-way wave equations
commonly obtained by seeking a polynomial or rational approximation to the dispersion
relation of a square root form. Although successful in many situations, the method is
limited by the assumptions made inherently in deriving the one-way wave equations. In
particular it is assumed that spatial derivatives of the velocity can be ignored (Claerbout,
1976; Stolt, 1978; Gazdag, 1978). Also, the existing one-way equations often fail in
simulating the downgoing wavefield at large propagating angles. In order to overcome
these shortcomings, full wave equations were employed for migration purpose (Kosloff
and Baysal, 1983; Reshef and Kosloff, 1986). For strong lateral velocity variation and
steep dips the two-way wave equation migration possesses certain advantages over the
commonly used parabolic or paraxial wave equation but suffers from unwanted internal
multiple reflections which are generated from strong velccity variations. However, Dai
(1993) developed a first order hyperbolic system for one-way waves in heterogeneous
media that is accurate in simulating downgoing waves at propagating angles up to 75°.
They used it for 2-D poststack and prestack depth migration through a back-propagating
procedure with a less expensive explicit finite difference scheme in the space-time domain
and with no unwanted internal reflections being present.

4.1.5 3-D Migration

A 3-D world requires a 3-D solution. Subsurface geological features in hydrocarbon
exploration are three dimensional in nature. Some of the classical 3-D problems are: salt
diapirs, reefs, overthrust and folded belts, major unconformities and deltaic sands. The 2-D
seismic section is only a cross section of the 3-D seismic wavefield which contains signals
from all possible directions. The complex overburden problem has a three-dimensional
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character; hence, on a conventional 2-D seismic section data are in the wrong place, some
signals appear as noise and interpretation does not resolve structural ambiguities. Also, in
the presence of steep dips and lateral velocity variations, we need 3-D seismic, since on 2-
D seismic lines we are going to record sideswipe energy. Therefore, this sideswipe energy
can only be handled by 3-D migration of 3-D data.

3-D surface seismic acquisition is a well accepted tool since it can provide an accurate
and detailed picture of the subsurface. These days in many areas of the world, the 3-D
method is routinely used during the exploration and predevelopment phase to delineate
structural and stratigraphic features, to define continuity of pay zones of gas or oil, to
reduce the risk of dry holes and to predict drilling hazards such as faults and overpressure.
Also, 3-D surface seismic is used in the initial phase to determine reservoir areal
distribution and continuity. In the operating phase of a hydrocarbon field 3-D high
resolution surface seismic surveys begin to impact reservoir management since seismic
monitoring can help to detect permeability barriers, estimate continuity and plan accurately
infill wells. Furthermore, 3-D surface seismic is used during the enhanced oil recovery
phase (EOR) for monitoring over time the reservoir in order to evaluate the EOR design and
efficiency.

3-D seismic data need migration in order to image properly the subsurface. The 2-D
migration method can be extended into three dimensions. If we consider a point scatterer
that is buried in a constant velocity medium then the zero offset traveltime curve in two
dimensions is a hyperbola. We can imagine that the response in three dimensions is a
hyperboloid. Migration in two dimensions amounts to summing amplitudes along the
diffraction hyperbola, then placing the result at the apex of it which is the image of the point
scatterer. Thus 3-D migration amounts to summing amplitudes over the surface of the
hyperboloid. However, for 2-D migration few hundreds traces are included in the
summation for each output trace and this implies that for 3-D migration thousands to
millions traces are necessary in the summation.

The success of a 3-D seismic program greatly depends upon the accuracy of the 3-D
migrated data volume, since an accurate interpretation requires accurate data. Therefore, 3-
D migration continues to be an important area of ongoing research.

Most of the 2-D migration techniques described above can be extended into three
dimensions. Thus, there are a variety of 3-D techniques such as Kirchhoff migration based
on the Kirchhoff integral approach (Ratcliff et al., 1992; Cabrera et al., 1992); explicit or
implicit finite difference migration based on the recursive depth extrapolation approach
(discussed in more detail later); phase shift migration based on Fourier transforms (Hale et
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al.,1991); reverse time mi:rration based on reverse time extrapolation of seismic wavefields
(Reshef and Kessler, 19¢9; Blacquiere et al., 1989; Chang and McMechan, 1989); and
Gaussian beam migration based on the beam forming approach (Hill, 1991).

The main prot’>m in the application of 3-D migration is the handling of the sheer
volume f the 3-2 data. For this reason, until recently, 3-D migration was performed as
two-passes of 2-D migration, a method that replaces the true 3-D case with an
apprv simation that solves a series of 2-D maigrations in orthogonal directions (Brown,
1983; Gibson et al., 1983; Dickinson, 1988; Yilmaz, 1987), for reasons of computer
efficiency. In the first pass the data are migrated in the inline direction and in the second
pass the data are migrated in the crossline (perpendicular) direction.

Although, two-pass 3-D migration images data very well in many cases, the method
has limitations. The two-pass 3-D migration is strictly valid for a constant velocity medium.
The method commits errors when the velocity is not constant. These errors are caused
because the migration cannot be exactly partitioned into inline and crossline migrations. In
cases where we have vertical velocity variation, it makes a difference which direction we
first migrate because if, for example, we first migrate in the inline direction, we end up
with over-migration in this direction. In many cases the inaccuracies in the velocity model
used create greater positioning errors than those caused by partitioning. However, in cases
with steeply dipping events that do not fall exactly inline or crossline, the errors can be
significant in the presence of a large vertical velocity gradient. Finally, in practice the two-
pass 3-D migration is adequate if we have small dips and small vertical velocity gradient.

Among the most popular migration methods are the ones based on the recursive depth
extrapolation of the recorded wavefield. If the computational environment can
accommodate the complete 3-D volume the so called one pass or alternating direction
implicit (ADI) 3-D finite difference migration can be used.The one-pass 3-D migration has
been analyzed by several researchers and applied to the solution of the 3-D seismic problem
(Yilmaz, 1987; Gibson et al., 1983; Jacubowicz and Levin, 1983). The method follows
the classical solution of the system of equations, where for each depth step (or
extrapolation step) the field is downward continued alternatively along the x and then y-
directions. The advantage of an one-pass approach is that it handles velocity variations
correctly, in contrast to the two-pass technique. But although it is a good approximation to
the true solution, it tends to introduce large errors in the azimuthal direction of the
wavefield.

Various authors have attempted to improve this solution by the introduction of extra
calculations or other operators in the solution of the system of equations. Ristow (1980)
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and Cary (1990, 1993) used a symmetric approach to eliminate the anisotropic behaviour of
the solution by migrating not only along x and y alternately but also along 450 to x and y.
Black and Leong (1987) used a partitioning approach to the downward extrapolator which
avoids the splitting of the operator. Brown (1983) discussed the limitations of the operator
separation approach under different velocity variations.

On the other hand, a direct solution of the scalar wave equation for the implicit finite
difference 3-D migration is prohibitively expensive since we need to solve a pentadiagonal
or a enneadiagonal (nine-fold) system of equations for the 150 or 450 approximation
respectively to the dispersion relation using complex sparse-matrix solver techniques.
There are many methods for the solution of complex sparse matrices such as complex
matrix inversion, conjugate gradient or conjugate direction methods and Gaussian
elimination based solvers. However, due to the large system of equations involved in the
migration of large 3-D seismic data sets, these methods become unrealizable. Kapotas
(1991) used sparse Gaussian elimination but as he admitted this method has prohibitive
computer time requirements. Also, he solved the pentadiagonal system of equations by
mapping the solution into a tridiagonal system using an under-relaxation method.
However, the under-relaxation approach although elegant, it has the potential of numerical
instabilities and computational inefficiency in a production environment since it so much
problem dependent. More recently, Kao (1993) presented a preconditioned iterative 3-D
finite difference migration method. He used a preconditioned conjugate gradient method to
solve the large sparse system. Also, he converted the complex pentadiagonal system to a
symmetric and positive definite form and used a hybrid method for its solution.

Lately, various attempts have taken place to bridge the existing gap between one-pass
3-D extrapolation and the full 3-D extrapolation. Hale (1991) has demonstrated an explicit
finite difference approach using McClellan transformations which are circular symmetric
filters to eliminate the non-symmetric effect of ADIL. Furthermore, Blanc et al. (1993)
described a poststack depth migration algorithm in which downward extrapolation of the
wavefield is performed by spatial convolution with finite-length filters. These filters usually
are computed with nonlinear least-squares-based methods or Taylor expansions. However,
in this algorithm they are computed by variants of the Remez exchange algorithm
(Soubaras, 1992).

Thus in recent years, we have seen an increase in the use of 3-D migration methods in
the poststack domain by means of two-pass and one-pass or splitting methods. However,
recent advances in computing based on the subdivision of the computational scquence into
parallel components might make feasible the exact solution of the 3-D migration problem in
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the poststack and prestack domain.

4.1.7 Migration Methods and Algorithms Developed in this Thesis

Implicit finite difference migrations in the frequency-space domain are based on the
recursive depth extrapolation of the wavefield. They are very popular due to their numerical
stability, their computational advantages e.g., highly parallelizable over frequencies, and
their ability to handle arbitrary velocity variations. However, because of the use of
approximations to the one-way wave equations such as the paraxial approximation
(Claerbout, 1985) they have accuracy limitations. On the other hand, reverse time explicit
finite difference migration methods are based on the reverse time extrapolation of the
wavefield. They are not very popular because of their high computational demands.
However, they are very accurate and they can handle lateral velocity variations, dips greater
than 90°, turning waves, shear waves, and anisotropy.

In the next sections, a number of 2-D and 3-D poststack and prestack depth
migration parallel algorithms are developed that are based on recursive depth extrapolation
(w-space implicit finite difference migrations). Also, new 3-D reverse time migration
methods and algorithms are developed based on the reverse time extrapolation of the
recorded wavefield. Each of these algorithms, depending on the particular application,
provides certain advantages and disadvantages.

2-D poststack and prestack depth migration parallel algorithms in the w-x domain are
developed that are based on an implicit finite difference solution of the 65° parabolic
approximation of the one-way wave equation. Also, one-pass 3-D poststack and prestack
depth migration parallel algorithms in the frequency-space domain are developed employing
an alternative direction implicit finite difference solution of the 65° double square root
approximation of the one-way scalar wave equation. The one-pass 3-D migration
algorithms generally provide a reasonable tradeoff between imaging accuracy and
computational demand. The migration algorithms are parallelized and implemented on
parallel computers by utilizing the inherent parallelism of the seismic problem in frequency,
space and source domain.

On the other hand, new 3-D reverse time migration methods are developed. Both
poststack and prestack depth migration algorithms employ either a full wave or a one-way
hyperbolic system. The solution is performed in the time-space domain employing explicit
finite differences via the MacCormack splitting scheme. The 3-D reverse time migrations
provide high im2ging accuracy and versatility but also have higher computational demands
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in comparison to the one-pass 3-D migration. The migration algorithms are highly
vectorized and parallelized in space and partially in the time domain for implementation on
vector and parallel supercomputers.

Choosing the appropriate migration method for a particular set of seismic data
requires a knowledge of the type of subsurface lateral velocity variation present, the degree
of imaging accuracy versus the computational expense we are willing to pay and the
capabilities of our computer resources. In a later section, we present modern migration
velocity analysis techniques and we propose a 3-D processing flow using the migration and
modeling algorithms developed in this thesis, for 3-D velocity model building, 3-D forward
modeling and accurate 3-D poststack or prestack imaging.

4.2 2.D w-x FINITE DIFFERENCE DEPTH MIGRATION
4.2.1 Introduction

2-D seismic is still used widely for exploration purposes due to smaller acquisition
and processing costs in comparisor: with 3-D. Therefore, 2-D migration is a widely used
technique. The migration algorithms developed here are based on depth extrapolation of the
recorded wavefield. The seismic problem is formulated in the frequency domain in order to
take advantage of its inherent parallelism over frequencies during computations.
Furthermore, any laterally slowly varying velocity function can be used for the
extrapolation. By using different imaging conditions, both prestack and poststack depth
migration algorithms are developed.

The above algorithms were implemented for a variety of problems. In chapter 7, the
2-D finite difference poststack depth migration algorithm was modified for migrating
ground-penetrating radar data for imaging and characterization of fractures in granite.
Furthermore, the 2-D migration algorithm was used for migration of deep crustal seismic
data from the Alberta LITHOPROBE transect for imaging the structure of the crust down to
50 Km depth.

4.2.2 Depth Extrapolation with a 65° Approximation to the One-way Wave
Equation

The observed scalar wavefield amplitude, P(x,z,t) at z=0 can be approximated in
two dimensions by the scalar wave equation
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-3 P(x,z,t) + — P(x,z,t) = 1 — P(x,z,t)
Ix 0z vi(x,z) ot (4.2.1)

where v(x,z) is the velocity of the medium.
The Fourier transformed pressure field is given by:

P(k,,z,0) = I JP(x,z,t) glikax - i) gy dt
or inversely,

P(x,z,t) = f JP(kx,z,w)e('“‘*"* io)gk. dw

4.2.2)

Applying the operator in equation (4.2.2) to the scalar wave equation (4.2.1) we obtain

2 .
ki +( o —k%JP=O 4.2.3)
0z2 v2(x,z)

which has a solution of the form
mz 1/2
P(ku,2,0) = P(ky,0,60) exp {— k,%] 2 (4.2.4)
v

This is also a solution of the one-way scalar wave equation

o _

20w -2
oY) Rk p (4.2.5)
oz v w?

where the minus sign is for the upcoming waves recorded on the surface and needed

migration.
Taking the Fourier transform of both spatial and temporal coordinates

(9/0x & iky, 9/0z > ik,, 9/dt &> -iw) in equation (4.2.1) one obtains the dispersion
relation of the scalar wave equation,
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k, =iQ\/1 65190 (4.2.6)

Using equation (4.2.6) with the choice of minus sign for migration, the solution (4.2.4)
of the scalar wave equation becomes,

P(ky,z,m) = P(k,,0,w) exp

z
-if k.,(z)dz) “4.2.7)
0

The exponential term is the depth extrapolation operator.

Because of the problems associated with the scalar wave equation, most extrapolation
operators in wave theory based migrations are constructed from a one-way wave equation.
However, if lateral velocity variations are present we need to move from the wavenumber
to space domain. For an efficient and accurate calculation of the square root, we employ the
recurrence relation for the continuous fraction expansion (Ma, 1981)

n
2
Rpa=1-3 -2 (4.2.8)
i=11-By?

where R=(1-y2)!/2, For n=1 the above equation becomes

2
Ry=1--2Y (4.2.9)
1-By?

where for 459 accuracy a=0.5 and $=0.25 and for 65° accuracy a=0.478242060 and

=0.376369527 (Yilmaz, 1987). Then, we have the following 45° or 65 parabolic
approximation of the one-way scalar wave equation

dP(xz) .| 4 k2

dz V(X’Z) ] [0 B V(X,Z) k%

a v(x,z) oW

P(x,z,w) (4.2.10)

In the same way, we can apply a continuous fraction expansion to the dispersion relation,
(4.2.6) or k% +kZ=k2 Then, the 650 parabolic approximation of the normalized
dispersion relation,
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ka“: % (4.2.11)

can be written as

k2
G
% oo K (4.2.12)
1-pki
k2

Next, we employ a retarded coordinate transformation system (Claerbout, 1985)
which removes the effect of vertical translation. The retarded coordinate system is related
through the local velocity, v=v(z), at each source location to the cartesian system by the

following equations:

Z
t'=t'(x,z,t) =t +J dz/v(z)
0
x'=x"(,z,t) =x (4.2.13)

z'=2'"(x,z21) = z

The upcoming pressure wavefield can be written in terms of a stationary wave Q(x,z,0) in

the frequency domain as:

-1 _dl_
P(x,z,0) = Q(x,z,00) e | V(@) (4.2.14)
or
Q(x,z,w) =P(x,z,0) e ] v(2) (4.2.15)

Since the retarded wavefield Q being more slowly variable with depth z, it may be sampled
less densely, thereby, conserving computational effort. Differentiating (4.2.14) with

respect to z gives:

0 P(x,z,0) (9 -iwj dz_
T‘[g'@ Qxzwe  } v@ (4.2.16)
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Substitute (4.2.14) and (4.2.16) into (4.2.10) so that we obtain the time shifted upcoming

wavefield:

-1

0Q(x,z,w) i ks Q) - i 0 (___1__
dz o _Bvxz) kZ v(x,z) v(z)

o v(x,z) oW

Q(x,z,w)

(4.2.17)

The first term on the right hand side represents the diffraction term and the second term on
the right represents the thin lens term which is solved analytically. In the derivation above
we assume that v(x,z) is a locally constant medium velocity and v(z) depends on depth
below the source, only. Equation (4.2.17) may be rearranged by substituting for: -kx?- =

02/0x2 and mM(x,z)=w/v(x,z). Then, the diffraction term becomes

3 2

i m(x,z) 9Q(x,z,0) ip 9 ’ kd )
- o 9z ) o m(x,z) 9x2 9z Q(x,z,w) + o2 Qx,z,m) =0 (4.2.18)

This equation is also called the 659 approximation to the scalar wave equation, since this
form of the square root approximation to the dispersion relation yields reliable results when
the angles of incidence of the rays normal to the wavefront are less than about 659 or 709,
It is also called a paraxial equation and has all the properties of parabolic differential
equations. It is the most important equation for 2-D w-x migration. Equation (4.2.18) is
evaluated step by step starting at the surface and moving to any depth.

The thin lens term honors Snell’s law and properly accounts for curving horizons
which act like lenses in optics. It has the solution

11
V(x,2) w2 J (4.2.19)

Qx,z+Az,m) = Q(x,z,0) exp[— 10

The lens term is a phase-shift extrapolator (applies a time shift) and is incorporated as a
correction within each depth step with the evaluation of the diffraction term. This term is
very important in the correct imaging of events.

The diffraction term is solved numerically “sing finite difference. Thus, equation
(4.2.18) can be written as
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where 82 =0/dz . 8y, =02 /9x2, and M=m(x,2)=w/v(x,z). A fourth order of accuracy

for the approximation of the second order differential is used and an implicit Crank-
Nicolson (Mitchell and Griffiths, 1980; Claerbout 1976,1985) finite difference algorithm
scheme is employed to solve the resuttant difference equation (Appendix D). Writing the
problem in matrix form for each harmonic yields an independent set of tridiagonal solutions
for each harmonic component, w;.

The migration process consists of two parts, namely, extrapola' on and imaging.
During extrapolation the wavefield recorded at the surface is downward continued and
reconstructed at depth. The extrapolation is performed via the above described diffraction
term, which is evaluated step by siep starting at the surface and moving to any depth, using
an implicit finite difference scheme. The resulted algorithm is recursive where the result of
the previous step is required as an input to the current extrapolation step.

The imaging is based on some principal that can be applied to obtain the reflection
strength from the extrapolated data. Depending upon the principle used we can have

poststack or prestack depth migration.
4.2.2 Poststack 2-D w-x Depth Migration

A commen midpoint (CMP) section may be regarded as a zero offset section where
the data have been obtained from coincident sources and receivers and travel paths from
sources to reflectors are identical to those from reflectors to receivers. Therefore, assuming
that the zero offset model is valid, the imaging condition can be based on the principle of
the Exploding Reflector Model (ERM) (Loewenthal et al., 1976). According to this model
the recorded wavefield P(x,z=0,r) at the surface receivers is due to the fact that the
sources are aligned along reflectors and diffractors and are exploded at =0 and the resulted
energy propagates upwards with one-half the actual velocity v(x,z). If the migration uses
the ERM model for imaging condition the migration is called poststack or zero-offset
migration.

For the above described depth migration in poststack domain, the final migrated resul
is obtained by applying the imaging condition by summing the Q(x.z) field over
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frequencies

N
M(x,z) = '1\11' Y Q(x,z,0) (4.2.21)

i=1

where N is the number of frequencies used.

In geologic areas where the seismic velocity does not vary or varies just in depth or
varies smoothly laterally, the common midpoint assumption is valid and the above
poststack depth migration is applicable. But in areas where the seismic velocity varies
strongly in the lateral direction, the common midpoint assumption breaks down znd we
need to use prestack migration such as the one described next.

4.2.3 Prestack 2-D w-x Depth Migration

Prestack migration uses unstacked data (e.g., common source gathers) which are not
zero source-receiver offset. Thus, we cannot use the exploding reflector model to
accomplish a simultaneous downward continuation of sources and receivers. Therefore, the
main difference between poststack (zero-offset) migration and prestack migration is the
imaging condition and the fact that in the prestack migration the true medium velocity is
used instead of the half value as in the zero-offset migration.

Tsingas (1989) used a 45° approximation to obtain a prestack migration algorithm.
P

On the other hand, the method developed here uses the 65° approximation to the scalar
wave equation in the w-x domain. However, it basically uses the same imaging condition
as the one of Tsingas and Kanasewich (1990).

We can assume that a reflector exists whenever the direct wave (downgoing,
D(x,z,0)) from the source and the reflected (upcoming, U(x,z,0)) waves are coincident.
Then, the migrated depth section consists of wave amplitudes at the given location at the
time of the arrival of the direct wave. Thus, the resulting image for each monochromatic
wave is

Image (x,2,0 ) = U(x,2,0) - D(x,2,0) (4.2.22)

The recorded wave (i.e., common shot gather) P(x,z=0,t) at the earth’s surface is
extrapolated downward from the receiver (z=0) into the medium (depth z) in order to

reconstruct the upcoming wave, Q(x,z,0). Also, the wave from the source is extrapolated
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downward into the medium. This is the downgoing wave and it is an impulse whose direct
traveltimes from the source location to the subsurface points are computed separately. The
migrated image is achieved where the two waves meet. Thus, the imaging condition for the

65° prestack depth migration in the frequency domain is

N
Im(x,z.t0) = & 3, QUx,z,0n) expl- i 0n ta(x,2)) (4.2.23)

n=1

where N is the number of frequencies used. Also, t4(x,z) is the direct arrival time from the
source to the depth point (x,z).

For each grid point, the imaging condition needs the one-way travel time from the
source to that point. Various approaches can be used such as ray tracing (Chang and
McMechan, 1986), cross correlation (Whitmore and Lines, 1986), amplitude detection
(Lowenthal and Hu, 1991) and finite difference solution of the eikonal equation (Vidale,
1987). Traveltimes are classically computed with ray tracing techniques. However, ray
tracing has a number of limitations such as inability to cover shadow zones and the larg:
number of rays involved in heterogeneous media from which only one has to picked.

Reshef and Kosloff (1986), and Tsingas and Kanasewich (1990) used 2-D ray
tracing for the computation of the direct time arrivals from a source to each point at the
subsurface in unperturbed media. Using Fermat’s principle (“the change in travel time with
respect to the change of the ra_ path is zero”), they solved a set of first order ordinary
differential equations by employing a fourth order Runge-Kutta integration method.
However, the Runge-Kutta method is expensive and difficult to implement for large
velocity variations. Conversely, graphical methods devoted to wavefront tracing have been
proposed. Vidale (1987) proposed a general wavefront tracing technique based on the finite
difference approximation of the eikonal equation. With this approach, wave fronts rather
than rays are propagated in the model. Vidale’s method was improved by Qin (1990). Van
Trier and Symes (1991) solved the Hamiltonian representation of the eikonal equation.
More recently, Podvin and Lecomte (1991) developed a finite difference method based on
the systematic application of Huygen’s principle for the estimation of direct arrival times.

In our implementation, we calculate the direct arrival times from 2-D forward elastic
modeling. Computation of the excitation time imaging condition with forward modeling is
described in detail in a later section (3-D reverse time migration). Since, in most cases we
need to simulatc wave propagation in aid of interpretation of the real data and validation of
the velocity model, we compute the direct arrival times at the same time. Here, we used the
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2-D elastic modeling algorithms discussed in chapter 3.
4.3 ONE-PASS 3-D FINITE DIFFERENCE DEPTH MIGRATION

4.3.1 Introduction

In order to avoid the above described complexities, described above, numerical
instabilities and high computational demands with the 3-D direct solution, we decided to
~follow the one-pass approach for the development of our own 3-D depth migration
algorithm. We think that this method provides the right tradeoff between accuracy and
computational efficiency. Thus, in the next sections we developed one-pass 3-D finite
difference prestack and poststack depth migration algorithms in the frequency-space
domain that are based on a 65° approximation to the dispersion relation. The algorithms are
highly parallelizable in the space and frequency domain and are implemented on a 44-
processor MIMD massively parallel computer.

The poststack depth migration algorithm is very fast and is used for the improved
imaging of steam zones during thermal EOR processes. For the type of velocity
complexities that we have in the Cold lake area where we apply the algorithm for the
migration of 3-D seismic data, we believe that it is a very accurate and computationally
efficient algorithm.

4.3.2 Problem Formulation: Equations

The observed seismic wavefield at z=0 can be approximated by the 3-D scalar wave

equation:
——2—P(xyzt)+az P(xyzt)-i-?iP(xyzt)— 1 a—2P(xyzt)
axz ] 14 ayz 17 = azz 7 14y Vz(x’y,z) atz vJ &
4.3.1)
The Fourier transformed field is given by:
P(kxsky,Z,O)) =I I J P(x’y,z,t) e(ik.X + ikyy - iO.)l) dx dy d[ (4.3.2)
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Applying the above operator to the scalar wave equation leads to:

2
IP Ll _2_p=o (4.3.3)
dz22 | vi(x,y,2)

The solution to this equation is also solution to the one-way scalar wave equation for

upcoming waves:

2 2 2 2
P joq /-y ki vya) kg (4.3.4)
0z v 0? ?

Also, taking the Fourier transform of both spatial and temporal coordinates in
equation (4.3.1) one obtains the well known dispersion relation for scalar wave equation:

2 2 2 2
k, (z) = i%)_\/ 1 - v (X,y,z) kx _ v (xsy’z) ky (4‘3.5)
? w?

where k,, ky, k; are the horizontal and vertical wavenumbers and ® is the angular
frequency. For upcoming waves (migration) we use the minus sign.

The square root in the one-way wave equation or in the dispersion relation is
approximated using Muir’s expansion (Claerbout, 1985). Then, equation (4.3.4) becomes

QE:J(_D(X/I—M +4\/1_."_2_(M -1l p (4.3.6)
oz v ©? w?

Next, the square root terms are approximated by employing the recurrence relation,
equations (4.2.8 and 4.2.9) for the continuous fraction expansion (Ma, 1981). Also, the
horizontal wavenumbers are substituted by (-ikxz) = 32/0x2 and (-ikyz) = 82/8y2,
Then, the one-way wave equation becomes:

oP [ k2 k} p

l -
oz Vw2 By K @ By i
o v(x,y,2z) oW o v(x,y,z) oW

(4.3.7)
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where for 45° accuracy a=0.5 and $=0.25 and for 65° accuracy a=0.478242060 and

B=0.376369527 (Yilmaz, 1987). This is now a parabolic equation representing upgoing
waves from reflectors to receivers.

Then, we employ a retarded coordinate transformation system (Claerbout, 1985)
which removes the effect of vertical translation. This retarded coordinate system is related
through the local velocity, v=v(z), at each source location to the cartesian system by the

following equations:
z

t'=t'(x,y,z,t) =t +I dz/v(z)
0
x'=x'(x,y,z,t) = x (4.3.8)

y =y xyzt) =y
' =2z (x,y,z1) =z

Employing the above retarded coordinate system, the pressure wavefield P(x,y,z,w) can be
written in terms of a stationary wave Q(x,y,z,w) in the frequency domain as

-1 _dL
P(x,y,z,0) = Q(x,y,z,0) e A v(z) (4.3.9)
or

; dz_
Q(x,y,z,0) = P(x,y,z,w) e w[ v(z) (4.3.10)

Then, after differentiating equation (4.3.9) with respect to z, we obtain:

z

; dz
d P(x,y,z,w) [9 -1m [
reee).| 2t usawe ) 0 311

Substituting equations (4.3.9) and (4.3.11) into equation (4.3.7), we obtain for the time
shifted upcoming wavefield a differential equation in the @-x-y domain of the form,
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0Q(x,y,z,0) - k2

5 Qx,y,z,) +

0z o B B v(x,y,z) k%
o v(x,y,z) o
k2
+i L Q(x,y,z,0) (4.3.12)
o _Bvkyz)kd
o v(x,y,z) aw

o (v (x,;,z,) -5 (12) ) Q(x,y,z,0)

The first two terms on the right hand side represent the 3-D diffraction term. The third
term on the right is called the thin lens term that is solved analytically as in equation
(4.2.19).

The 3-D diffraction term involves an enneadiagonal (nine-fold) system of equations
that can be solved using sparse matrix solvers such as matrix inversion, conjugate gradient
and Gaussian elimination. However, this full 3-D approach is prohibitively expensive. On
the other hand, a feasible computer implementation of the above method can be made by
using the two-pass or the one-pass approach. In the two-pass approach we have full
separation of the diffraction term, thus this is equivalent of two 2-D migrations, first in the
x and then in the y direction. The full separation of the extrapolation operator is valid only
when the velocity is slowly varying in depth. On the other hand, we can use the one-pass
or splitting approach if we have a slowly laterally varying velocity field. This approach
uses an alternating direction implicit (ADI) Crank-Nicolson scheme (Mitchell, 1969:
Mitchell and Griffiths, 1980) and often is called the ADI method. For the one-pass or ADI
method the field is downward continued alternatively along the x and then y-direction for
each depth step (extrapolation step). However, when we have strong vertical or lateral
velocity gradients the two terms within the diffraction term do not commute and therefore,
are not separable.

Upon splitting the diffraction term, we get one diffraction term in the x-direction and

one in the y-direction. Then, substituting for ’kx2 B 82/8x2 , -ky2 = 82/ay2, and
M(x,y,z)=w/v(x,y,z), replacing the differentials of equation by their respective finite
differences and chai ~i:.z the sign of the z differentials to evaluate upgoing waves one has
for the x-direction difti. -*ion term:

B Cim _
am SXXSI.Q o V'Q+6xe—O (4314)
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os 2
where 8, = 9/dz . §,, = 90~/ 9x", and M=mM(x,z); and for the y-direction diftraction term:

ip
-——38,8,Q- “"5 Q+8,Q=0 (4.3.15)

where Syy =9° / 8y2. A fourth order of accuracy for the approximation of the second
order differential is used and an implicit Crank-Nicolson (Mitchell and Griffiths, 1980);
Claerbout 1976,1985) finite difference algorithm scheme is employed to solve each
resultant difference equation (Appendix D).The thin lens term is solved analytically and is
incorporated as a correction within each depth step with the evaluation of equations
(4.3.14) and (4.3.15) and is given by:

Thin lens = - i w‘—]— )Q(x ¥,2,00) (4.3.16)
v(x,y.z) Vv(z)

Each downward continuation or extrapolation step proceeds along v and then y
coordinates solving a tridiagonal system of equations. For each extrapolation the ADI
method requires the solution of 2N complex tridiagonal systems of dimension N, where N
is the number of input/output x and y coordinates. The algorithm is recursive where the
result of the previous extrapolation step is used as an input to the current extrapolation step.
Any laterally slowly varying velocity function can be used for the extrapolation.

4.3.3 One-Pass 3-D Poststack Depth Migration

The migration process consists of two parts, namely, extrapolation and imaging.
During extrapolation the wavefield recorded at the surface is downward continued and
reconstructed at depth. The imaging is based on some principle that can applied to obtain
the reflection strength from the extrapolated data.

After stacking and binning of the 3-D seismic data we have a regular geometry with a
number of inline and cross-line stacked sections. A stacked (CDP) section may be regarded
as a zero offset section where the data have been obtained from coincident sources and
receivers and travel paths from sources to reflectors are identical to those from reflectors to
receivers. Therefore, assuming that the zero offset model is valid, the imaging condition for
the poststack depth migration can be based on the principle of the Exploding Reflector
Model (ERM) (Loewenthal et al., 1976). According to this model the recorded wavefield
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P(x,y,z=0,t) at the surface receivers is due to the fact that the sources are aligned along
reflectors and diffractors in the inline and cross-line direction and they are exploded at t=0
with the resultant energy propagating upwards with one-half the actual velocity v(x,y,z).
But because of the splitting of the diffraction term at each depth step, we need to double the
velocity. Thus, the input velocity into the migration is the true velocity.

The migrated result is obtained by applying the imaging condition and summing the
Q(x,y,z) field over the frequency spectrum used.

Q(x,y,z,t=0) = Nl Y Qxy,z,m) (4.2.14)
W

where N is the number of harmonic terms within the Nyquist bandpass.

Consequently, the input for the one-pass 3-D poststack migration consists of the
stacked seismic volume (inlines and crosslines) in time and the velocity model. The
migrated result is a seismic volume with inline/crossline geometry in depth. Having the
migrated result in depth makes the interpretation easier and more accurate.

4.3.4 One-Pass 3-D Prestack Depth migration

The main differences between prestack and poststack migration are the imaging
condition, the geometry of the input data and the velocity model. For the 3-D prestack
migration we use the same imaging principal as the one used for the 2-D case.

Assuming that a reflector exists whenever the direct wave from the source and the
reflected are coincident, the depth section will consist of wave amplitudes at the given depth
location at the time of the arrival of the direct wave. If P(x,y,z=0,t) represents the recorded
common shot gather at the earth’s surface, the migrated shot gather will be the cross-
correlation between downgoing and upgoing wave. Thus, for the 3-D prestack depth
migration the imaging condition is:

M(x,y,z,tg) = %Z Q(x,y,z,w) e-imtd(x,y,2) (4.2.15)
()

where tq(x,y,z) is the arrival time of the direct wave.

Consequently, the input to the migration is the shot gathers recorded at the earth’s
surface, the medium velocity and the direct time arrivals. A number of methods have been
developed for computing travel time maps in 2-D and 3-D media (Shah, 1973). However,
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here we compute the direct arrivai times with the 3-D acoustic forward modeling developed
in chapter 3.

4.4 FORWARD MODELING IN THE FREQUENCY DOMAIN AND
OTHER APPLICATIONS

The 2-D and 3-D poststack migration algorithms described above can be used for
forward modeling. Thus, we perform modeling of zero-offset sections with the parabolic
approximation of the scalar wave equation in the frequency domain.

In the same way as for poststack migration, modeling of zero-offset sections makes
use of the exploding reflector model. We start by setting the upgoing wavefield equal to
zero below the depth of interest. Then, we use the parabolic approximation of the scalar
wave equation to depth extrapolate the wavefield towards the surface. According to the
exploding reflector model, the sources are exploded on the reflectors at time zero and the
wave propagate upwards with half the medium’s velocity.

The 650 parabolic approximations to the the 2-D and 3-D scalar wave equations are
used for 2-D and 3-D zero-offset modeling, respectively. The corresponding 2-D poststack
and 3-D one-pass migration algorithms developed in earlier sections essentially can be run
in the reverse direction, from the bottom up and thus can be used to model a zero offset
section according to the exploding reflector model. In a similar way, Tsingas (1989) used a
2-D 450° migration algorithm for forward modeling of zero-offset sections. However, he
used a delta function at t=0 which has a Fourier transform that is a constant, independent of
frequency. Thus, he modeled the exploding reflectors at each depth step by adding the
reflection coefficients to all frequency corponents of the upgoing wavefield at each depth
step. In our implementation, a Ricker wavelet is convolved at each upward depth step with
the local reflectivity. However, since we are in the frequency domain we multiply it with
the local reflection coefficient and the product is added to the passing upgoing wavefield.
When the wavefield is upward continued to the surface and the extrapolation is completed,
the synthetic zero-offset time sections are obtained after inverse Fourier transform of the
resultant wavefield at the surface.

Since we are using the same extrapolation algorithm as we did for migration, and
taking into account that migration is the inverse process of forward modeling, we reverse
the sign of the velocity values during implementation of the migration algorithm for
modeling.

For the 2-D forward implementation the velocities must be halved since we simulate
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an exploding reflector experiment. However, in the 3-D forward modeling there is no need
for that since we use the one-pass migration algorithm where, on the one hand, the
exploding reflector model halves the velocities and, on the other hand, the splitting of the
diffraction term at each depth step and snbsequent extrapolation in two orthogonal
directions results in doubling the velocities.

Tsingas (1989) incorporated attenuation in his 450 paraxial approximation based on a
2-D zero-offset modeling algorithm using a frequency independent Q. The parabolic
approximation of the wave equation in the frequency domain employs a decomposition of
the wavefield into monochromatic plane waves. Thus, each frequency harmonic can be
extrapolated in depth independently. This property allows the incorporation of velocity
dispersion and a frequency independent Q (Chapter 5, equation 5.12) in the 2-D and 3-D
forward modeling and migration algorithms developed above.

Both 65-degree w-x poststack and prestack migration algorithms can be extended to
include anisotropy using the scalar wave equation for elliptically anisotropic media in the
same way that Phadke et al. (1994) developed a 45-degree poststack migration for
transversely isotropic media. However, this development does not take place in this thesis
and it has been left for future research.

4.5 PARALLEL IMPLICIT FINITE DIFFERENCE DEPTH MIGRATION
AND MODELING ALGORITHMS

A typical 3-D marine survey after stacking and binning has 1000 inlines and 1000
crosslines (one million CDP’s/traces) with 1000 time samples per trace but often surveys
are much larger (30 million traces). It would be extremely time consuming to perform an
one-pass 3-D depth migration of this survey on a powerful single CPU computer,
assuming that we did not have memory limitations. Therefore, a parallel implementation is
necessary.

The design, implementation and performance of a parallel algorithm depends on a
number of features such as domains of dependence, declaration of parallel regions, task
(computational unit within a multitasked algorithm) level parallelism, understanding of all
subroutine calls used inside the parallel region in order to assure that all tasks are executing
in parallel. The key to a successful implementation of a multitasked algorithm is to precisely
define and protect the shared data and add the necessary communication and
synchronization controls to the parallel tasks.

For the design, implementation and performance of the above depth migration
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algorithms on parallel computers (Kalantzis et al., 1993a) we can exploit the inherent
parallelism of the seismic problem over frequencies, traces, depth slices, inlines and
crosslines and shots in a number of different ways.

The most important domain in terms of parallel algorithm performance is the
frequency domain. The parabolic approximation of the wave equation in the frequency
domain decomposes the wavefield into monochromatic plane waves. Thus, each frequency
harmonic can be extrapolated in depth independently on each processor with no need of
intertask communication. However, the wavefield at each depth step is calculated from the
wavefield in the previous depth step. Therefore, the algorithm is recursive in depth and the
computation is inherently serial over depth steps.

The frequency (parallel) and depth (serial) loops are interchangeable in all the above
developed algorithms. This property allowed us to use three programming models (Figure
4.1). The first, “MODEL I"”, employs a parallel frequency outer-loop. This has the
advantage of using parallelism at the top level of the algorithm, thus, declaring a larger
computational region. However, this frequency outer-loop programming model requires a
much larger memory space that is proportional to the number of depth steps. This memory
requirement does not allow the use of this parallel algorithm for migration of large 3-D
seismic surveys or large number of depth extrapolation steps. Assume that we have a
volume of size NX*NY*NZ. Then, this implementation requires the declaration of the
following arrays in the 3-D case: a complex array of [NX*NY] size for each input
monochromatic plane wave P(x,y,n;); a real array of size [NX*NY] for the velocity field
v(x,y) at each depth-slice; and a real array of size [NX*NY*NZ] for the output depth
migrated volume for each frequency. Thus, the total memory requirement is
[(NX*NY*4)*(3+NZ)] bytes.

One way to overcome this problem, is the use of a number of depth regions as in
“MODEL II”. Thus, the downward extrapolation is performed within each depth region for
all frequency components in parallel. Then, the migrated output of this region is saved in
the 1/O storage area and its bottom part is used as an input for the migration of the next
zone. This continues recursively for all depth regions or zones (NR). This algorithmic
structure uses the following arrays: a complex array of [NX*NY] size for the input
frequency plane P(x,y,0;); a real array of size [NX*NY] for the velocity field v(x,y) at
each depth-slice; and a real array of size {NX*NY*(NZ/NR)} for the depth migrated in
each depth zone. Thus, the total memory requirement is {(NX*NY*4)*[3+(NZ/NR)]}
bytes.

The third model, “MODEL III”, uses a serial depth outer-loop and the parallel region
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is confined to the inner frequency loop. This approach does not have memory limitations,
however, it is computationally slower than the other two models since the computational
parallel region is smaller. This parallel algorithm has the following memory requirements:
an array of [NX*NY*Nw] size for the input 3-D volume in frequency domain (P(x,y,®));
an array of size [NX*NY] for the velocity field v(x,y) at each depth-slice; and an array of
size [NX*NY] for the output migrated depth-slice Q(x,y). Thus, the total memory
requirement is [(NX*NY*4)*(2+2Nw)].

From the above models, MODEL I is the most efficient in terms of total CPU
requirements but the worst in terms of memory requirements. MODEL III is better than
MODEL 1I in terms of memory requirements only if 2N¢ is smaller than NZ/NR. For a
model of size 50x50x50, 500 time samples and 250 frequencies, programming “MODEL I”
used 385 sec and “MODEL III” used 485 sec on 40 processors of the Myrias SPS3
computer. Thus, in terms of CPU time requirements, “MODEL 1" is more efficient than
“MODEL 111",

For the poststack migration, all frequency components after extrapolation are summed
up (imaging condition) to give the migrated depth section. On the other hand, for prestack
migration, after each depth extrapolation step is completed, each frequency component
constructs a partial image by cross correlating the extrapolated field with the downgoing
wave from the source (imaging condition). Then, all frequency partial images, after
extrapolation to the maximum depth, are summed up to give the migrated shot gathers. For
prestack migration an additional parallel loop can be implemented over shots.

The 2-D and 3-D poststack and prestack depth migration and zero-offset forward
modeling parallel algorithms were implemented on a 44-processor (8Mbytes memory per
processor) Myrias SPS3 MIMD parallel computer. Their pseudocodes are shown in
Figures 4.2 to 4.6.We used only two extensions to FORTRAN 77: one is the “pardo”
which is a parailel do loop and the other is the “mergeby(sum)” for automatic merging of
results from different processors. The one-pass 3-D poststack migration (I/O, parallel FFT,
migration with “MODEL III”) of a 3-D seismic volume of size{[NX*NY*NT]=
90*73*1501} using 250 frequencies and 1501 depth steps required about 9.1 hours of
CPU time on 40 processors of the Myrias parallel computer.



LARALLEL PROGRAMMING MODELS

MODEL 1
PARALLEL DO 10 over number of FREQUENCIES (Nw)
DO 20 over DEPTH steps (NZ)
Extrapolation of depth slice Q(INX,NY,w;) of size: {[NX*NY]*8})

20 END DO over number of DEPTH steps

Automatic merging of all frequency components=

migrated volume {[NX*NY*NZ]*4)
10 END PARALLEL DO over number of FREQUENCIES

MODEL I

DO 10 over number of DEPTH REGIONS (NR)
PARALLEL 20 DO over number of FREQUENCIES (Nm)
DO 30 over DEPTH steps (NZ/NR)
Extrapolation of depth slice of size: {[NX*NY]*8)
30 END DO over number of DEPTH steps
Automatic merging of all frequency components=
migrated region {[NX*NY#*(NZ/NR)]*4}
20 END PARALLEL DO over number of FREQUENCIES
10 END DO over DEPTH REGIONS

MODEL ITI
DO 10 over DEPTH steps (NZ)

PARALLEL DO 20 over number of FREQUENCIES (Nw)

Extrapolation of depth slice of size: {[NX*NY*Nw]*8}
20 END PARALLEL DO over number of FREQUENCIES
Automatic merging of each migrated depth slice of size: {[NX*NY]*4)
10  END DO over number of DEPTH steps

TOTAL MEMORY REQUIREMENTS (Bytes)

MODELT1 = [NX*NY*4]*[3+NZ]
MODEL II =[NX*NY*4]*[3+(NZ/NR)]
MODEL III =[NX*NY*4]*[2+(2*Nw)]

Figure 4.1: The code structure models used for parallelization of the migration and
modeling algorithms in the frequency domain.
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2-D FINITE DIFFERENCE w-x 65° DEPTH
POSTSTACK MIGRATION PARALLEL PSEUDOCODE

INPUT: parameters; reference velocity v(z); velocity model v(x,z)**
INPUT: stacked section P(x,z=0,t)
PARALLEL FFT: Fourier transform : P(x,z=0,0)

C MAIN PART OF PARALLELISM: EXTRAPOLATION+IMAGING
* PARALLEL DO (*PARDO”) 20: over number of FREQUENCIES
* DO 30 over number of DEPTH steps

A. CALCULATE the time retarded field:

0
Q(x,z,0) = P(x,z,0) ¢’ v(z) Az
B. EXTRAPOLATE using the diffraction term:

.im Q2o i PQxzw) | Qe _,
o 0z am  9x2 9z ox2
where m=w/v(x,z) **

C. CORRECT with the thin lens term:
1 1

Q(x,z,w) = Q(x,z,0) e-lm‘v(x,z) v(z)
30 END DO over number of DEPTH steps
AUTOMATIC MERGING (“merge(sum)”) for

N
Imaging Condition: Q(x,z) = 2 Q(x,z,0;)
i=1

40 END PARDO over number of FREQUENCIES
OUTPUT: migrated depth section: M(x,z) =-IEI—Q(x,z)

* frequency and depth loops are interchangeable
** for velocity dispersion , v=v(x,z,w) from equation (5.12) and m=w/v(x,z,0)

Figure 4.2: Parallel pseudocode for 2-D ®-x 65° poststack depth migration as was
implemented on a Myrias SPS3 parallel computer.

104



2-D FINITE DIFFERENCE w-x 65° DEPTH
PRESTACK MIGRATION PARALLEL PSEUDOCODE

INPUT: parameters; reference velocity v(z); velocity model v(x,z)**
INPUT: shot gathers, P(x,z=0,t); direct traveltimes tq(x,z)
PARALLEL FFT: Fourier transform, P(x,z=0,0)

C MAIN PART OF PARALLELISM: EXTRAPOLATION+IMAGING
*  PARALLEL DO (“PARDO”) 10: over number of SHOTS
* PARALLEL DO (“PARDO”) 20: over number of FREQUENCIES
* DO 30 over number of DEPTH steps
A. CALCULATE the time retarded field

0]
Q(x,2,0) = P(x,z,w) ¢’ HAZ
B. EXTRAPOLATE using the diffraction term

__-LmaQ(x,z,(x)) ) iB 63Q(x,z,(o) +azQ(x,z,(n)) _
o oz am  9x29z ox2
C. CORRECT with thin lens term
1 1

Q(x,z,0) = Q(x,z,w) c-lw{v(x,z) v(z)
D. CONSTRUCT PARTIAL IMAGE:
im(x,z;,;) = Q(x,z,;) expl-iw;ta(x,z))
30 END DO over number of DEPTH steps
AUTOMATIC MERGING (“merge(sum))
N
of all frequency components: IM(x,z)=2 im(x,z,0;)

i=1

0

20 END PARDO over FREQUENCIES
OUTPUT: Migrated shot gather: M(x,z) =—I}I—IM(x,z)
10 END PARDO over number of SHOTS

* shot, frequency and depth loops are interchangeable
** with velocity dispersion v=v(x,z,®) from equation (5.12) and m=w/v(x,z,®)

Figure 4.3: Parallel pseudocode for 2-D w-x 65° prestack depth migration.
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ONE-PASS 3-D FINITE DIFFERENCE ®-x-y 65° DEPTH
POSTSTACK MIGRATION PARALLEL PSEUDOCODE

INPUT: parameters; reference velocity v(z); velocity model v(x,y,z)**
INPUT: binned stacked 3-D volume, P(x,y,z=0,t)
PARALLEL FFT: Fourier transform, P(x,y,z=0,0)
C MAIN PART OF PARALLELISM: EXTRAPOLATION+IMAGING
*  PARALLEL DO (“PARDO”) 20: over number of FREQUENCIES
* DO 30 over number of DEPTH steps
CALCULATE the time retarded field

i @
Q(X,Y,Z,m) = P(xvyvz$m) el V(Z) Az
DO 40 over number of INLINES
EXTRAPOLATE along the inline x-direction

_im 0Q(x,y,z,m) _ip asQ(x,y,z,co) +82Q(x,y,z,0)) -0
o oz em  9x29z ox2
40 END DO over number of INLINES
DO 50 over number of CROSSLINES
EXTRAPOLATE along the crossline y-direction

Cim 0Q(x,y,z,w) _i B BSQ(x,y,z,co) N 82Q(x,y,z,(o) ~0
o oz Cm  gy29z dy?
50 END DO 50 over number of CROSSLINES
CORRECT with the thin lens term:

-i 1 1
Q(xayysz) = Q(X’Y7st) € ! (D(v(x,y,z) V(Z) Az

30 END DO over number of DEPTHS
AUTOMATIC MERGING (“merge(sum)):

N
for Imaging Condition: Q(x,y,z) = 2 Qx,y,z,m;)
i=1

20 END PARDO over FREQUENCIES

OUTPUT: depth migrated depth 3-D volume: M(x,y,z) = % Q(x,y,2)
* frequency and depth loops are interchangeable
** with velocity dispersion v=v(x.y,2,w) from equation (5.12) and m=w/v(x,y,z,0)

Figure 4.4: Parallel pseudocode for one-pass 3-D (-X-y 65° poststack depth migration.
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ONE-PASS 3-D FINITE DIFFERENCE w-x-y 65° DEPTH
PRESTACK MIGRATION PARALLEL PSEUDOCODE

INPUT: parameters; reference velocity v(z); velocity model v(x,y,z)**
INPUT: shot gathers P(x,y,z=0,t) and direct traveltimes tq(x,y,z)

PARALLEL FFT: Fourier transform, P(x,y,z=0,0)
MAIN PART OF PARALLELISM: EXTRAPOLATION+IMAGING
PARALLEL DO (“PARDO”) 10: over number of SHOTS
PARALLEL DO (“PARDO”) 20: over number of FREQUENCIES
DO 30 over DEPTH steps
CALCULATE the time retarded field
DO 40 over number of traces along X
EXTRAPOLATE along the x-direction

Cim 0Q(x,y,z,w) ) ip aBQ(x,y,z,(o) +82Q(x,y,z,co) ~0
o oz am  9x29z ox2
40 END DO over X
DO 50 over number of traces in Y
EXTRAPOLATE along the y-direction

im 0Q(x,y,z,w) ) ip BBQ(x,y,z,(o) ~’_azQ(x,y,z,(:)) -
. oz am - 9gy29z dy?
50 END DO 50 over Y
CORRECT with the thin lens term:

L N '

0

Q(x,y,z,(o) = Q(X,y,Z,(l)) e ! “)(V(X,]y,l) ) ;(]Z_) Az
CONSTRUCT PARTIAL IMAGE:
im(x,y,zi,wi) = Q(x’yaziami) CXp(-i(Dild(X,y,Z))
30 END DO over number of DEPTH steps
AUTOMATIC MERGING (“merge(sum))

N
of all frequency components: IM(x,y,z) =Z im(x,y,z,0;)
i=1

20 END PARDO over number of FREQUENCIES
OUTPUT: Migrated shot gather: M(x,y,2) —'-NLIM(x,y,z)

S5 END PARALLEL DO over number of SHOTS
* shot, frequency and depth loops are interchangeable

*¥ with velocity dispersion v=v(x,y,z,w) from equation (5.12) and m=w/v(x,y,z,®)

Figure 4.5: Parallel pseudocode for one-pass 3-D ®-X-y 65° prestack depth migration.
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2-D AND 3-D FINITE DIFFERENCE ®-x-y 65° ZERO-OFFSET
FORWARD MODELING PARALLEL PSEUDOCODE

INPUT: reference velocity v(z); velocity model v(x,y,z)**
CALCULATE: Reflectivity(x,y,z)
INPUT: upgoing wavefield at the bottom, P(x,y,z=zp,t)

in frequency domain: P(x,y,z=zp,0)=complex(0.,0.)
INPUT: parameters and source (Ricker wavelet)
FFT: Fourier transform, Source(w)

C MAIN PART OF PARALLELISM: UPWARD EXTRAPOLATION +

C SIMULATION OF THE EXPLODING REFLECTOR MODEL
*  PARALLEL DO (“PARDO”) 10: over number of FREQUENCIES
* DO 20 over number of DEPTH steps from bottom up

A. CALCULATE the time retarded field
B. APPLY THE EXTRAPOLATION OPERATOR AND
THIN LENS CORRECTION:
used in the 2-D or one-pass 3-D migration algorithms
C. SIMULATE EXPLODING REFLECTOR EXPERIMENT
at time zero and zero offset
Qx,y,z,0;) = Q(x,y,z,m;) + (Source((oi)- Reflectivity(x,y,z))
20 END DO over number of DEPTHS
AUTOMATIC MERGING (“merge(sum)):

N
wavefield on surface: Q(x,y,z=0,0) = z Q(x,y,z=0,0;)
i=1

10 END PARDO over FREQUENCIES
PARALLEL INVERSE FFT of Q(x,y,z=0,0)
OUTPUT: zero-offset time sections, P(x,y,z=0,t)
* frequency and depth loops are interchangeable
** with velocity dispersion v=v(x,y,2,@) from equation (5.12)

Figure 4.6: Parallel pseudocode for 2-D or 3-D zero-offset forward modeling (for 2-D
set everywhere y=0).
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4.6 APPLICATION OF THE IMPLICIT FINITE DIFFERENCE
MIGRATIONS FOR IMAGING SEISMIC AND RADAR DATA

Reservoir monitoring during an enhanced oil recovery (EOR) process is critical for
efficient management of the project. 3-D high resolution surface seismic is used since time-
lapse seismic images can monitor reservoir changes that are induced during the process.
We migrate with the 3-D poststack depth migration algorithm described above two 3-D
high resolution seismic data sets before steam-injection (base) and during steam-injection
(monitor), respectively, from a thermal EOR pilot site that were given us by Mobil Oil
Canada (Kalantzis et al., 1993b). Also, we migrate 3-D seismic data during production (6th
cycle) and steam-injection (8th cycle) from Esso’s Cold Lake EOR project (Kalantzis et al.,
1994). The one-pass 3-D post stack depth migration in the space-frequency domain was
implemented on a 44-processor SPS3 Myrias MIMD parallel computer. The migration
includes lateral velocity variations and uses some of the detail models that we used in the
modeling. The computational efficiency of this algorithm allows us to use very small depth
steps for the extrapolation of the wavefield (1 m) in contrast to other more accurate but
problematic and expensive migration schemes such as the ones developed by Kapotas
(1992) in which he uses depth steps of 8 m. However, the migration of the 3-D seismic
monitoring data are discussed further in Chapter 6.

The 2-D -x 659 poststack depth migration was used for the migration of the Alberta
LITHOPROBE seismic data (Rong et al., 1994). Further discussion of the LITHOPROBE
data and their migration is presented in Appendix E.

Seismic migration algorithms can be applied to ground-penetrating radar data due to
the kinematic similarities between radar reflection and seismic reflection methods. Thus, the
paraxial approximation to the scalar wave equation can be used for the depth migration of
radar data the same way as applied to seismic data. The 2-D w-x 65° poststack depth
migration was applied with very few modifications for migration of ground-penetrating
radar (Kalantzis et al., 1994) from AECL’s (Atomic Energy of Canada Limited) Whiteshell
research area located near Pinawa in southeastern Manitoba. The depth migrated sections
successfully imaged fractures in the granitic Lac du Bonnet Batholith to distances of at least
100 m below outcrop surfaces (see Chapter 7).
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4.7 3-D REVERSE TIME MIGRATION

4.7.1 Introduction

Among many wave equation migrations one is the reverse time migration. In this
method the surface recorded wavefield is considered as a surface boundary condition and
extrapolation is performed backwards in time. Poststack reverse time migration has been
presented by many authors, including Whitmore (1983), McMechan (1983), Baysal et al.,
(1983), Loewenthal and Mufti (1983) and Levin (1984). Furthermore, Chang and
McMechan (1986), and Sun and McMechan (1986) developed 2-D prestack reverse time
migration for acoustic and elastic waves, respectively, and they applied to synthetic offset
vertical seismic profiles.

Reverse time migration is a powerful technique because it can handle everything
(Hale and Witte, 1992) such as strong lateral velocity variations, dips greater than 909,
turning waves, shear waves, anisotropy and it is very accurate particularly with respect to
amplitudes. Another advantage of the method is its ability to image irregular source-receiver
geometries with elevation changes. Also, it is easy to produce offset dependent images that
are useful for post-migration velocity analysis. Furthermore, code is reasonably simple to
develop. However, it is not very popular due to its high computational demands (Reshef
and Kessler, 1989) since it is basically the same as finite difference forward wave-equation
modeling except the time is running backwards.

McMechan (1983) developed reverse time migration solving the full scalar wave
equation in 2-D, using a second order explicit finite difference scheme. Since no paraxial
approximations are involved, even 90° dips are correctly migrated. Also, for strong lateral
velocity variations the scalar wave equation is superior to the paraxial one-wave equation.
However, this method suffers from unwanted internal multiple reflections generated from
strong velocity changes. This unwanted energy is especially troublesome when it is
coherent and migrates to a time when the primaries are weak. Baysal et al. (1983) and
Whitmore (1983) take care of this problem by setting model density=1/velocity so that there
no impedance contrasts.

Gazdag (1981) presented a 90-degree dip two-way wave equation and Kosloff et al.
(1984) derived a two-way wave equation in which evanescent instabilities are avoided and
strong velocity variations can be accommodated. Baysal et al. (1983) used Gazdag’s 90-
degree dip wave equation for reverse time migration.

In order to avoid some of the problems in migration associated with the use of the full
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wave equation, the one-way wave equation is often used for migration. In recursive depth
extrapolation based migrations (Claerbout, 1985) the one-way wave equation is commonly
obtained by seeking a polynomial or rational approximation to the dispersion relation of a
square root form. However, the one-way equation, although successful in many migration
problems, is limited by the assumptions made in its derivation. Particularly, it is assumed
that spatial derivatives of the velocity can be ignored. Also, the need of accuracy requires
higher order approximations at the expense of computational effort. On the other hand, for
reverse time extrapolation based migrations Dai (1993) used an one-way wave system that
is accurate up to at least 75 degree propagation angles.

The reverse time migration has been extended into three dimensions (Chang and
McMechan, 1989, 1990). Here, we developed two 3-D reverse time migration methods
that address and solve some of the problems present with the use of the full or the one-way
wave equation. The first method uses a full acoustic wave first order hyperbolic system in
heterogeneous media. This system is also used for 3-D acoustic forward modeling and for
the computation of the excitation-time imaging condition. On the other hand, the second
method uses a one-way acoustic wave first order hyperbolic system and is associated with
all the advantages of the one-way wave equation. For example, the unwanted energy
related to internal reflections is not present because we use only downgoing propagating
waves. Both full and one-way wave hyperbolic systems are solved with an explicit finite
difference method based on the MacCormack splitting scheme that is fourth order accurate
in space and second order accurate in time. We use explicit rather than costly implicit
schemes since the instability of explicit schemes is less severe for first order hyperbolic
systems in the time domain than for parabolic equations in the frequency domain.
Furthermore, both migration methods avoid problems with evanescent energy since
wavefield extrapolation is performed in time instead of depth (Kosloff and Baysal, 1982).

4.7.2 Reverse time migration with a 3-D full acoustic wave first order
hyperbolic system

As in all wave equation migrations, reverse time migration consists of two parts,
namely, extrapolation and imaging. For the extrapolation we use the 3-D acoustic modeling
algorithm, including the absorbing boundaries developed in chapter 3, in which the full
scalar wave equation is formulated as a first order hyperbolic system and solved with
explicit finite differences via the MacCormack splitting scheme. This approach gives us all
the advantages associated with the full wave equation so that waves that turn around due to
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refraction (turning waves) can be followed beyond the turning point.

4.7.3 Reverse time migration with a 3-D one-way acoustic wave first
order hyperbolic system

In this approach, we use the 3-D one-way wave (downgoing) first order hyperbolic
system that is developed by applying characteristic analysis to the 1-D hyperbolic system
(see section 3.3.5). The 3-D one-way wave system taking into account only downgoing
(+2) waves and setting no restriction for waves propagating in the x and y direction can be

written as
NV 7a¥.meY .U 4.7.1)
ot ox dy 0z

where U is a vector containing the pressure field and the particle velocity components,

P
U= 3“ (4.7.2)

y

Vz

A and B matrices are the same as in the full 3-D system (3.3.11) and (3.3.12). We
multiply matrices A and B in the one-way system with Yy, where O<y<1, in order to
reduce slightly the characteristic velocity of the waves in x and y direction. From an
optimization where least-square fitting was performed between the dispersion relation of
equation (4.7.1) and the exact one, we found y=0.923. Matrices A and B are given in
terms of the input velocity V=V(x,y,z) and density p=p(x,y,z) by

[0 v 0 o
Pl 0 0 o0
A= (4.1.3)
0 0 0 0
L 0 0 0 0 |
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B=| © (4.7.4)
pt 0 0 0

. 0 0 o0 o0 |

and Cyq is given by
v 0 o Vvp
0O 0 O
Cd= 1 (4.7.5)
2 0 0 0
Lt 0 0 V|

The above system is solved with explicit finite differences using the MacCormack
splitting scheme (section 3.3.4). Also, the one-way wave absorbing boundaries used for 3-
D acoustic modeling (section 3.3.5) can be used for migration with the downgoing wave
system. If the recorded data are interpreted as pressure field, then the pressure output from
the solution of the one-way system after extrapolation and imaging is the depth migrated
data volume.

4.7.4. Reverse-Time Extrapolation

The extrapolation process is carried out in reverse time starting with the last time
sample (TL) on the stacked volume (for poststack migration) or shot gathers (for prestack
migration), at time t=T_ and proceeding until t=0. The reverse-time extrapolation process
consists of two parts at each time step. First, a time slice corresponding to that time is
extracted from the time reverse 3-D data volume and is inserted at the corresponding
geophone locations in the finite difference grid as sources. Then, these virtual sources are
forward extrapolated with a 3-D acoustic modeling algorithm that uses the full wave system
or with an algorithm that uses the 3-D downgoing wave system.

At a specific time step t; during extrapolation of a set of data, the energy in the
seismograms at times t > t; has already been transferred to the finite difference x-y-z
meshes and is propagating back toward the point at which the disturbance was generated.
Then, once one finite-difference step is taken, the data from time-slice at t;_; are added to
the virtual sources and so forth. Thus, reverse time migration is an initial value problem
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instead a boundary value problem as in McMechan’s (1989, 1990) implementation. The
reversed time seismograms are considered as a time variations of wave sources along the
receiver lines instead as a surface boundaries. Also, with this approach, we do not need to
assume that P(x,y,z,t)=0 and dP(x,y,z,t) / 9t =0 for t >T as required in McMechan’s

approach.
4.7.5 3-D poststack reverse time migration

The basic assumption for migration of stacked sections is the Exploding Reflector
Model (Loewenthal et al., 1976). According to this model a zero-offset or stacked section
can be approximated for the data re. orded over the same area in a single experiment where
the subsurface has half the actual velocities and sources are exploded at iime zero on all
reflecting boundaries. Thus, for poststack migration we assume the velocity field used is
accurate and both the zero-offset model and the Exploding Reflector Model are valid.
Then, after the time reverse extrapolation of the recorded wavefield (P(x,y,z=0.t)) is
completed, the result should coincide with the reflecting horizons in the medium at time
zero (P(x,y,z,t=0). Thus. in the poststack domain, the velocity is halved and the image step
is taken at time zero at all spatial locations (grid points). Limitations of the poststack reverse
time migration are associated with the use of the Exploding Reflector Model. Thus,
poststack migration does not handle nonsymmetric ray paths, such as with most interbed
multiples, in velocity models with strong velocity variations. Also, it does not handle
transmission losses. This method depends strongly on the accuracy of the stacked section.
Hopefully interbed multiples have been attenuated by deconvolution and stacking.

4.7.6 3-D prestack reverse time migration

For prestack reverse-time migration, we can use an imaging condition which selects
only the downgoing energy or time coincidence of up and downgoing energy to avoid
imaging spurious multiples. The determination and application of the imaging condition for
any point in the image space involves computing the direct time at which the diffracted
energies become simultaneously focused at that point during reverse time extrapolation.
The time of imaging of each point is the one-way wave traveltime from the primary source
to that point.

Most of 2-D reverse time migration algorithms apply ray-tracing (Chang and
McMechan, 1986) to achieve an excitation-time imaging condition at each spatial location.
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Another imaging approach in reverse time migration (Kapotas, 1991) uses double-
downward continuation as in the case of the w-x domain double-downward continuation
(S-G) prestack migration. In this method the determination and application of the imaging
condition at each point in time requires double continuation of sources and receivers
downwards at the same time-step. As time propagates backwards through the grid, at each
time step the time-reverse source gathers are extrapolated by downward continuation of the
receivers and then they are reordered into receiver gathers and the sources are downward
continued using the principal of reciprocity. Using this concept amplitudes are correlated
(constructive interference) on the difference grid along the image.

However, when we move into three dimensional complex structures ray tracing has a
number of problems such as at caustics and shadow zones. On the other hand, the use of
double downward continuation in 3-D reverse time migration is prohibitively expensive,
and therefore, it is impractical. Thus, for complex geology with strongly varying velocity
the most reliable method for computing the excitation-time imaging condition is finite
difference forward modeling. Chang and McMechan (1990) computed the direct wave
traveltimes from the source to all grid points by solving the forward problem with the 3-D
scalar wave equation and they accessed them during migration in reverse time order.
Since, for prestack migration we already have built a nearly accurate velocity model, we
believe that the best way to compute the excitation times for imaging is 3-D forward
modeling which will simultaneously generate realistic synthetic seismograms that can be
used for validation of the velocity model and interpretation of real data. Here, we compute
the direct traveltimes from forward source extrapolation using the 3-D acoustic modeling
algorithm, developed in chapter 3, that solves a first order hyperbolic wave system.

Calculation of the direct arrival time with our forward modeling algorithm involves
very few changes in the computer code for the implementation of the minimum time
criterion. However, apart from the direct wave, the head waves have also minimum
traveltime. Thus, an amplitude threshold is needed to reject the selection of imaging time
for head waves (Loewenthal and Hu, 1991). We start by declaring an array ty(nx,ny,nz)
where nx, ny, nz are the number of grid points of the finite difference mesh in x, y and z
directions, respectively. Initially, the time array is set to zero, t4(x,y,z)=0, for all grid
points. Then, at each time step k of the finite difference solution, the propagating
wavefield, the pressure if the data are interpreted as the pressure field, is compared to the
amplitude threshold. At the grid points where the pressure is smaller than the threshold, the
time is unchanged. At the grid points where the pressure is larger or equal to the threshold,
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the time is set equal to the corresponding time step, ty(nx,ny,nz)=k, and hence, the imaging
time is determined for these points. Furthermore, in order to avoid the check of the
pressure field at all the grid points in the model at each time step, a check of the time is
done. If the time is not zero, a comparison of the pressure at the corresponding locations is
not performed, otherwise, it is and if the threshold condition is met the time is updated.
Thus, the imaging time condition ty(nx,ny,nz) is updated only the first time that the
pressure is larger or equal to the threshold and in this way the minimum direct arrival time
is ensured.

All points in the medium that are excited simultaneously by the arrival of the direct
wavefront in the forward problem (point diffractors - secondary sources) form an image
trajectory which is the imaging condition at that time for the migration. The excitation time
imaging condition is applied at each finite difference time step during reverse-time
extrapolation. At the grid points that satisfy the imaging condition at that time (if the
imaging time is equal to the time step count) the corresponding pressure amplitudes are
extracted from the propagating wavefield and saved at their corresponding spatial location
in an array with size equal to the finite difference grid size as a partial image. At a new time
step, additional spatial locations are filled out. Finally, the entire migrated image is
completed at the last time step that corresponds to the zero time of the recorded data.

4.7.7 Advantages and Disadvantages with the two Approaches -
Implementation of reverse time migration

Both reverse time migration methods developed above (using either the full or one-
way system) are very accurate since they do not use any approximations to the one way
equation such as the paraxial approximation used in earlier section for implicit finite
difference migration in the frequency domain. Also, these migrations perform a direct
solution of the wave system and hence they do not have limitations in contrast to the one-
pass 3-D depth migration that has considerable limitations, since it introduces errors in the
azimuthal direction associated with the splitting of the _xtrapolation operator. Furthermore,
the reverse time migration does not suffer from the unwanted evanescent energy since
extrapolation is performed in time and not in depth as in the case of the recursive depth
extrapolation based migrations.

The use of the full wave equation for migration can result in imaging of dips beyond
90 degrees. Whitmore (1983) and Baysal et al. (1984) presented imaging of turning waves
in synthetic seismograms using reverse time migration. Claerbout (1985) presented a
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modified phase-shift migration for imaging turning waves. Hale et al. (1992) used an
extension to Claerbout’s approach for imaging of 3-D seismic data recorded over an
overhanging salt dome. Thus, our method that uses the full wave system since it does not
have dip restrictions, shonld be able to migrate 3-D seismic data that contain turning waves
generated in complex structures such as overhanging salt domes and intrusions of salt into
faults. On the other hand, since we have both upgoing and downgoing waves, the method
suffers from generation of multiples which can be avoided by using a non reflecting wave
equation (Baysal et al., 1984) or a velocity smoothing technique (Loewenthal et al., 1991).
The advantage of the one-way wave (downgoing) system developed above is that does not
generate multiple energy.

With the use of prestack reverse time migration there is no need for demultiplexing
the data since migration uses the time slices recorded in the field for extrapolation. Also,
there is no need for common mid-point gathering since the migration is performed in the
prestack domain on the recorded shot gathers.

Since imaged energy is coincident with the direct wavefront (first break) from the
primary source, the direct (first break) arrival will satisfy the imaging condition. According
to Sun and McMechan (1986), in order to avoid masking the structural details by the
relatively high amplitude direct arrival energy, this must be removed from the recorded data
before reverse time extrapolation. McMechan and Sun (1971) filter out the first breaks by
downward continuation of the recorded wavefield using reverse time extrapolation to a
depth beneath which these waves propagate and subsequently upward continue to
reconstruct the original recorded wavefield with the subhorizontally waves removed. With
our method, we could apply 3-D prestack reverse migration on recorded seismic shot
gathers without the need of muting the first breaks. However, in order to avoid imaging the
direct waves, during the implementation of the excitation-time imaging condition we extract
the amplitudes of the vertical particle velocity component that does not contain the direct
waves, instead of extracting the amplitudes of the propagating pressure field. Furthermore,
with the use of reverse time migration there is need of filtering the ground roll since the
surface waves can travel horizontally out of the computational plane during extrapolation.

If we know the near-surface velocity distribution and incorporate it with the existing
elevations into the velocity model used for prestack migration, then elevation and velocity
statics corrections will be performed implicitly during the wavefield extrapolation in
migration. Thus, reverse time migration eliminates the need for explicitly performing
elevadon and near-surface velocity static corrections.

The finite difference grid size is determined after considering the stability condition
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and numerical dispersion requirements for the explicit finite difference method that uses the
MacCormack splitting scheme for the solution of the full or the downgoing wave in a first
order hyperbolic system. However, the data do not require interpolation to be evenly
spaced with a trace spacing equal to the increment of the finite difference grid. The reverse
time migration does not require symmetry in the recorded data, it can accommodate any
arbitrary recording geometry, thus eliminating the need of binning the data into inline and
crossline directions. As a result, there is no need for elevation corrections because
processing is done in the field recording coordinates. Also, with the use of prestack reverse
time migration no normal or dip moveout is necessary since the migration is in the prestack
domain. Furthermore, after migration there is no need for time-to-depth conversion since
the reverse time migration is a depth n.. (ration.

The reverse time migration algorithms developed here are highly vectorized and are
implemented on the Fujitsu VPX240 supercomputer. Also, they can be parallelized in the
same way that the modeling algorithms were parallelized in Chapter 3.

4.7.8 Applications of the Reverse Time Migration

The 3-D poststack reverse time migratior. algorithms described above were used for
depth migration of a 3-D synthetic data set (zero offset) from large scale modeling in the oil
sands of Cold Lake, Alberta. The resultant migrated data have high resolution and resolved
all the structures existed in the model. The migrated results are shown in Chapter 6 which
discusses seismic monitoring experiments at Cold Lake (Figure 6.3.10.b). The migration
was performed on a Fujitsu VPX/240 supercomputer. The CPU time required for the
migration of a data set with 68x68 traces and 801 samples/trace was about 23 minutes for
200 depth steps. Also, the algorithm attained a pronounced vectorization (including I/O) in
the order of 92 percent.

However, at this time only a limited amount of migrations were performed due to
large storage and transfer requirements of the generated data. In particular, the 3-D
migrations generate a large amount of synthetic data which require large disc space in order
to be stored and analyzed. Also, the transfer of the data between the Fujitsu VPX/240
(located at the High Performance Computing Center in Calgary), where the algorithms are
implemented, and our workstation (at the University of Alberta in Edmonton) is an
extremely time consuming task due to low data transfer rates (only 7.7 Kbytes/sec).

At this time we are testing the prestack reverse time migration with the synthetic shot
gathers generated for the French model in Chapter 3. This is necessary in order to verify
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the expected capabilities of our algorithms in complex structures and in the prestack
domain. Also, these algorithms need to be tested with real data sets from complex geologic
areas such as overhanging salt domes and intrusions of salt into faults. However, all this is
left for research in the immediate future.

4.8 DISPERSION ANALYSIS FOR 3-D MIGRATION

The normalized dispersion relation of the 3-D scalar wave equation (4.3.1) is

2 2
ke, [ K Ky (4.8.1)

-k_ k2 k2

The square root can be approximated using Muir’s expansion (Claerbout, 1985), thus the
dispersion relation becomes

2 2
=qf1-5 af1-8 (4.8.2)
K2 K2

Next, the square root terms are approximated by employing continuous fraction expansion
(Ma, 1981) and we have the parabolic approximation of the dispersion relation,

=~

2 2
« 1- (oc+[3)k—’2‘ 1- (a+[3)%
kf-: 2k + 2k -1 ’ (4.8.3)
1-B ki 1-B ky
k? k2

where for 4592 accuracy a=0.5 and B=0.25 and for 65° accuracy a=0.478242060 and
B=0.376369527 (Yilmaz, 1987). On the other hand, the normalized dispersion relation of
the 3-D acoustic one-way wave system (4.7.1) is

k2 k3
1-(a+B) =2 - (0+B) =
k? k2 (4.8.4)

k
: ky

where constants o and P are o=B=y/2 =0.923/2.
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Substituting equations

= = Ogj = @i .8.
k v , kx vsme,ky Vsmc]) (4.8.5)
into equations (4.7.8) and (4.7.9) we get the dispersion relations in the k,-6-¢ domain
where 0 and ¢ denoting the wave propagating angles measured with respect to the z-x and

z-y planes.
In order to examine the accuracy of the one-way wave system we need to compare its

dispersion relation with the exact one. In this comparison we also consider the 65 degree
dispersion relation which forms the basis for the one-pass 3-D depth migration. In order
for the migrations to be accurate, their dispersion relations must approximate a hemisphere
in the k,-¢-6 domain. Selected slices are shown to better illustrate the shape of the
dispersion relations. We first consider slices that are parallel to the ¢-0 plane and we
present three slices for different values of k, (Figure 4.7 ). We observe that at high k, both
the approximate dispersion relations are quite accurate (Figure 4.7.a). At intermediate k,,
the dispersion relation for the one-way system has a symmetric shape, while the 65 degree
one does not appear to be symmetric with respect to the center midpoint and produces more
accurate values in the inline and cross line directions (Figure 4.7.b). For waves
propagating at the horizontal plane (k,=0) both the approximate dispersion relations give
inaccurate results (Figure 4.7.c).

Another way of examining the accuracy of these dispersion relations is by taking
slices parallel to the k,-¢ or k-0 planes. On these slices which correspond to the inline or
crossline directions, the proposed one-way system has a better overall performance (Figure
4.8.a). Finally in the diagonal direction (Figure 4.8.b) the proposed method (one-way
system) is by far better than the 65 degree approximation.

(Text continued on page 123)
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Figure 4.8: Comparison of the dispesion relations of the 3-D scalar wave equation
(hemisphere), the proposed one-way system and the 65 degree paraxial approximation in:
(a) the inline or crossline direction and (b) in the diagonal direction.
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49 MIGRATION VELOCITY ANALYSIS

As exploration moves into areas of more complicated geology, migration of seismic
data becomes more important. High quality migrated data are most difficult to obtain where
the earth’s structure is complex. Thus, successful seismic imaging of complex geology
requires accurate migration methods in order to collapse and position reflectors in their
correct temporal and spatial locations. Current migration algorithms while in theory are able
to image nearly vertical structures in practice the imaging result depends on velocity field
used. Therefore, the quality of migrated seismic data depends on the accuracy of the
migration method and on the accuracy of the migration velocity.

It is well known, that there is no distinci difference between migration velocity (wave
equation approach) and stacking velocity (ray-theoretical approach) when the subsurface
medium is horizontally layered. However, for dipping reflectors the two velocities differ;
the stacking velocity is sensitive to the dip of the reflecting interface (Levin, 1971) and the
migration velocity is independent of dip (Hubral and Krey, 1980). Therefore, it is essential
to incorporate the dip information in the migration velocity (Yilmaz and Chambers, 1984).

All migration methods have the additional problem that it is necessary to have the
wave velocities as a function of spatial coordinates before they can be applied accurately.
Since the velocity is not known a priori, some iteration is necessary to remove migration
artifacts such as overlapping or crossing reflectors, bow-tie patterns, etc. Velocity analysis
(such as automatic stacking velocity analysis involving a coherency measure such as
semblance) usually provides the RMS velocity at sparse times. However, most migrations
require the interval velocity for each downward extrapolation step. Typically, the interval
velocity is computed using Dix’s formula which assumes constant interval velocity between
RMS velocity data points. This assumption breaks down for migration of steep dips where
high resolution velocity model is required.

It is generally accepted that prestack migration is the best tool for imaging complex
earth structures. The problem with prestack depth migration is that finding a good velocity
model from complex seismic data is very hard and that prestack depth migration needs a
quite accurate velocity model to get good results.

The usual approach to obtaining an accurate velocity model is through multiple
iterations of prestack depth migration. The first iteration solves for the velocity in the
shallowest layer. Successive iterations solve for successively deeper velocity layers.
However, this approach is prohibitively expensive and time consuming in comparison with
the same approach used with poststack depth migration.
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One approach of velocity model building uses inverse ray tracing for interval velocity
estimation of the shallowest layer followed by map migration to estimate depth
(Hadley,1988). The sequence is repeated for subsequent layers which ensures an accurate
overburden response. The main advantage of this approach is that the initial velocity model
is built independently of the imaging algorithm without numerous iterations (Brzostowski
et al.,1991).

Another velocity analysis method uses traveltime tomography to match modeled
traveltimes generated by ray tracing with interpreted travel times from prestack data. The
tomography approach performs well when structure is relatively uncomplicated. However,
it encounters difficulties when the structure is complicated for two main reasons (Lines et
al., 1993): (1) it is difficult to identify traveltimes from prestack data, and (2) tomographic
ray tracing may be a problem because reflected rays arrive from different paths of a curved
reflector result large traveltime residuals.

There are two main approaches for performing migration velocity analysis after
prestack migration and before stack. One is depth-focusing analysis (Yilmaz and
Chambers, 1984; Faye and Jeannot, 1986) and the other is residual wavefront curvature
analysis. Hildebrand and MacKay (1992) give a comparison of the two methods.

Yilmaz and Chambers (1984) and Jeannot et al. (1986) used depth-focusing analysis
with time migration and depth migration, respectively, for migration velocity estimation. In
prestack migration we obtain the image at t=0 and offset, h=0 (imaging conditions). The
depth-focusing method provides a measure of focusing accuracy by recognizing that when
the migration velocity is incorrect the reflected energy does not collapse at the correct zero
time and zero offset as predicted by the imaging condition but focuses best at non-zero
times. This approach uses the build-up of energy at zero-offset and depth while relaxing the
imaging condition to non-zero time. By outputing the ccntinued wavefield in the time
window (near zero) where the energy is best focused and taking the differences between
the focusing and the migration depths, information is provided for updating the velocity
model for another iteration of prestack migration.

Other prestack depth migration velocity analysis methods have been suggested by
migrating common shot records (Taner et al, 1991; Al-Yahya, 1987) or common offset
gathers (Gardner et al., 1974; Deregowski, 1990) with systematically varying velocity
fields and observing the depth and spatial alignment of the resulting images. Data migrated
with an incorrect velocity model exhibit residual moveout that degrades the resulting stack.
The amount of residual moveout defines a correction to the velocity estimate (Schleicher et
al., 1991). If the correct velocity is used, the earth’s image at one location will be identical
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on different migrated shot gathers. One of the most direct and robust tests (Blacquire,
1991) that indicate the correctness of the velocity model is the examination of migration
coherency panels, known also as image gathers or common reflection point (CRP) gathers.
If the migration velocity model was correct all events in an image gather or CRP gather
would be flat. Coherency panels are used both for a final test on the quality of the velocity
model ( Blacquiere and Duyndram, 1991; Marschall and Thiessen (1991) and as means to
update the velocity model (Al-Yahya, 1897, Wang et al., 1991). If the migration velocity
model was correct all events in an image gather or CRP gather would be flat.

Clearly the most difficult part of 3-D depth migration is the construction of an
accurate velocity model. It is evident that the best velocity analysis technique in complex
structures is the prestack migration velocity analysis. However, this procedure is very
expensive since it is based on iterating on the 3-D prestack migrations. In an effort to
simplify the model building process we utilized advanced visualization techniques and 3-D
poststack depth migration. Visualization should not be thought of as an end result, but
rather as a means to that end result. For example, it can be used as a tool to allow the user
to visualize and interpret the migrated seismic data as well as to modify the depth model.

Next, we describe a practical and feasible approach that combines velocity analysis,
3-D migration and modeling and utilizes the modeling and migration algorithms developed
in this thesis. We start with a velocity model by integrating all available information such as
geologic data, sonic logs, velocity tomograms, and reservoir engineering data. Then, we
use iterative one-pass 3-D poststack depth migration for velocity analysis. We use the one-
pass approach because of its computational efficiency (implemented on a parallel
computer). When a nearly accurate velocity model is obtained we stop the iterations and the
one-pass 3-D poststack migration can be used for the final depth migrated data. Then, 3-D
forward modeling is used for validation of the resulted velocity model, for interpretation of
the 3-D seismic data and computation of the time excitation imaging condition (at no extra
cost) for prestack migration imaging (if needed). If it is necessary we can apply more
accurate migration methods such as the poststack reverse time migration developed in this
thesis. Furthermore, 3-D prestack depth migration (e.g., the 3-D reverse time migration
developed in this thesis) can be utilized, using the nearly accurate model derived from the
poststack migration and the imaging condition determined from the forward modeling, in
order to obtain the final depth migrated image. In Figure 4.9, the above described flow is
shown. This method (parts of the flow) was used for migrating 3-D seismic monitoring
data sets in a later chapter of this thesis.
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Figure 4.9: The algorithmic flow for velocity analysis, 3-D depth migration and
modeling by utilizing the algorithms used in this thesis.
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4.10 CONCLUSION

In this chapter a number of original 3-D migration methods and algorithms were
developed. Also, existing methods were utilized for the development of a number of 2-D
and 3-D depth migration parallel algorithms. The significant computational efficiency of
these algorithms was demonstrated by implementing them on vector and parallel
supercomputers.

2-D poststack and prestack depth migration algorithms in the frequency-space domain
using implicit finite differences were developed and implemented on a parallel computer.
These 2-D migration algorithms were adapted for applications that range from deep crustal
imaging of seismic wavefields that involve 18 seconds long travel times (50 Km depth) and
frequencies in the order of 1~ 100 Hz, to imaging of radar wavefields that involve 2000
nano-seconds (ns) long travel times and frequencies in the order of 50 MHz. Furthermore,
a 3-D poststack and prestack depth migration parallel algorithm is developed in the
frequency domain that uses a one-pass or alternative direction implicit (ADI) finite
difference method. All implicit finite difference migration algorithms were highly
parallelized by utilizing the inherent parallelism in the frequency and space domains that the
seismic equations have and they were implemented on a 44-processor Myrias SPS3 MIMD
parallel computer. In particular, the parallelization possibilities of the one-pass 3-D depth
migration algorithm were fully explored. The one-pass 3-D poststack depth migration
algorithm was extensively used for the imaging of seismic monitoring data from Cold
Lake, Alberta. Our experience with this algorithm shows that it provides the right tradeoff
between accuracy and computational efficiency.

An original formulation of the 3-D reverse time migration method was developed
employing either a full or an one-way wave hyperbolic system that is solved with explicit
finite differences using using the MacCormack scheme. This method is very accurate since
it does not use any approximations to the one way equation such as the paraxial
approximation used for implicit finite difference migration in the frequency domain. Also, it
performs a direct solution of the wave system and hence does not have limitations in
contrast to the the one-pass 3-D depth migration that has considerable limitations, since it
introduces exrors in the azimuthal direction associated with the splitting of the extrapolation
operator. Furthermore, the reverse time migration does not suffer from unwanted
evanescent energy since extrapolation is performed in time and not in depth, as in the case
of the recursive depth extrapolation based migrations. The advantage of the full wave
system for migration can result in imaging of dips beyond 90 degrees. On the other hand,
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the advantage of the one-way system is that it does not generate multiple energy. Based on
this method four new algorithms were developed for poststack and prestack depth
migration of 3-D complex seismic data. All algorithms were highly vectorized using
sophisticated approaches such as matrix multiplication by diagonals to take full advantage
of the computational power of vector supercomputers. As a result, they were implemented
on a Fujitsu VPX/240 supercomputer with pronounced CPU and vectcrization
performance.

The 3-D reverse time migration method, that uses the full wave system (since it does
not have dip restrictions) should be able to migrate 3-D seismic data that contain turning
waves generated in complex structures such as overhanging salt domes and intrusions of
salt into faults. Also, the application of prestack reverse time migration can significantly
simplify the processing of seismic data since there is no need for demultiplexing the data
(data are input as time slices into the migration), sorting into common-midpoint gathers,
elevation and near-surface static corrections, first break muting and removal of surface
waves (ground roll), normal and dip moveout corrections (NMO and DMO) since these
operations are eliminated or are performed automatically and implicitly with the reverse time
migration. This eliminates the need for determination of separate velocities for statics,
NMO and DMO corrections, stacking and migration. Thus, the entire seismic processing
sequence can be reduced to determining an accurate velocity model with some kind of
velocity analysis method and depth imaging of the 3-D seismic data with the reverse time
migration. However, this extraordinary potential of our new 3-D reverse time migration has
not fully tested and explored.
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CHAPTER §

THERMALLY ENHANCED OIL RECOVERY OF THE COLD
LAKE OIL SANDS AND WAVE PROPAGATION

5.1. INTRODUCTION

Enormous reserves of bitumen or heavy oil (about 900 billion bbl oil or 143 x 10°
m3) are present in complex reservoirs in sands of Lower Cretaceous age in Alberta, Canada
(ERCB, 1979). This heavy oil or bitumen is a low gravity high viscosity oil which under
reservoir conditions is immobile. The terms heavy oil or bitumen imply a viscous crude
hydrocarbon material not recoverable in its natural state by conventional production
methods. Figure 2.1 outlines the major heavy oil accumulation regions of the lower
Cretaceous deposits that occur in the western Canadian basin. These heavy oil deposits
occur in the Peace River, Athabasca, Wabasca, Cold Lake, and Lloydminster areas. Also,
we should add that huge reserves of bitumen are contained in the Palaeozoic carbonate
rocks over a large area of north central Alberta.

Of all the bitumen reserves in place in Alberta’s oil sands, only 7% lie close to the
surface only in the Athabasca region and oil can be extracted from the reservoir by surface
mining methods. The rest of the heavy oil will have to be extracted by in situ recovery
processes that consist of increasing the mobility of the oil and then driving it into a
production well.

In this research the area of study is the Cold Lake deposit that is located 300 km
northeast of Edmonton and covers over 6500 km2. It is the second largest oil sands deposit
in Canada and contains more than 20 x 10% m3 (125 billion barrels) of heavy oil in place.
‘The minimum depth to the first oil sand at Cold Lake is 300 m and this dictates that
production must be by some in situ processes. These are very costly and as such must be
well planned and designed. Reservoir description plays a key role in the selection of the
location for a scheme in the planning of a specific recovery process, and in the analysis and
prediction of production performance. The bitumen from the oil sands of Alberta is
normally recovered by an enhanced oil recovery (EOR) operation. Many of these involve
steam injection to make the oil mobile. In the next sections, we discuss the geology of the
oil sands in Alberta and we describe the reservoir types in the oil sands of Cold Lake area.
Also, a brief description of the thermally enhanced oil recovery method used at Cold Lake
is presented since in the next chapter we study two seismic monitoring experiments over
EOR sites.
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Figure 5.1: Map of the Alberta oil sands, outlining the major heavy oil accumulation
regions of the Lower Cretaceous deposits that occur in the Western Canadian basin

(modified after Harrison et al., 1979).
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From the reservoir engineer’s point of view it is important to monitor the growth of
the steam fronts and to assess the changes occurring in the reservoir as a result of the steam
stimulation. In particular, a knowledge of the size, position and physical state of the heated
zone around the injection well is desired in the development of efficient heavy oil extraction
techniques. Invasive techniques, such as drilling observation wells, are expensive and
limited in spatial resolution. But petrophysical alterations in the heavy oil reservoirs during
enhanced oil recovery (EOR), caused by pressure, temperature, the replacement of bitumen
by steam or steam condensate, etc., contribute to velocity changes, attenuation and velocity
dispersion of seismic waves in the affected reservoir. These changes on a seismic reflection
record imply seismic attribute changes such as amplitude brightening of reflections from the
top of the steam zone and travel time delays of reflectors within and below the steam
invaded zone. Thus, non-invasive or remote sensing geophysical techniques, especially the
surface seismic reflection method can be used to periodically monitor reservoirs during the
EOR process and map the expanded steam-heated zone.

The goal of seismic monitoring of enhanced oil recovery processes is to positively
impact the design and management of the oil recovery project. The seismic method can
become a powerful technique for monitoring EOR processes if it can present to the
reservoir engineers the zones where changes have occurred in temperature, pressure and
saturation. In order to succeed, it is necessary to correlate qualitatively and quantitatively
the seismic attributes and their changes in time with the reservoir conditions and properties.

Laboratory measurements at ultrasonic frequencies are used to establish correlations
between seismic attributes and reservoir properties and conditions. But although laboratory
experiments provide direct measurements of attenuation and velocity, they cannot
quantitatively define the mechanisms that caused the resultant seismic changes. It is
therefore necessary to compliment laboratory experiments with wave propagation
theoretical models that can be tested against the experimental results and answer questions
concerning the application of laboratory results obtained at ultrasonic frequencies to seismic
attributes obtained at seismic frequencies. Then, it may be possible to define quantitatively
in the seismic frequency range what mechanisms cause the observed seismic changes on
the seismic monitoring data.

Since in thermal recovery most of the heavy oil is displaced from the pores of the
porous medium and the seismic method is used for monitoring the recovery process, we
need to have a good understanding of the seismic wave attenuation and velocity dispersion
in fluid-saturated media. Hence, an overview of the most significant attenuation
mechanisms and some important results from laboratory measurements of attenuation and
velocity dispersion in fluid-saturated porous media is presented in a section of this chapter.
Also, we discuss the petrophysical changes that take place in the reservoir and how they
correlate to the observed changes of seismic attributes during an EOR process.
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5.2. THE GEOLOGY OF THE ALBERTA OIL SANDS

The heavy oil is contained in various sands of the Upper and Lower Mannville Group
of Lower Cretaceous age (Harrison et al., 1979). The most important control on the
distribution of the bitumen in the Cretaceous oil sands reservoirs relates to the facies
patterns, as controlled by the depositional environments. Mannville Group sediments have
undergone limited burial and minimal cementation. Primary porosity and permeability
trends have been preserved and the bitumen saturation is mainly a function of the primary
porosity and permeability characteristics (Mossop et al, 1979). Lower Mannville sediments
are mainly non-marine sands, siltstones and shales and grade upward into interbedded
marine shales, sands and siltstones of the Upper Mannville. The heavy oil is commonly
associated with gas and water.

The largest heavy oil reserves occur in Lower Mannville sands of the McMurray
Formation in the Athabasca area and lesser but still significant amounts in the Cold Lake
and Wabasca area. At Cold Lake the Upper Mannville reservoirs contain oil in the
Clearwater and Grand Rapids Formations and in their equivalents at Wabasca, Athabasca
and Peace River areas. However, Cold Lake is unique in comparison with the other heavy
oil areas in that oil is contained in all four formations of the Mannville Group.

At Cold Lake the Mannville Group was deposited near the eastern edge of the
Western Canadian sedimentary basin on a Palaeozoic erosional surface as a nearshore -
deltaic to offshore transition sand - shale complex. It is overlain by marine shales of the
Colorado Group. These Mannville sands are noncemented and vary considerably in
thickness, areal extent and reservoir quality. The Paleozoic unconformity occurs at a depth
of around 500 to 600 m and the top of the Precambrian crystalline basement is at a depth of
1020 m. Both these horizons are prominent seismic reflection markers.

At Cold Lake the Mannville averages 210 m in thickness. The lower Mannville
consists of the McMurray Formation, up to 60 m thick, and is characterized by a
continuous basal sand section and an upper zone of thinner sand intersected with shales.
The basal fluvian sands form good reservoirs but at Cold Lake are mainly water-bearing,
however several well-developed oil-bearing sands are present in the upper McMurray
where accumulations are localized by structural closure.

The Upper Mannville Group consists of the “learwater Formation and the Lower and
Upper Grand Rapids Formations. The Clearwater contains highly saturated sands having
an aggregate thickness of about 50 m and it occurs at depths of 425 - 450 m. The
Clearwater sands were deposited as nearshore deltaic sands with interbeds of siltstone and
shale. When adequately structured the Clearwater can be entirely oil bearing, free of any
underlying water. This formation contains the most significant oil reservoirs in the Cold
Lake area, accounts for approximately one-half of the total bitumen in place at Cold Lake,
and thus it has been the target of most pilot and production operations at Cold Lake to date.
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The Upper and Lower Grand Rapids is up to 50 m thick each and primarily consist of
thin sands associated with marine-shale interbeds. Depth to these sands is usually about
300 m. Reservoir sands in the Grand Rapids were deposited in nearshore deltaic
environment as channel deposits and beaches interbedded with deeper-water shales. Oil
accumulation is more variable than in the Clearwater and is generally associated with water
and gas bearing sands.

In the Iron River region of the Cold Lake area (the Mobil area of study) the Mannville
group consists of a sequence of sands and interbedded shales, containing the following
formations: Colony, McLaren, Waseca, Sparky, G.P., Clearwater and McMurray. In the
Lloydminster area the Mannville group consists of a sequence of nine different formations;
the Upper Mannville group with Colony, McLaren, Waseca, Sparky, G.P., Rex,
Lloydminster, and Cummings; and the Lower Mannville with the basal Dina Formation
that is correlative with the McMurray Formation to the north. The best reservoirs are in the
Sparky and Waseca formations.

5.3 RESERVOIR DESCRIPTION

The origin of the oil sands has long been a subject of speculation among geologists.
Bailey et al (1973), suggested that tar accumulations were created by water washing and
bacterial degradation of medium gravity crude oils. Water washing removes the more water
soluble light hydrocarbons and normal paraffins, resulting in an increase in density and
sulfur content which is tied to the more bacteria-resistant heavy and complex cyclic organic
compounds.

Oil sands may be considered as a four - phase system: a dense interlocked skeleton of
predominantly quartz sand grains, with pore spaces occupied by bitumen, water, gas and
minor amounts of clay. Typical Alberta oil sand porosity is 32% with tar saturation 81%
and water saturation 19%. The grain density is 2700 kg/m3 and the bulk density is 2100
kg/m3 (Harris and Sobkowicz,1977; Dusseault, 1977). The viscosity of the Cold Lake
bitumen is about 100,000 cp, under reservoir conditions (120). This drops to less than 10
cp at a temperature of 2200 C (Flock and Lee, 1977). In the Lloydminster area conventional
and enhanced oil recovery processes produce a viscous 162 (965 kg/m3) to 249 (910
kg/m3) gravity oil. In most of the oil sands areas in Alberta the most common reservoir
type is unconsolidated sand interbedded with nonreservoir silstones and shales.

Rock properties are some of factors that define reservoir quality. The size, shape and
shorting of the grains are important factors that control porosity and permeability. Coarse,
well-sorted and rounded sand grains result in good reservoirs with high porosity and
permeability. In heavy-oil reservoirs the composition of the grains can affect reservoir
quality because of the possible chemical reaction of some minerals in the presence of certain
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fluids at high temperatures. Also, structural grain such as fractures and joints can create
preferential flow which influences recovery efficiency. Another significant factor that can
influence the recovery process is the continuity, horizontal and vertical, of the reservoir.
Characteristics of sands such as grain-size distribution, silt and clay content can affect
reservoir quality. The depositional environment helps to identify the sand type and its
possible areal extent and continuity. Because the oil is so viscous it makes its distribution in
the reservoir complex. In the Cold Lake oil sands the gas saturation is generally low but, in
some cases of structural crests, gas caps exist.

Reservoir geometry such as the areal extent, thickness and structural attitudes is
important in the recovery process. At Cold Lake structural attitudes are generally flat with
some small dips which are possibly caused due to collapse of the underlying Devonian
salts.

There are five distinct reservoir types at Cold Lake (Kendall, 1977):

Type 1 reservoirs are developed in the upper Grand Rapids when sediment
distribution was under marine influence. They consist of lenticular, discontinuous, fine to
medium grainzd sands with shale interbeds. This type of reservoir has an average thickness
of 6 m, porosiy less than 35% and generally poor permeability due to its high silt and clay
content. Also, they are often characterized by gas, low oil in place and water.

Type II rescrvoirs are developed in the lower Grand Rapids when deposition was in
deltaic and nearshore environment. They are thin but consist of more widespread sheet
sands than type I and that makes good bed continuity. They have up to 35% porosity, good
permeability and extensive oil saturation. Their fluid distribution consists of a thin oil zone
underlain by water or shale. Stacking of sands can create a multizone recovery.

Type Il reservoirs are also developed in the lower Grand Rapid formation. They are
a thick sheet sand of deltaic environment with very good permeability and porosity up to
40%. They contain a thick, oil rich section (24 m) underlain by water bearing sands that
can be up to 15 m thick.

Type IV reservoirs are developed in the Clearwater formation when there was a good
sand supply with deposition in a deltaic complex of beach and offshore bars. The sands are
clean, well sorted, fine-to-medium-grained. They are the most important reservoirs in Cold
Lake with good permeability and average porosity up to 35%. They contain a thick oil
section, up to 45 m thick, with no or partly underlying water.

Type V reservoirs are developed in the McMurray Formation and occur in sands that
were deposited in a nearshore environment and interbedded with marine shales. They
consist of thin beds that if stacked together can produce a reservoir of thickness up to 18 m.
They have good permeability, average porosity of 35% and fairly good continuity. They
contain oil and water and their areal extent is limited by structural closure.
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5.4 ENHANCED OIL RECOVERY: CYCLIC STEAM STIMULATION

The surface mineable reserves are covered by less than about 40 m of overburden and
are all located within the Athabasca deposit. The remaining bitumen, which has more than
150 m of overburden, must be recovered by in situ methods. The Cold Lake in place
reserves are contained in four geological zones ranging in depth from 300 to 500 m.
Bitumen at Cold Lake has a viscosity of 100,000 cp at a reservoir temperature of 120 C,
Under these conditions the fluid is immobile and the reservoir impermeable.

The principle method of recovery used by Imperial Oil (Esso Resources) is cyclic
steam stimulation (CSS), sometimes referred as "Huff and Puff", (Farouq Ali, 1974).

According to this metho -~ -~ i< injected into a well at the highest possible rate (in order
to minimize heat lesses » temperatures and pressures (310° C and 10 MPa) for
several weeks (Fastwo. "#s 1). The injected steam heats the rock and the fluids
around the wellbore. Ve = jogeneitics such as shale barriers, cause only partial
vertical sweep whi:~ toab. . .y, aradial advance of the fluids in the zone that is contacted.

After injecting the desired vuiume of steair;, the well may be shut in for about two weeks.
This is called the soak period. i'inally production takes place from the same wellbore. The
Clearwater reservoir at Imperial Oil sites is an unconsolidated sand with porosity of 32
percent, permeability of 1 darcy and viscosity of about 150,000 cp. Twenty wells are
directionally drilled from a single surface location or pad. Imperial Oil has more than 2000
wells that are spaced on regular 1.6 hectares grid and produce about 100,000 b/d.

Steamflooding or continuous steam injection involves a multiple well pattern
consisting of a central steam injector and several corner producers. Steamflooding is
recommended when reservoir pressure is low and steam injectivity is high, pointing to high
permeability, small formations. The principal advantage of a steamflood is the large areal
sweep efficiency which is unattainable in steam stimulation.

The steaming process substantially increases in situ temperature and decreases the
effective stress, causes dilation and changes in gas - fluid saturation, density, P-wave
velocity and Poisson's ratio of the porous rock. Zones with altered physical properties are
detected by anomalous seismic amplitude responses due to the fact that an increase in gas-
fluid saturation in the reservoir formation and changes in the compressibility of the rock
and fluid matrix would produce measurable changes in seismic reflection amplitude.

Imperial Oil estimates to recover 20 percent of the bitumen over 10 years period and
10 CSS cycles. However, CSS becomes less efficient with time because larger steam
volumes are required to access undepleted reservoir and mobilize bitumen. In order to
properly manage the CSS process, increase recovery and reduce recovery costs,
knowledge of the reservoir volume affected by the steam and the displacement efficiency is
required. Time-lapse 3-D seismic monitoring might be used to map the steam-heated zones
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in the reservoir. If we know the volume and shape of the reservoir affected by the steaming
process we can determine the need of modifying EOR parameters such as steam cycle
length, steam volumes and rates and well patterns. Furthermore, seismic monitoring over
time can be used to evaluate reservoir conformance changes (conformance is the fraction of
a swept area or volume relative to the total area or volume) that resulted from modifying the
EOR process.

5.5 SEISMIC WAVE PROPAGATION IN FLUID SATURATED POROUS
ROCKS

In recent years, 3-D seismic reservoir imaging, seismic delineation of reservoir fluid
saturations, seismic evaluation and characterization of hydrocarbon reservoirs, seismic
monitoring of the reservoir during production and enhanced oil recovery over time have
begun to emerge. However, seismic properties such as velocity and attenuation of the
reservoir fluids and the host rocks must be understood and determined in order to use these
methods and successfully interpret their results.

Furthermore, it has been realized that reservoirs are more complex and heterogeneous
than assumed in the past. As a result of the heterogeneity of the reservoirs one has
complexity of their recovery processes, problems such as the migration of gas caps in
reservoirs with discontinuous shales, the existence of overpressure zones, and the
difficulty of tracking steam or temperature in thermally enhanced oil recovery in reservoirs
with large permeability variations. Thus, a major shift in the use of seismic methods is
taking place that involves the need to correlate and establish relations between seismic
parameters such as velocity anisotropy, bulk density and attenuation, and their
representations on the seismic record by reflection travel times and other seismic attributes,
and the production properties and conditions of the reservoir such as porosity,
permeability, lithology, saturation, pressure, and temperature. To this end, wave
propagation theories and laboratory measurements are used to establish correlations
between seismic attributes and reservoir properties and conditions.

5.5.1 The quality factor Q and velocity dispersion

There are two types of attenuation: the apparent attenuation and the intrinsic
attenuation. Apparent attenuation is caused by interference effects and scattering from
velocity or density discontinuities. Seismic attenuation due to layering alone arises from a
combination of the transmission losses through the interfaces of a layered subsurface
structure and the generation of intrabed multiple reflections (O’Doherty and Anstey, 1971).
Transmission losses decrease amplitudes uniformly at all frequencies. Also, intrabed
multiples tend to increase amplitudes at lower frequencies of the spectrum and decrease

143



those at higher frequencies (Schoenberger and Levin, 1974). However, here we are going
to discuss the intrinsic attenuation which is due to the rock anelasticity.

Seismic wave energy propagating through the earth is attenuated by conversion to
heat. It is important to understand the attenuation process for two main reasons. First,
seismic waves propagating through an anelastic medium suffer a generally frequency
dependent decrease in amplitude and modification of the frequency and phase content.
Second, attenuation properties of the medium can reveal information regarding lithology,
permeability and saturation of the rocks. Attenuation is an anelastic process and is far more
complex than the elastic aspects of seismic wave propagation.

The most common measure of attenuation is the quality factor Q or its inverse Q!
which is also called internal friction or the dissipation factor and is defined in terms of the
maximum energy stored during a cycle divided by the energy lost during the cycle. Also, it
is defined in terms of the mean stored energy W and the energy loss AW, during the cycle
of a sinusoidal deformation (O’Connell and Budiansky, 1978):

Q = W (5.1)
AW

The quality factor Q is related to the phase angle (¢)between stress and strain (Aki and
Richards, 1980), 1/Q=tan¢. Equivalently, the Q is the ratio of the imaginary part to the real
part of the complex modulus M(w).

When the stress-strain relations are combined with the equilibrium equation, the
resulting one-dimensional wave equation has a solution of the form
U(x,t) = ei(ot-kx) (5.2)

where k is the complex wavenumber

M(w)\-1/2
k(@) = ( ‘“”) (5.3)
and p is the density of the material. Then, the phase velocity is defined through the real part
of the complex wavenumber k() as follows,

- O
V@) Re(k(w)) (5.4)

and attenuation coefficient is defined as imaginary part of the complex wavenumber,
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o(w) = - Im(k(w)) (5.5)

The common measures of attenuation are defined and related to one another as
follows (Johnston and Toksoz, 1981):

1 M _Af_§_av_®@BA) (5.6)
Q Mg f =« =f 8.686xn '

where Q is the quality factor, o is the attenuation coefficient, 8 is the logarithmic
decrement, Af is the resonance width, Mg and Mjare the real and imaginary parts ,
respectively, of complex modulus M, v is the velocity, f is the frequency, A is the
wavelength, and dB is decibel (a unit used in expressing power or intensity ratios).
Kjartansson (1979), suggested a linear model for attenuaiion of waves where Q is
frequency independent. This means that the loss per cycle is independent of the time scale
of oscillations at least for seismic reflection prospecting. Kjartansson (1979) used a cieep
function which is a straight line in a log-log plot given of the following equation for t > 0

yi= —L (4 (5.7)
MoI(1+2y) %

where I is the gamma function, tg is an arbitrary reference time introduced so that t has the
dimension of time, and My has the dimension of modulus and defines the nondispersive
behavior of the modulus M. The time derivative of the creep function can be considered as
representation of the compliance function for the case where strain results from a unit step
stress excitation function. Thus, taking the time derivative of the equation (5.3)
(Kjartansson,1979), we have for t >0:

, 2y
s= ——=1 (471 (5.8)
MgT(1+2y) o t

If we take the Fourier transform of equation (5.8) and then, substitute with the Fourier
transform of the modulus M(w) through the relation, M{®) = 1/ S(®), we have:

2y

2y
0] e iy sgn(w) (5.9)

i
M®)= My (—) =Mp|—
(O]} (O

where sgn(w) = +1 for >0 and sgn(®w) =-1 fro w<0 a..J W= 1tp.
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Using the definition of Q as the ratio of the imaginary part to the real part of the
modulus M(w), equation (5.6), and substituting equation (5.9}, we have:

1. Mj(w) _ sin(my) - 10
Q Mg  cos(ry) tan(my) (5.10)
or
=1 an-1( L 5.11
Y T tan-1( Q) ( )

Then, using equation (5.9), the velocity (5.4) can be written as

Mg(@)|1/2 _ (5.12)

v(w)=( p cos Y)‘ {

and using (5.11) and setting vg = /\/ Lp Io as the reference velocity at the reference

frequency g (vq being the nondispersive limit of the phase velocity) we have

] L) (5.12)

V(o) = vg W ’55

The attenuation coefficient (5.5) using (5.9) and (5.12) can be written as

“O= @ tan((:z— w 3] 19

Thus, in a medium where wave propagation is linear and causal the presence of
absorption requires the phase velocity to be a function of frequency. The relationship of
frequency dependent phase velocity to frequency dependent absorption is known as the
dispersion relation and also, as the Kramers-Kronig integrals (Aki and Richards, 1980).

For a linear theory (i.e., obeys the principle of superposition), the existence of
absorption implies dispersion and determines its form unambiguously up to certain
constants characteristic of the medium. It is the presence of this phase shift in the wave,
due to absorption, which guarantees a causal arrival of the signal. In terms of the shape of
i< pulse in the time domain a low Q clearly demonstrates the result of the presence of both
the dispersion and attenuation of the wavenumber components for measurements made at
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not very lar: distances from the source (Futterman, 1962).
5.5.2 Attenuation mechanisms

The attenuation is a complex phenomenon. There are two approaches in
understanding the behavior of Q in the rocks. The first is based on the generalized equation
of linear elasticity (Hooke’s law) or modified equations allowing certain nonlinearities. The
second uses the physical and mathematical description of possible attenuation mechanisms
such as friction, fluid flow, viscous relaxation.

One of the earliest proposed attenuation mechanism is marrix anelasticity, including
frictional dissipation due to relative motions at grain boundaries and across crack surfaces
(Walsh, 1966). This mechanism provides a constant Q with frequency, that is observed for
many dry rocks. However, Winkler et al. (1979) found that at the low strain amplitudes
encountered in exploration szismolcjzy, friction is not important

Another mechaiiisin proposed by Savage (1966) is therme zlastic attenuation in rocks
containing cracks. This mode: predicts a decrease in attenuation with increasing pressure.
Alsg, it provides an eaplanation to the increase of Q as frequency decreases at frequencies
about 10 Hz. Kjartansson (1979) uses the thermoelastic model for partially fluid filled
cracks i tock fwr which large changes in attenuation are predicted for small gas
sawrations. Hov-ever, the thermoelastic theory would imply a rapid decrease in Q as
temperature increases. Unfortunately, up-tu-date there are not enough laboratory
experiments on the effect of temperature on atienuation.

Another attenuation mechanism is due to relaxation caused by a phase change.
Attenuation could change rapidly with temperature near phase changes. High attenuation
has been observed at critical points in multicomponent systems (Spetzler and Anderson,
1968; Wang and Meltzen, 1972). Energy is absorbed by a medium whose equilibrium is
disturbed by a stress wave.

Also, another loss mechanism is the effective attenuation due to scattering by
inclusions in the rock. Aithough this is geometrical effect, it can, in some cases, affect the
observed attenuation. Attenuation due to scattering is strongly dependent on frequency and
it can be important at high ultrasonic frequencies but at seismic frequencies scattering due to
pores is negligible.

The most important attenuation mechanisms are the Biot's type mechanisms and the
local flow mechanism.

THE BIOT’S TYPE ATTENUATICIN MECHANISMS

Biot (1956, 1962) and Grertsma and Smit (1961) developed a theory for the dynamic
response of a linear porou. elastic solid containing a viscous compressible fluid.
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Attenuation results from the viscous motion of the pore saturating fluid relative to the solid
matrix; inertial flow model. Biot’s theory predicts three kinds of body waves: two
dilatational and one shear. One of the dilatational waves (the first kind P-wave) and the
shear wave are similar to the waves in elastic media. The other dilatational wave (the
second kind P-wave) is highly attenuated and resembles a diffusion wave. Biot obtained
his equations by ignoring the microscopic level, and assuming that the concepts and
principles of continuum mechanics can be applied to measurable macroscopic variables.
The viscous resistance to fluid flow is frequency dependent for oscillating motion.
But below a certain frequency this resistance is given by the ratio of the fluid viscosity to
» permeability which if considered -onstant describes a Poiseuille flow (pres:uiz
gradient). In order to incorporate the 1iequency dependence of viscous resistance. 3iot
derived a complex correction factor to the fluid viscosity. This factor is valid only tor
frequencies where the wavelength is large compared to the pore size. Therefore, the Biot's
type attenuation mechanisms are the pressure gradient flow and the viscous drag. The
viscous drag at the pore-fluid interface results in greater loss than flow induced by pressure
gradients. Thus, the model predicts that the attenuation of S-waves is greater than for the
P-waves in case of the fluid flow mechanism, since shear wave attenuation involves only
the moving frame dragging the viscous fluid with it.

Velocity dispersion in the Biot theory are caused by the inertial drag of the pore fluid;
i.e., when an acoustic wave passes through a fluid saturated porous medium, the pore fluid
moves under the differential pressure generated by the passing wave behind the solid
frame. At low freque«.ies, the pore fluid is locked on the frame so there is no relative
dispersion. At high frequencies, the effect of inertia causzd by the density difference causes
the motion of the pore fluid to lag behind that of the solid frame, which in turn leads to
higher velocities.

Stoll (1974) proposed a model that is based on Biot’s theory but incorporates
complex moduli to describe frame and fluid losses. He also considers the inelastic nature of
the frame. He concludes that attenuation is attributed to two fundamentally different type of
energy loss, one resulting from the inelasticity of the ske'oial frame that dominates at low
frequencies and the other due to the motion of the pore viscous fluid relative to the frame
that is predominant at higher frequencies. Although it is generally conclwied (White,
1965) that Biot’s type of attenuation mechanism is negligihle at low frequencies in
consolidated rocks, it may be important at ultrasonic frequencies (Johnston et al., 1979) or
in permeable, unconsolidated sediments at intermediate frequencies. White (1975) extended
the bulk-flow model to include the effects of spherical gas pockets in fluid-saturated
porous rocks. Also, White et al. (1976) showed that pressure differences in fluid-gas
interface may greatly enhance fluid flow, resulting in a substantial attenuation even at
seismic frequencies. The pressure dependence of attenuation due to fluid flow depends on
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the change in permeability in the rock due to compaction and pore collapse. Permeability
decreases with increasing pressure, but the rate of decrease depends on the total porosity
and fraction of crack porosity.

More recently, de la Cruz and Spanos (1985) developed a wave propagation theory
that has many similar elements found in Biot’s theory as well some significant differences.
First, this theory does not presuppose that during dilation porosity is constant as the Biot's
does. Also, in contrast to Biot’s approach, de la Cruz and Spanos constructed macroscopic
wave equations for elastic porous media saturated with viscous fluid by using volume
averaging techniques in conjunction with physical arguments. The microscopic equations,
the continuum equations at the pore scale for the elastic solid and the viscous fluid, are
spatially averaged over an elementary sphere. This sphere is sufficiently small and large so
that both macroscopic and microscopic inhomogeneities do not affect the averaging. Then
the solid and fluid movements are coupled through microscopic boundary conditions on the
interfaces of the constituent phases of the materials. Wave dispersion and attenuation in
this model is due to the viscous fluid motion relative to the solid matrix. Further
developments of this theory include thermomechanical coupling (de la Cruz and Spanos,
1989) and viscous dissipation within fluid, including both shear viscosity and bulk
viscosity dissipation mechanisms Hickey et al., 1991).

THE LOCAL FLOW ATTENUATION MECHANISM

While Biot’s type mechanisms treat bulk fluid flow in porous media, they ignore
intercrack flow (local flow) which may dissipate seismic energy. The elimination of local
flow and the condition of complete liquid saturation treated by Biot, severely limit the
amount of flow and dissipation that can occur under wave excitation. Intercrack Sluid flow
or local flow, known also as “squirt” flow, was proposed as an attenuation mechanism
by Mavko and Nur (1975). This mechanism results from the stress-induccd flow of fluid
between cracks at different orientation to the applied stress field. The ef”. “tive elastic
moduli of a fluid saturated solid containing thin cracks depend on the degree of
interconnection between the cracks and the frequency of the applied stress field. O’Connell
and Budiansky (1977) proposed a model which is based on the a fluid-filled solid
containing a distribution of thin cracks and predicts four types of viscoelastic behavior
including shear relaxation and squirt flow. There are two characteristic frequencies near
which dissipation is largest and the elastic moduli change rapidly with frequency. The first
corresponds to fluid flow between cracks and depends on the crack geometry and
permeability. The second corresponds to the relaxation of shear stress in an isolated
viscous fluid inclusion. Fluid flow between cracks accounts for attenuation of seismic
waves in water saturated rocks. Energy dissipation due to intercrack flow is shown to be
largest at frequencies ranging from 100 Hz to 1 MHz, depending upon the distribution of
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crack shapes. The local flow mechanism is controlled by the local fluctuations of the
compressibility of the pore spaces and predicts that attenuation and velocity dispersion
depend upon the frequency and pore fluid viscosity, (Jones and Nur, 1983).

The local flow mechanism is based on the assumption that some parts of the pore
space are more compliant than other parts. A wave as it propagates through the rock
deforms the pore space and hence causes the pore fluid in the more compliant parts to tend
to flow to the less compliant parts. Furthermore, the local flow mechanism assumes crack-
crack and crack-pore connections in order to explain the dispersion results. In partially-
saturated rocks, the pore fluid tends to flow to the empty regions of the pore space. The
local flow mechanism is apparently related to the viscosity of the pore fluid, the
permeability of the rock, the closure pressure of thin cracks, their aspect ratios, and the
connectivity of the thin cracks to the round pores (high aspect ratio). Low permeability rock
usually contain cracks of small aspect ratios. For low permeability rocks in which the
cracks are still connected, the apparent dispersion of the acoustic velocities should be
higher than that for high permeability rocks since ihe local flow takes longer to get to
equilibrium in low permeability rocks.

All results regarding attenuation in rocks have to be correlated to rock properties such
as permeability, grain size, porosity and rigidity. In a most general way, differences in
attenuation between rocks under physical conditions are related to seismic velocities
through the shear modulus (Hamilton, 1972a) which is related to the degree of
consolidation and cementation. Rocks with higher velocity generally have higher Q. For
unconsolidated sands, attenuation can be correlated with grain size and porosity (Hamilton,
1972b). However, in consolidated rocks, the microstructure and in particular the pore
geometry may be critical in defining differences in attenuation. Mechanisms involving
intercrack flow are very sensitive to microstructure. As a result, correlations between
attenuation and bulk rock permeability may be difficult to establish.

In partial saturation, the presence of the gaseous phase allows fluid within a pore or
crack to flow freely under pure compression (Mavko and Nur, 1979). The result:ng
attenuation is much higher tha. with complete saturation as treated by Biot. In general, the
attenuation increases with increasing fluid concentration, but is much more sensitive to the
aspect ratios of the pores and the liquid droplets occupying the pores, with flatter pores
resulting in higher attenuation. Alsc, gas bubbles have several effects. First, the pore fluid
bulk modulus is reduced, facilitating flow even under very small pressure gradients. In this
case, as Stoll (1977) suggested, conversion to Biot diffusion type waves at an interface can
result in substantial energy loss. Squirting flow would also be enhanced. Second, bubble
squeezing and moving in particular may contribute to a decreased Q. Thus, in partialiy
saturatzd rocks, the attenuation may be greater than in the fuily saturated case. Therefore,
attenuatiui inay provide information independently of velocity for the saturation condition
of porous rocks.
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5.5.3 Laboratory measurements of attenuation and velocities

Laboratory measurements of attenuation and wave velocities in fluid saturated porous
rocks under varying pressure, temperature, strain amplitudes, frequencies and saturation
have been carried cut by a number of investigators and are outlined in this section.
However, theoretical and experimental studies of velocities and attenuation in heavy oils
and tar sands are discussed in the next section which deals in details with the petrophysical
and seismic changes occurring during thermally enhanced oil recovery in the Cold Lake oil
sands.

PRESSURE DEPENDENCE OF ATTENUATION AND VELOCITY

Among the main factors that control compressional and shear velocities and
attenuation in porous rocks saturated with fluids are confining pressure, pore pressure and
saturation. The effect of the pore pressure counteracts the one of the overburden pressure.
In brine saturated rock compressional and shear velocities are lower when pore pressure
(Pp) is equal to overburden pressure (Pc) than when it is equal to atmospheric pressure
(Pp=0). However, because P-wave velocity in saturated rocks is relatively high the relative
change in it due to pore pressure is smaller than the corresponding change in shear velocity.
Extensive data analysis by Christensen and Wang (1985) show that to a first
approximation, velocities are governed by the effective pressure, Peff= P, - o Pp , where
o is a constant for a given rock.

Attenuation depends strongly on pressure. For all frequencies and saturation
conditions laboratory experiments have shown that attenu::;ion decreases (Q increases) with
increasing pressure and levels off at constant value at a high pressure (Gardner et al.,
1964; Toksoz et al 1979; Winkler and Nur, 1979). Also, ‘Toksoz et al. (1979) performed
laboratory measurements at ultrasonic frequencies (0.1-1 MHz) of the attenuation of
seismic waves in rocks under pressure and different saturation conditions. He showed that
the rate of attenuation decrease with pressure depends on saturation, rock type, and crack
porosity and distribution. The attenuation coefficients increase linearly with frequency
(constant Q) for both P- and S-waves in both dry and saturated rocks. Attenuation in brine
and water saturated rock is greater than in dry or methane saturated rocks. Also, attenuation
decreases (Q increases) with increasin g differential pressure for both P- and S-waves in all
cases of saturation. In water saturated rocks Q is higher for the P-waves than for the S-
waves. However, in dry or methane saturated rocks Q is slightly higher for S than for P-
waves.

Also, compressional wave velocity depends strongly on pressure. Generally, the
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compressional and shear velocities in dry and saturated rocks depend very differently on
the saturation of the samples, on confining pressure, and pore pressure (Nur and
Simmons, 1969b). The compressional and shear velocities in dry rock increase with
overburden pressure. However, when the rock is fully saturated at room pressure, a large
increase in compressional velocity is obtained, whereas a small or no change in obs:.rved in
the shear velocity.

Domenico (1976) performed velocity measurements of brine and gas saturated
specimens and observed increase of velocity with increasing differential pressure. Dynamic
frame compressibility (determined from velocity measurements) is decreasing nonlinearly
with increasing differential pressure. Static frame compressibility (determined from volume
reduction measurements) decreases almost linearly with increasing differential pressure.
The shear modulus (derived from shear velocity measurements) increased nonlinearly with
differential pressure. Also, Poisson’s ratio for brine-saturated rocks decreases with
differential pressure (increase from 400 to 500 psi) from 0.5 to 0.4. Although
compressional velocity is primarily a function of differential pressure rather than of
confining or pore fluid pressure separately, variations of pore fluid compressibility with
pore pressure does modify velocity slightly.

The Vp/Vs ratios of gas saturated rocks ofter increase strongly with increasing
effective pressure and decrease slightly with increasing temperature (Wang, 1988). In
contrast when the rocks are saturated with fluids the ratios are usually decrease as effective
pressure increases in low pressure ranges due to closures of the thin pores and cracks of
the rocks and the ratios are insensitive to temperature changes. However in rocks with
round pores the ratios are also insensitive to pressure changes.

ATTENUATION AND VELOCITY ANISOTROPY

Velocity anisotropy is another important aspect of seismic wave propagation in rocks.
It is generally caused by the preferential alignment of grains and cracks in rocks. A number
of investigators such as King (1966), Nur and Simmons (1969c), Lo et al. (1986), and Rai
and Hanson (1988) have measured velocity anisotropy in rocks. Also, they found that
velocity anisotropy depends on the magnitude and nature of the applied stress and the
lithology of the rock.

When cracks in a rock are randomly distributed and the rock is subject to equal stress
in all directions, velocity increases are isotropic. However, rocks with a nonrandom
distribution of cracks exhibit elastic wave anisotropy (Nur and Simm~ns, 1969¢; Nur,
1971). Velocities in cracked rocks are sensitive to overburden pressure or stress. In
cracked rocks, large increases in the velocities are caused by the closure of the cracks and
the thin gaps at grain contacts under pressure. In general rocks become acoustically
anisotropic under general triaxial stress conditions. Compressional waves travel faster in
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the direction of the applied stress and the two shear waves travel generally with different
velocities in any direction. The influence of stress on velocity can be described in terms of
the anisotropy elements of an elastic crystal (Nur, 1971).

In most cases the changes of attenuation are due to the closure of microcracks in the
rock. These cracks are open when the rock is unloaded. The effect of pressure on
attenuation is determined from the difference between the overburden pressure and the pore
fluid or reservoir pressure. While this behavior is commonly observed for velocity, it is not
necessarily the case for flow properties such as permeability. As Walsh et al. (1970)
observed attenuation appears to be anisotropic for an applied differential stress.
Furthermore, Lockner et al. (1977) measured P, SV, and SH relative attenuation in a
triaxially stressed rock and observed that crack orientation strongly affects attenuation.
Shear waves polarized normal 1o the axis of maximum compression suffered the least
atienuation as a result of the closure of cracks with faces in that plane. On the other hand,
at high differential stresses, the onset of dilatancy, which causes the cracks to open, results
in increased attenuation.

PORE FLUID AND SATURATION DEPENDENCE OF
ATTENUATION AND VELOCITY

Attenuation for fully or partially fluid saturated rocks is higher than for dry rocks and
depends on the degree of saturation, the fluid and the frequency. Attenuation in vacuum dry
rocks is negligible, Q is hundred of thousands, compared with typical Q values in crustal
rocks. For ultrasonic frequencies, Toksoz et al. (1979) found that attenuation in brine and
water saturated rocks is greater than in dry or methane saturated rocks. Also, Q is higher
for P-waves than for S-waves for water saturated rocks. However, for dry or methane
saturated rocks Q for S-waves is slightly higher than Q for P-waves.

Winkler and Nur (1979) found for partially saturated Massilon sandston: that the
compressional energy loss is larger than the shear energy attenuation (Qp < Qg) and
increases with degree of saturation. However, for fully water saturated rocks Qp is larger
than Q. Attenuation strongly depends on fluid saturation in rocks containing free fluid
phase (Winkler and Nur, 1982; Murphy, 1983). This su ggests that the absorption
mechanism is due to the interaction of the pore fluid within the rock rather than absorption
within the rock frame. Most of the laboratory results concerning wave propagation in fluid-
saturated rocks are best interpreted using the local flow or squirt flow attenuation
mechanism. The attenuation dependence on saturation may be used as a diagnostic for gas
saturated reservoirs using relative attenuation measurements between compressional and
shear waves.

A number of investigators such as King (1966), Bacri and Salin (1986) and Wan get
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al. (1988) have shown that acoustic wave velocities in fluid-saturated rocks are related to
pore fluid type (the bulk modulus of the the pore fluid). Furthermore, the viscosity and the
chemical effect of the fluid on the surface of the rock grains can also influence the wave
velocities (Murphy, 1984; Wang and Nur, 1985).

As far as the dependence of velocities on the degree of saturation, both velocities do
not show much sensitivity to saturation except when it becomes close to 1 where the
compressional velocity increases markedly (Murphy, 1982). This unfortunately suggests
that velocity measurements cannot yield information regarding the degree of partial
saturation in reservoir rocks. However, Murhpy (1984) showed that compressional
velocities in tight gas sandstones at 600-6000 Hz band are more sensitive to partial
saturation than in the ultrasonic frequency range. At low frequencies the increase of the P-
wave velocity is sharp when saturation rises from 90 to 100 % and is gradual with
saturation from 50 to 90 % at higher frequency range.

On the other hand, Domenico (1976) showed that compressional velocity decreases
gradually with increasing brine saturation becoming minimum at 90% brine saturation and
then increases abruptly and substantially to the highest value at full saturation. This
variation is non-linear, thus the variation of the compressional reflection amplitude is not an
accurate indication of gas quantity.

Agreement of velocity measurements in fluid-saturated rocks with Biot’s theory
depends on the microstructure and porosity of the rock, the viscosity of the pore fluid, and
the interactions between the rock and the pore fluid. King (1966) reported on veloc :ies of
sandstones samples with his results being predicted by Biot’s theory at high effective
pressures. On the other hand, Nur and Simmons (1969b) showed that the measured
velocities in low porosity rocks do not obey Biot’s theory at low effective pressures Also,
Gregory (1976) points out that agreement between measured velocities and Biot’s theory
depends on pressure, porosity, fluid-mineral interactions and the presence of microcracks
in the rocks.

TEMPERATURE DEPENDENCE OF ATTENUATION AND VELOCITY

There are not many laboratory data on temperature dependence of attenuation.
Gordon and Davis (1968) showed that Q is generally temperature independent at
temperatures less than 150° C in dry rocks, and that attenuation increases at greater
temperatures may be due to thermal cracking. Also, Spencer (1981) found a small shift in
the attenuation peak to higher frequencies as a function of temperature for a water saturated
Navajo sandstone. Furthermore, laboratory experiments on the effect of temperature on
attenuation have been performed on samples of tar sands. However, these are discussed in
the next section that deals with changes occurring in the oil sands during thermally
enhanced oil recovery.
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In fluid saturated rocks, saturation enhances the temperature dependence of both
compressional and shear wave velocities. Furthermore, the effect of phase transition on the
velocities is very large.

Timur (1968) studied velocities in rocks at permafrost condition and concluded that
compressional wave velocity in water saturated rocks increases as the temperature
decreases, and is nearly independent of temperature in dry rocks. Also, he showed that
velocity increases (8 to 20 %) as the water in the pores of the rock transforms to ice and
this increase depends on the lithology, pore structure and the nature of fluids in the rock.
The liquid-solid transition has a large effect in rocks with pores of high aspect ratio.

Another phase transition in the pore fluid that affects velocities is the liquid-gas
transition. Ito et al. (1979), conducted ultrasonic laboratory measurements on Berea
sandstone samples at geothermal temperatures (145 0C, and 195 0C). They concluded that
in the steam filled rock the compressional and shear wave velocity is lower and higher,
respectively, than in the water filled rock. As a result the Poisson's ratio in steam saturated
pores proved to be around 0.20 - 0.22 at 145 OC and 195 OC and 0.28 - 0.30 in water-
saturated pores at the same range of temperatures. Thus, Poisson’s ratio may be a useful
tool of discrimination between steam and hot water in the pore space. They also found that
the compressional wave velocity decreases where the shear wave velocity increases as the
water in the pores transforms from water into vapor. The decrease in P-wave velocity is
mainly caused by the increase of pore fluid compressibility where the S-wave increase is
mainly due to the pore fluid density decrease. Furthermore, the P-wave velocity has a
minimum at the transition point form liquid to vapor where the S-wave velocity has not.
Thus, regions with both steam and hot water should exhibit anomalously low velocity and
high attenuation of P-waves but not S-waves. The compressional velocity minimum may
be caused due to the combined effect of increasing density as more and more steam
transforms into water (close to the density of water-saturated rocks) and the low fluid bulk
modulus remains low (close to that of steam) as long as any steam is present (the bulk
modulus in the steam-saturated rock is lower than in a water-saturated rock). On the other
hand, shear velocity is barely influenced since it is insensitive to the bulk modulus of the
fluid. Although laboratory measurements were made over a frequency range that is is 103-
105 order higher than the typical in situ studics, these results provide important physical
insight into the effects of steam on wave propagation in porous rocks and suggest that
high-resolution seismic methods may be able to recognize in-situ interfaces between steam-
saturated and hot water-saturated rocks.

STRAIN AMPLITUDE DEPENDENCE OF ATTENUATION

It is assumed that attenuation is independent of strain amplitude at least for the low
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strains associated with seismic waves. However, laboratory data from a number of
investigators (Peselnick and Outerbridge, 1961; Winkler et al, 1979; Johnston and
Toksoz, 1980) show that for strains greater than 10°6 amplitude depends on strain. Winkler
et al (1979) showed that at 1 KHz, moderated effective pressures may reduce or eliminate
amplitude dependence. They also found that in water saturated rocks the amplitude
dependence is enhanced. Johnston and Toksoz (1980) found that for low heating
pressures, where differential thermal expansion may tend to open preexisting cracks, the
transition from constant Q to amplitude dependent Q migrates to lower strain amplitudes as
a function of the maximum temperature achieved during cycling.

FREQUENCY DEPENDENCE OF ATTENUATION

In terms of frequency, the common assumption is that Q is independent of frequency.
For at least dry rocks, as Peselnick and Ourbridge (1961) have shown for dry limestone, Q
is indeed independent of frequency. In most cases, attenuation values obtained by
ultrasonic methods are higher than those obtained by lower frequency resonance
tech::iques. In fluid saturated rocks, attenuation may be a result of flow type mechanism
and is generally frequency dependent. Cur and Winkler (1980) observed an apparent peak
in Q! for saturated Massilon sandstone at 4 KHz but a constant Q! for thr ary -ase.
Also, they observed for Spergen limestone a peak at frequency of 10 to 20 Hz. Tre eaks
shift to higher freyuencies with increasing pressure. Also, Nur and Simmons (1769) have
shown a peak in attenuation of shear waves for glyserol-saturated granite. Wyllie et al.
(1962) presented data for alumdum that shown large variations in attenuation from 5 to 12
KHz.

VELOCITY DISPERSION

Quantitative knowledge of velocity dispersion is difficult since there are no reliable
methods by which one can measure the velocities as a continuous function of frequency
over a broad band either in the field or in the laboratory. However, velocity dispersion has
been documented within three nonoverlapping frequency bands (seismic, 10-150 Hz;
sonic,1000 -10000 Hz and ultrasonic, 0.1-1 MHz) by a number of authors such as
Wuenchel (1965), Jones and Nur ( 1983) and Winkler (1983, 1986).

Spencer (1981) observed significant modulus dispersion in liquid saturated rocks and
suggested that this dispersion is caused by stress relaxation which involves the movement
of fluid molecules at the rock’s pore surfaces, reducing surface energy and thus generating
the observed frequency dependent softening in rocks.

Winkler (1983) observed decreases in compressional velocity as the wave frequency
increases (negative dispersion) in dry rocks. On the other hand, the compressional velocity
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in brine-saturated samples increases with increasing frequency (positive velocity
dispersion). He also observed that the velocity dispersion in brine saturated rocks
diminishes as the effective pressure increases, due to the closure of the thins pores or
cracks in the rock.

Murphy (1984) measured velocity dispersion in a granite sample and fitted his results
at low frequencies with Biot’s theory and Gassmann’s (1951) equation and at high
frequencies with the seif-consistent scattering theory (O’Conell and Budiansky, 1974).
Also, Winllar (1985) developed a method for estimating velocity dispersion in rocks using
Biot’s theory and Gassmann’s equation for low and high frequencies.

However, most of the laboratory data concerning velocity dispersion in fluid
saturated porous media are best interpreted in terms of the local flow model (Winkler,
1985, 1986; Han, 1987; Wang, 1988). When the rock is saturated with a fluid of high
viscosity, the time for the local flow to stop (or the pore pressure to equilibrate) is much
longer due to the low mobility of the pore fluid. As a result the apparent dispersion of the
velocity is larger. The opposite occurs when the rock is saturated with a fluid of low
viscosity. The apparent dispersion of the velocities explained in terms of the local flow
mechanism depend not only on the viscosity of the pore fluid but also on the thin crack
presence and their aspect ratios. If the pore space of a rock is only composed of round
pores (high aspect ratio), the velocity will basically have no dispersion since in this case all
the parts of the pore space have the same compliance and hence there is no local flow to
occur. As the effective pressure increases the crack tips connecting to the pores or other
cracks will close, hence, the local flow activity of the pore fluid is limited and greatly
decreased, with results in less apparent dispersion of the acoustic velocities.

Laboratory results (Spencer, 1981; Winkler, 1983; Murphy, 1984; Winkler, 1985;
Jones, 1986) show that acoustic waves in fluid-saturated rocks are intrinsically dispersive
(the velocities are a function of frequencies). However, it is important to know the
difference in the magnitude of the velocity dispersion between seismic and laboratory
ultrasonic frequencies in order to use laboratory obtained results for seismic and log
interpretations.

Furthermore, discrepancies between seismic and sonic velocities were interpreted in
terms of velocity dispersion (Stewart et al., 1984). These results indicate that the frequency
content, phase spectrum and velocity may be strong indicators of the type of pore fluid in a
formation. Alternatively, if the type of the pore fluid is known, these attributes could be
used to monitor temperature changes of a formation. Thus, measurements of velocity
dispersion and attenuation can be used as lithology and temperature indicators and/or
microstructure indicators (Nyland, 1985; Tosaya et al., 1984).
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5.5.4 Summary on attenuation and velocity

In terms of frequency, strain amplitude, saturation, pressure and temperature
dependence of attenuation and velocity, the following conclusions can be drawn:

1) Attenuation decreases with increasing confining pressure primarily due to the closing of
cracks in the rock matrix. Also, the compressional wave velocity strongly depends on
pressure and increases with increasing effective pressure. For applied nonhydrodynamic
stress, both attenuation and velocity appear to be anisotropic.

2) Both attenuation and velocity depend on the degree of saturation and the fluid type.
Attenuation for fluid saturated rocks is higher than for dry rocks. Compressional wave
velocity decreases with increasing saturation and increases abruptly and substantially at full
saturation.

3) Q generally is independent of temperature at low temperatures relative to the melting
point. However, near tue boiling temperatures of pore fluids, attenuation may be affected
strongly by temperature. Also, compressional wave velocity strongly depends on
temperature and decreases with increasing temperature.

4) Attenuation appears to be independent of strain amplitude for low strains that are
associated with seismic waves.

5) Generally, the quality factor Q is frequency independent. However, in some highly
porous and permeable rocks the total Q may contain a frequency dependent component.

6) Generally, acoustic waves in fluid-saturated rocks are intrinsically dispersive (the
velocity is a function of frequency) and in particular, compressional wave velocity
increases with increasing frequency.

Attenuation can be explained by a number of mechanisms, that are summarized next.
1) The primary mechanism for attenuation is friction on grain boundaries and thin cracks.
2) Increasing the differential pressure decreases the number of cracks contributing to
attenuation by friction. Therefore, attenuation decreases with increasing pressure and
eventually approaches a limiting value called intrinsic aggregate anelasticity.

3) In totally dry rocks, the attenuation is less than in wet or saturated rocks. With the
introduction of fluid crack lubrication results to frictional sliding and attenuation increases.
4) In saturated porous rocks attenuation due to fluid flow plays a secondary but important
role relative to friction. At low frequencies, squirting flow may be a viable mechanism,
especial in partial saturation, case. At ultrasonic frequencies, the Biot type mechanism fluid
flow, play an important role in the overall attenuation at high pressures.

In conclusion, the attenuation and velocity changes observed in porous rocks can be
caused by a number of different mechanisms as discussed above. The relative imporiance
of each mechanism depends on the physical conditions imposed upon the rock. Each
mechanism depends on rock type, saturation conditions, pressure, frequei.cy and amplitude
of the wave. At present, no one mechanism is responsible for the bulk of attenuation and
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no particular mechanism can be eliminated from consideration.

5.6 RESERVOIR CONDITIONS AND SEISMIC CHANGES DURING EOR
PROCESSES

It has been realized that reservoirs are more complex and heterogeneous than assumed
in the past. The results of the heterogeneity of the reservoirs are the complexity of their
recovery processes, problems such as the migration of gas caps in reservoirs with
discontinuous shales, the existence of overpressure zones, and the difficulty of tracking
steam or temperature during thermally enhanced oil recovery in reservoirs with large
permeability variations. Thus, a major shift in the use of seismic methods is taking place
that involves the need to correlate and establish relations between seismic parameters such
as velocity, bulk density and attenuation, and their representations on the seismic record by
reflection travel times and seismic attributes, and the production properties and conditions
of the reservoir such as porosity, permeability, lithology, saturation, pressure, and
temperature.

In the following, we discuss the changes in conditions and properties occurring in the
Cold Lake oil sands during steam enhanced oil recovery and their effects on seismic wave
propagation.

5.6.1 Effects of Pressure

The effect of confining pressure on rock is to deform the most compliant part of the
pore space (microcracks and loose grain contacts) and increase the stiffness of the rock i.e.,
the effective bulk and shear moduli (Nur and Wang, 1989). The effect of high pore
pressure due to the steam injection is to mechanically oppose the closing of cracks and
grain cortacts resulting from the confining pressure, thus leading to low effestive moduli
and velocities. When these two processes counteract each other they do not influence as
much the variations of compressional and shear velocities.

Based ou an analysis of the reservoir conditions using reservoir simuiations and
observation wells (Eastwood et al., 1993) the effective stress is low {nearly 0 MPa and 2
MPa at 5 and 50 m distance from the wellbore, respectively) during the stc:m injection
phase while it is high (nearly 9.5 MPa and 8 MPa at 5 m and 50 m distance from the
wellbore, respectively) during the production cy zle. Furthermore, the dilation is increased
(6% to 3% at S m and 50 m distance from the well, respectively) during steam injection and
decreased (2% to 0% at 5 m and 50 m distance from the well, respectively).

Siewert (1993) presented rock and fluid effects of a steam stimulatic:a process under
frac pressures which were observed on seismic monitoring data and confirmed in triaxial
core tests. Also, he showed that reflection amplitude changes track reservoir pressure, with
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frac anomalies emanating from known well locations. According to Siewert (1993) the
dilation is the result of shear stresses acting in association with open fractures.
Furthermore, the shear failure or unloading results in a reduction in the frame strength of
the rock.

Therefore, low effective stress and high dilation during steam injection results in
higher rock frame compressibility. Subsequently, this results in lower compressional
velocity and higher seismic amplitude events. Thus, since both seismic and reservoir drive
mechanisms are related to compressibility, seismic monitoring can provide valuable insight
into the enhanced oil recovery process of the reservoir.

5.6.2 Effects of Temperature

Tosaya (1984) observed large velocities decreases with temperaturz in cores of heavy
oil and tar sands from Venezuela, California and Alberta. In some casez, .ie observed 40%
velocity decrease with temperature increase from 20 to 150 °C. In addition, he observed
large decreases in the normalized P-wave amplitude with increasing temperature in the
samples that contain oil, due to attenuation.

Wang and Nur (1986, 1987, 1988c), employing ultrasonic frequencies, demonstrated
the effects of temperature on seismic velocities in sandstones and unconsolidated sands
saturated with heavy hydrocarbons at confining pressures. TF.y observed that the
compressional and shear seismic wave velocities decrease by increasin.  the temperature
from 20 to 120 ©C. Particularly, the compressional velocity decreases by 10% to 15% in
well consolidated sandstones saturated with heavy cil and by 15% tv 40%, even 60%, in
unconsolidated heavy oil and tar sands. The temperature dependence of the velocities is
interpreted in terms of a phase transition of the heavy hydrncarboas and high . - ‘e pressure
generated by the thermal expansion of the hydrocarbons. As temperature inczeases, the
increase of compressibility and decrease in viscosity of the crude and tar, thermal crackin g
of the heavy hydrocarbons, and the melting of the solid or semi-solid hydrocarbon
fractions all contribute to velocity decr=uses. On the contrary, in a heated zone where most
of the oil has been replaced by steam (e.g., during the production cycle), we expect
temperature effects to play a secondory role in the variation of both compressional and
shear velocities of the reservoir.

Also, Wang’s (1988) results show that according to both Liot’s and local flow
models, the temperature dependence of the compressional velocity in heavy oil saturated
rocks in the seismic frequency band (10-200 Hz) should be about the same as that observed
in the laboratory at about 1 MHz. This suggests that the large velocity decrease with
increasing temperature in heavy oils reservoirs should also occur in-situ. Therefore,
seismic methods can be used in-situ to monitor thermally enhanced oil recovery processes.
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Eastwood (1992) showed results of ultrasonic experiments perfor-ied on Cold Lake
tar sand samples. The compressional velocity, density, viscosity, bulk modulus of the Cold
Lake oil sands decrease with increasing temperature and decreasing effective stress due to
significant changes in fluid properties and the undrained bulk modulus. On the other hand,
Eastwood (1992) constructed theoretical models to account only for temperature dependent
fluid properties and to predict temperature dependence for velocity based on correlations
independent of the ultrasonic experiments. These seismic wave propagation models utilized
the Gassmann (1951) equation and the de la Cruz-Spanos (1985) theory with modifications
presented in Hickey et al. (1991). The models predicted both P-wave velocity as a function
of temperature for th.. Col~ Lake bitumen close to the experimentally measured values.
Furti.ermo.e, the de 1 .1u -Spanos model showed that attenuation exhibits a strong
frequency dependei... a..] drops dramatically as temperature is increased. At lower
temperatures (20~130 ©C' :ne decrease occurred due to the viscous dissipation within the
high viscosity flurd (viscosity of the fluid is a strong function of temperaiure). However, at
higher tempe.ra” 1 . ; attenuation increases because of temperature related momentum loss
due to relative mot.. n between the solid frame and the fluid continuum (Darcian resistance).

At Cold Lake during the steam cycle of the Esso’s EOR process, stcam at 315 0C is
injected into the oil sands. Althougn steam is present in thc +icinity of the wellbore, at 50 m
distance from the wellbore the temperature is only 30 ©C resuliing in a stcam zone that is
smaller than the gas rone during production. The viscosity of th:: bitumen Aecreases as its
temperat:ire increases. Consequenily, the bitumen’s bulk modulus decreasc.. Thus,
compressional wave velocity decreases significantly ard attenuation increases during steam
injection.

On the other hand, during the production cycle ot the EOR process the temperature in
the vicinity of the wellbore (5 m distance) is about 15C ©C and at 50 m away is about 15
OC. However, steam effects during production are aot separable from the evolving gas
anomalies.

5.6.3 Effects of Gas

In the oil sand reservoirs at Cold Lake there are small free gas saturations e.g , 0~3 %
in t*: Sparky sands. The presence of this gas indicates that the oil is at n-ar’,; the bubble
point and exists in equilibrium in the form of micro-bubbles in pits and surfaces with high
contact angles (Siewert, 1993, personal communication).

During steam injection because of the high pore pressure the free ga« present in the oi!
sand reservoir is forced back into solution. The gas satnration durir.g ' ;e s..am injection
was observed at Esso’s Cold Lake project to be between 2% to 0% at 5 m and 50 m
distances from the wellbore, respectively (Eastwood, 1993). The free gzs reduction will
cause a decrease in the fluid compressibility and thus, a velocity incre~se and a decrease in
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the corresponding se.smic amplitude.

On the other han, during production as the heavy oil is produced the pores are filled
with steam or steam condcnsate mixed with liberated gas. The gas saturation at Esso’s Cold
Lake oil sands reservoir during production is about 5% to 2% at 5 m and 50 m distance
from the wellbores, respectively. The evolution of gas causes a decrease in the
conipressional wave velocity and a seismic amplitude increase.

5.6.4 Effects of pore fluid type and saturation

According to Wang and Nur (1988a) fluid saturation increases the P-wave ve¢incity in
the rock as predicted by both Gasmann’s (1951) relation and Biot’s theory (Biot, 1956a,b)
due to the increase of the bulk modulus of the rock-fluid aggregate. However, the effect of
heavy oil is much larger than expected from both theoretical models. This may be due to
velocity dispersion, cherical or surface effects an 1 the contribution of the increased shear
modulus due to the visccus 1¢!axation of the pore fluid.

Velocity dispersion is common in fluid-satarated rocks. ¥/ave velocities izicrease with
increasing frequency of the wave, dne to the ir. .2l d= . of th: pore fluid or pore pressure
gradient caused by the ccinpliance heteroge.ic.ity v the rores. However, according to
Wang and Nur (1988a), using either Biot’s theory or the local (squirt) flow mechanism the
compressional velocity in rocks saturated with heavy oil at 1 MHz is about the same as in
the scismic band, due to oils high viscosity. An important consequence is that seismic wave
icflections may cccur at the interfaces between light and heavy oil saturated rocks.

Also, Wang (1988) analyzed the cffects of pressure, iemperature, viscosity and type
of pore fluid, porosity, permeability, and pore geometry on the a2itenuation and apparent
velocity dispersions in rocks. He concluded that pore fluid viscosity, permeability, and
pore geometry are the major iactors which affect velocity dispersion. His results show that
in rocks saturated with low viscosity pore fluids, the apparent velocity dispersion is small,
whereas in the same rock saturated with heavy oi! vith very high viscosity dispersion is
much greater. This behavior is consistent with the *- -} flow mechanism.

‘The influen 2= of the por: fluid type on the acoustic velocities, separately from its
pressure, depen.’ Hn its compressibility. When pore fluid is relatively incompressible
(brine), the effecuive bulk modulus of the rock is high. In contrast, the shear modulus is
barely altered by thc variation in fluid compressibility since there is only a volumetric
change. In general, pore fluids tend to increase the compressional wave velocity because of
their bulk modulus, but slightly decrease the shear wave velocity because of their density.
When the pore fluid changes to steam or vapor the compressional velocity drops sharply in
comparison with the same rock fully saturated with water, whereas the shear velocity does
not change much, in fact it may increase slightly due to the overall density decrease of the
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rock.

Tsingas (1989) used Geertsma’s (1961) equation &t zero frequency to predict the
effect on the compressional seismic velocity when steam is injected into the oil and
reservoir, bitumen is replaced by steam or steam condensate and temperature effects are
neglected assuming a mature steam zone. The fact that shear stresses are responsible for
shear distortions the presence of fluid makes no Jifference to tne shear modulus and
therefore, the shear mc.dulus of the saturated rock is the same as of that of the rock frame.
Hence, the shear velocity is not affected by the stearm wi:ptacing the bitumen. Therefore,
Poisson’s ratio wi!l be affected through the compre.sion»i velocity changes and can be i
good discriminator between steam and hot water in the pore space. When the ratio of the
compressional to the shear wave velocities changes, a variation of the Poisson's ratio
occurs.

A change in the Poisson's ratio, produces a variation of seismic acoustic reflected
amplitu.de at normal and nonnormal angles of incidence, (Ostrander, 1984; Domenico,
1976). Poisson's ratio has been found to be as low as 0.16 in stearn dominated geothermal
fields (Majer and McEvilly, 1979), between 0.20 to 0.22 in steam saturated rocks at
temperatures of 145 to 195 °C (Ito et al., 1979), and between 0.20 to 0.23 in in-situ
combustion processes (Justice at al. 1989). Zones with low Poisson's ratio in the order of
0.15 to 0.23 (predominantly steam or gas saturated zones) can cause an increase of
refiected amplitude with angle, whereas, zones with high Poisson's ratio in the order of
0.35 to 0.4 (predominantly brine or water saturated) cause . decrease in the reflected
amplitude with angle. .

Thus, during cyclic steam stimulation (CSS) in the oil sands, the injected steam
displaces the pore fluid (oi!) resulting in an increase of the overall compressibility of :he
reservoir rock and as result the compressional velocity decreases.

5.6.5 Utilizing seismic attributes

Since the same petrophysical effects described earlier are anticipated to occur also in-
situ, we can use seismic methods, particularly 3-D high resolution surface seismic
surveys, to monitor the thermal enhanced oil recovery process. Ideally, we would like to
continuously monitor reservoirs throughout their volume using seismic methods in order to
map the direction of propagation, the shape, the 1ate of movement, and the spatial
heterogeneity of the steam fronts, and determine changes in the reservoir properties and
conditions. For example, if the seismic images show that the injected steam flows with
different speed in different directions, this may suggest permeability heterogeneities of the
reservoirs rocks.

During steam injection the reservoir cenditions are the local maximum in terms of
temperature and fluid pressure (315 ©C, 10 MPa). The high dilation in association with the
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low effective stress-s cause an increase of the rock compressibility. When steam is injected
into oil bearing reservoir, it is trapped by shales barrier located above the perforation levels,
it heats the rock and fluids, and it displaces a certain fraction of the in-place oil. The high
temperature decreases the viscosity of the bitumen, thus the bitumen has lower bulk
modulus and higher compressibility. Attenuation increases with the high temperature
alteration of the reservoir rocks. Also, since some of the oil is displaced by the injected
steam and the rock is partially altured, both the compressibility of the reservoir rock and
attenuation increase. On the other hand, the gas saturation drops and this reduction
decreases the fluid compressibility. However, in some cases there is an increased gas
saturation along the top of the reservoir boundary. Therefore, overall the rock frame and
fluid compressibility increases. This results in a decrease of the compressional wave
velocity and an increase in wave attenuation in the steam effected reservoir.

On the other hand, during the proauction cycle of the EOR process the reservoir
conditions are at a local minimum in terms of pressure and temperature but the gas
saturation is nigh (~5%). Thus, the main seismic anomalies during production cycle are
associated with the increased gas saturation. The evolution of gas during production and
the remaining steam or steam condensate cause an increase in the compressibility of the
fluid. The high compressibility results in a decrease of the compressional wave velocity.

The velocity decrease, ihe increase in attenuation and the variable fluid saturation
imply that time delays (pushdowns or velocity sags), amplitude and spectral anomalies of
s7isinic reflections from subsurface zones in' :zed by the rt=am zone can be observed on
W smic sections.

The reflector at the top of the “eservoir, nsually the boundary between the shale above
and hot fluid saturated oil sands below, has an increased reflection amplitude (“bright
spot”). On the other hand, reflectors below the stezm affect=d reservoir are tiine d=layed
and are decreased in reflection amplitude (“dim spots”). The bright spot seismic method has
been used in monitoring the forming, growing, moving and shrinking processes of gas
caps. Hence, it could be used here where bright spots are occurring due to the velocity
decrease and variable fluid saturation during both steam and production cycles.

Amplitude anomalies on the monitoring seismic images can be used to indicate gac
saturation changes in the reservoirs, to monitor the contacts, mobility, phase and
termmperature change of reservoir fluids, to determine distribution and continuity of the
reservoirs as they are produced over time, to map reservoir heterogeneities and changes in
pressure. Seismic attribute analysis, such as pushdown, amplitude and spectral
differencing between the seismic images from different phases of an EOR process are used
to track tie steam fronts and map their spatial heterogeneity (Kalantzis et al., 1993.a,
1993.b, 1994; Eastwood et al., 1993, 1994)

Changes in the Poisson's ratio occurred during the EOR process, from 0.33~0.44 for
brine or water saturated rock to (.16~0.23 for steam or gas saturated rock, produce a
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variation of seismic acoustic reflected amplitude at normal and nonnormal angles of
incidence. Such changes in the Poisson's ratio have been studied by Tsingas and
Kanasewich (1991) over a steam injection site. Their amplitude-versus-angle (AVA)
analysis strongly suggests the application of seismic reflection methods in delineation and
mapping of the steam-heated zones generated during a thermal EOR process.

The large volume, and high temperature and pressure steam that is injected into the
reservoir during an EOR process may cause fracturing of shales (tight streaks) within the
reservoir. These, shales act as permeability barriers and their continuity between the
injection and production wells is impurtant for planning the steaming and production
strategies. Thus, fracture detection and stress determination is desirable during an EOR
process. Velocity anisotropy (variation in velocity as a function of direction of wave
propagation) results from fracturing or bedding alignment of rocks. Alsc. a secondary
effect of anisotropy is the splitting of S-waves into polarized components wh.ich propagate
at different velocities. Crampin (1985) infers crack densities and orientation from seismic
data. Also, Lynn and Thomszn (1986) successfully applied shear-wave polarization to in-
situ fracture detection. The stress and crack induced velocity anisotropy suggests the
possibility of detecting the orientation and densit ' of natural or induced fractures and
determining the in-situ staic of stress from seismic measurements (Martin and Davis,
1987). Therefore, 3-D multicomponent seismic monitoring of fracturing and stress
conditions in the reservoir during an EOR process may be possible. Furthermore, since
fractures provide high permeability paths for fluid movement, inferring the fracture
oriesitation and density inight result i rnapping permeability changes.

Observation wells are used i inonitor reservoir pressure, iemperature and gas
saturation during a thermal EOR process. However, ¢+ .svation wells are expensive and
measure parameters at only one location. It is desirable to ¢xtend information about the
reservoir away from the observation wells analysing seismic data from non-invasive
methods such as surface seismic surveys.

In order to obtain reservoir information such as properties and volumetrics from
seismic data, we need to qualitatively and quantitatively correlate the changes observed on
the seismic attributes to changes in conditions of the reservoir during the thermally
enhanced oil recovery process. This may be possible with integration and calibration of
seismic data with geological and reservoir engineering data, such as geological models,
well logs, and petrophysical models, through realistic seismic modeling studies, reservoir
simulations and application of geostatistical methods. In the next chapter, seismic attribute
images are generated from multiple monitoring surface 3-D seismic surveys at Cold Lake
during EOR processes (Kalantzis et al., 1994). These seismic images are integrated with
crosswell seismic velocity tomograms, geostatistical velocity models from sonic wells,
geological models and engineering data. Also, Eastwood et al. (1994) are integrating data
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geological models and engineering data. Also, Eastwood et al. (1994) are integrating data
from 3-D surface seismic monitering, cross-well tomography, well logs and reservoir
simulations for Esso’s Cold Lake steam stimulation project.

Determination of the spatial distribution of porosity, permeability and saturation is the
most desirable application of the seismic method (Robertson, 1987). Geostatistical
estimation methods have been proposed (Doyen et al., 1988) for mapping porosity from
seismic data using the spatial cross-correlation between porosity measurements from a well
and the ceismic interval velocity. Seismic guided log property estimates can be done using
geostatistical methods such as kriging. Hwang and McCorkindale (1994) used kriging with
an external drift, incorporating both well and seismic travel times, combined with
conditional simulations, to predict velocities and depths. An alternative approach, (Schultz
et al., 1994a, 1994b) uses a seismic-guided log property estimation method to establish
relatior, via calibration and residual correction steps, between some seismic attributes and
reservoir properties such as porosity and water saturation measured on well logs, and to
estimate the spatial distribution of these properties. Also, Makland et al. (1993) used a
pattern recognition technique to integrate three seismic attribute images (time, amplitude and
frequency) obtained from differencing two monitor seismic data over an EOR site and the
resuits delineated the areal extent of the steam-heated zones. Therefors, it may be possible

‘imate porosity, saturation and permeability changes in the reservoir during enhanced
>ry from monitoring by integration of seismic data with well and other data.

5.7 CONCLUSION

Enormous reserves uf heavy oil are present in the complex reservoirs in sands of
Lower Cretaceous age in Cold Lake area of Alberta, Canada. This heavy oil is immobile
under reservoir conditions because of its high viscosity. Enhanced oil recovery methods
such as steam stimulation are used to reduce the viscosity of the bitumer and produce it by
pumping it to the surface. However, during the steaming process, the movement of f:uids
away from the heated sources at the perforation level 1s controlled by permeability
heterogeneities and even small heterogeneities or anisotropy, caused from fracturing due to
high pressure injected steam, can play an important factor in the efficiency of the EOR
process. Therefore, it is important to image the shape and areal extent of the steam-heated
zone and determine the direction and rate of movement of the thermal front.

Petrophysica. alterations in the heavy oil reservoirs during enhanced oil recovery
(EOR), as caused by pressure, temperature, the replacement of bitumen by steam or stean:
condensate, etc., contribute to velocity changes, attenuation and velocity dispersion of
seismic waves in the effected reservoir. These chan ges on a seismic reflection record imply
seismic attribute changes such as amplitude brightening of reflections from the top of the
steam zone and travel time delays of reflectors within and below the steam invaded zone.

166



seisrnic reflection niethod can be used to contintousiy monitor reservoirs during the EOR
process and map the expanded steam-heated zone.

In conclusion, the goal of seismic monitoring of an enhanced oil recovery process is
to positively impact the design a. d management of the oil recovery project. However, in
order for the seismic method t become a powerful techhique for monitoring EOR
processes, it must be able to present to the reservoir ergineers the desired results in terms
of temperature, pressure and saturation. In order to succeed ii: this, it is necessary to
correlate qualitatively and quantitatively the seismic attributes and their changes over time
with the reservoir conditions and properties as they change duri.. ;; the EOR process.
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CHAPTER 6

SEISMIC MONITORING OF THERMALLY
ENHANCED OIL RECOVERY PROCESSES AT COLD LAKE

6.1 INTRODUCTION

Enormous reserves of bitumen or heavy oil are present in complex reservoirs in sands
of Lower Cretaceous age in Alberia, Canada. This heavy oil or bitumen is a low gravity
high viscosity oil, which under reservoir conditions, is immobile. Since only 7% of these
deposits are accessible to surface mining, pilot studies are being carried out and production
fields are being developed to recover the oil through in-situ methods. Most of these
involve steam injection or fire flood methods to reduce the viscosity of the bitumen so it
may be pumped to the surface. The movement of fluids away from the heated sources at the
perforation level is controlled by permeability heterogeneities and even small
heterogeneities or fracturing and the induced anisotropy can play an important role in the
efficiency of the EOR process. Therefore, it is useful to image the shape, areal extent of the
heated zone and determine the rate of movement of the thermal front.

In the enhanced recovery phase a number of processes such steam stimulation, steam
drive, combustion (fire-flooding), CO, stimulation, can be used to initiate recovery in the
case of heavy oil sands or increase recovery efficiency. Reservoir characterization is very
important before starting an Enhanced Oil Recovery (EOR) project because of the
possibility of failure due to reservoir heterogeneities and anisotropy. Also, reservoir
surveillance during an EOR process is critical for the evaluation of the EOR efficiency. 3-D
high resolution surface seismic and cross-well seismic data can be used for defining and
monitoring EOR processes. Time-lapse seismic images can monitor reservoir changes that
are induced during EOR processes when the observed seismic attribute changes are
correlated to the reservoir conditions and properties. 3-D seismic surveys repeated over
specified time intervals can be used to generate 4-D images (3-D plus calendar time) that
can give valuable information regarding the management of EOR projects. With time-lapse
seismic monitoring surveys the 3-D seismic data volume evolves continuously and as a
result seismic interpretation and reservoir model become more detailed and sophisticated.
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As Briton et al. (1983) reported, using a conventional seismic survey over a steam-
flooded area, the seismic section clearly shows travel time delays and changes in wavelet
shape around the steam injection well. Macrides et al. (1988), using seismic measurements
before and after steam injection, showed that the waves that traveled through the steam
zone are clearly delayed due to lower velocities and have significant changes in their
seismic signature.

Greaves and Fulp (1987) used 3-D to monitor an in-situ combustion EOR process.
The 3-D differential volumes that they produced between the three surveys (preburn,
midburn and postburn), clearly, showed anomalies in association with the development of
bright spots in the reflection from the reservoir and dim sj;u.s in the reflection just below
the reservoir. Tsingas and Kanasewich (1991) performed amplitude versus angle analysis
and using their ARPA displays showed the limits of a steam zone at Cold Lake.

Matthews (1992) used multiple 3-D seismic surveys to monitor a steam injection
processes in tar sand reservoir. He performed pushdown analysis and velocity differencing
and reported that the decrease in the seismic velocity exceeds 30 percent in some areas of
the heated zone.

Paulson et al. (1992) used time-lapsed crosswell tomographic surveys to characterize
a steamed oil reservoir in California. They concluded that seismic velocity depends on both
reservoir temperature and the presence of gas. Also, they suggested that their resultant
velocity tomograms could qualitatively represent cross-sections of oil saturation since the
heat affects the amount of oil produced and the seismic velocities. Recently, Paulson et al.
(1994) used again crosswell seismology to characterize an heavy oil reservoir in Alberta
and evaluate the steamflood technology used for its recovery. They were able only to define
the geology and detect the movement of heat. However, the velocity tomograms cannot be
used for estimating actual temperatures since the velocity reduction does not depend only
on temperature but also on other factors such as gas saturation.

Siewert (1993) has interpreted seismic monitoring data (base and steam-monitor) for
changes in seismic travel times, attenuation and reflectivity. Also, he discussed rock and
fluid effects of the steam stimulation process under frac pressures, at Mobil’s pilot project
at Cold Lake, which were observed on the seismic data and confirmed in triaxial core tests.
Furthermore, he showed that reflection amplitude changes track reservoir pressure, with
frac anomalies emanating from known well locations.

Recently, Eastwood et al. (1994) have analyzed and integrated data from two monitor
3-D seismic surface surveys obtained during production and steam cycles, crosswell data
during production cycle, well log data (temperature and pressure), and data from thermal
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reservoir simulations at Imperial Qil’s Cold Lake oil sands. Similar anomalies (areal and
volumetric conformance) associated with the thermal process were predicted from both
seismic monitoring and reservoir simulations. Also, the spatial distribution of the anomalies
on the seismic images were verified with the data from the observation wells. The
crosswell tomograms on the other hand showed conclusively the presence of calcified tight
streaks which impede vertical conformance growth from steam stimulation.

In the following, we are going to siudy two thermal EOR projects (Mobil Qil and
Imperial Qil) in the oil sands at Cold Lake, Alberta, Canada. Some results of these studies
were presented in a number of geophysical meetings by the author (Kalantzis et al., 1993a,
1993b, 1993c, 1994). These studies include 2-D and 3-D wave propagation simulations
before and during the steam stimulation processes, and some processing and seismic
attribute analysis of the 3-D seismic monitoring data. An extensive wave simulation is
carried out in order to model wave propagaticn through the reservoir prior to any EOR
process and during the steam injection and production cycles of the process. Both 2-D
elastic and 3-D acoustic wave simulations are performed with the algorithms developed in
Chapter 3. On both projects an analysis based of seismic differencing between surveys
during different EOR cycles is carried out. In addition to analysing the data with the
existing processing sequence as given to us by the oil companies, the data are normalized
and migrated with the 3-D one pass poststack depth migration developed in Chapter 4.
Then an extensive seismic attribute analysis is performed on the depth migrated data. Both
the wave simulations and the seismic monitoring analysis are essential in order to
understand the relation between reservoir changes such as pressure, temperature and
saturation to seismic changes such as amplitude, time and frequency content. The resultant
time-lapse seismic images may map the steam-heated zone, image changes in porosity and
permeability, detect fractures and monitor gas caps.

6.2 U OF A PROCESSING AND ANALYSIS OF THE 3-D SEISMIC
MONITORING SURVEYS

6.2.1 Simulations of Seismic Wave Propagation at Cold Lake Oil Sands

Computer simulations of seismic wave propagation were essential for the
interpretation of field data. 2-D and 3-D finite difference modeling of seismic waves in
acoustic and elastic media in the region over the steam-heated zone was performed in crder
to examine the relation between rock properties such as porosity, permeability and
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saturation with seismic characteristics such as velocity, amplitude and frequency
modification with time. The models used in these simulations were modified until a
reasonable match was obtained between the field and synthetic data.

2-D elastic (P-SV) and 3-D acoustic wave simulations were carried out for very
detailed multi-layer models. For the 2-D case, a P-wave line source with a Gaussian
function as source of excitation with pick frequencies of 50, 65 and 100 Hz, was used to
generate P-SV seismograms for vertical or horizontal components of particle velocity or
stress coimponents for multiple shot locations. Also, 3-D acoustic synthetic seismograms
were generated using a point source of 100 Hz pick frequency. Synthetic shot gathers and
zero offset sections for the pressure field or the particle velocity components are generated.
Furthermore, snap shots of the propagating wavefield can be generated at no extra cost.
For all simulations, the finite difference grid spacing w=s usually 1/4 of the bin size of the
corresponding seismic grid. The sampling interval was 1 ms, however, the finite difference
time step was 0.1 ms.

The common shot gathers can directly be compared with field shot gathers or after
sorting into CMP gathers, NMO and stacking, the resultant stacked section can be migrated
and compared to a field inline or crossline. Furthermore, zero offset sections were
generated for computational efficiency which can directly compared to the real stacked
sections since the layer structure of the velocity model in Cold Lake is relatively flat.

6.2.2 Energy Balancing

The analysis of the 3-D seismic monitoring data is based on attribute differencing
between the baseline (base: before any steam injection) and production and steam surveys
(monitors: during production or steam injection) in order to image the anomalies associated
with the changing conditions in the reservoir. Therefore, we would like the resultant time-
lapse seismic images (attribute differences) to be associated with effects that are caused
only by the EOR process. Although the surveys were recorded and processed in the same
way, effects due to a number of factors other than the recovery process such as source
conditions, changes in the weathering layer and water table may cause differences in the
seismic character of the two surveys. In order to eliminate such effects the base and
monitor surveys were energy balanced with respect to a specified time band.

A global trace balancing is applied on all 3-D monitor seismic data sets available as
follows. One of the 3-D data volunies, the base or the first recorded monitor if no base is
available, is used as a reference data set. On this data volume a time window about 100 ms
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wide is selected. In this time window the reflections are consistent and continuous and are
located well above the steam-heated reservoir. Then, the mean amplitude squared is
computed from all traces in this data volume (base or first monitor) within the above
window and from that the average per trace energy in this time band was defined. The
result is a global factor calculated from the base (or first monitor if no base was recorded)
3-D data. Next for each trace in all data volumes (base and monitors), the sum of
amplitudes squared within the same window was computed resulting in a trace factor. The
ratio between the “global factor” and each “trace factor” results in a balancing factor
(scaling factor) for that trace. This balancing factor is applied to all samples in the trace for
all data sets. Consequently, both data sets have teen normalized to a uniform amplitude
energy. Therefore, differences between the base and the seismic monitors that may be due
to differences in the source, water-table or any other effect not related to the EOR process
should not be present anymore.

6.2.3 One-pass 3-D Depth Migration

Next, we depth migrate the energy balanced stacked base and monitor (production
and/or steam) data volumes. For this we use the one-pass 3-D depth migration algorithm
which was developed in Chapter 4. This is an one-pass depth migration algorithm in the
frequency-space domain that solves a 65 degree approximation to the 3-D scalar wave
equation. For the solution of the resulting differential equation we employ an implicit
Crank-Nicolson finite difference scheme. Computer implementation of the one-pass 3-D
depth migration uses an alternating direction implicit (ADI) method. The wave field is
downward continued alternatively along the x and then y-direction for each depth step
(extrapolation step). The algorithm is recursive where the result of the previous
extrapolation step is input to the current extrapolation step. The migration result is obtained
by applying the imaging condition summing the wave field over frequencies.

For the 3-D migration of all 3-D seismic monitoring data sets studied in this thesis we
use a small extrapolation step of 1 m which yields images of high vertical resolution. Also,
this algorithm can accommodate lateral velocity variations. Therefore, we can use high
resolution velocity models that are generated from sonic logs, crosswell data and time-
migrated sections. Furthermore, we can apply the depth migration in an iterative fashion,
updating the velocity model until the required imaging quality is reached. All data sets from
the same EOR project are migrated with the same velocity model in order to preserve the
differences in amplitude and time/depth of reflectors within and below the steam-heated
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reservoir. The migraion was performed on 44 processors of a Myrias SPS3 parallel
computer. The CPU :ime required for the migration (including I/O and FFT) of a data
volume with 89 x 73 CDPs and 1501 time samples using 1500 depth steps and 500

frequencies was i4.3 hours,
6.2 4 Scismic Attrib'.te Analysis

With time-lapse monitoring 3-D seismic surveys performed during the EOR process,
the 3-D seismic information evolves continuously since the changing reservoir conditions
are correlated to the seismic reflections recorded. Therefore, seismic interpretation and
reservoir characterization can become more detailc d and sophisticated with time. In order to
do that we need to analyze all seismic attributes that correlate to changes occurring in the
reservoir during the thermal process. A detailed analysis of the potential changes on these
attributes and their correlations to the reservoir conditions and properties was presented in
Chapter 5.

The seismic attributes can be analyzed separately for each seismic data volume (base
or monitor). Also, they can correlate to corresponding attributes from other seismic surveys
during the thermal process by differencing or taking the ratios of the resultant seismic
images.

The 3-D seismic volume can be sliced into three orthogonal planes: the inlines and
crosslines that are vertical sections and in time slices that are horizontal sections. Also, it
can be sliced into any arbitrary orientation of the plane. A vertical profile shows all the
seismic events as they occur in time or depth. On the other hand, a time or depth slice
shows all seismic events for a particular travel time or depth. When a horizon is interpreted,
the times or depths generated can provide the time or depth structur¢ map and the
amplitudes can provide the horizon slice. Differences between different horizons can
provide isochrone or isopach maps. Also, differences between the time or depth structure
maps of the same horizon from different monitor surveys can show time delays or apparent
depth changes (pushdown) of the horizon that are caused due the velocity reduction in the
steam heated zones of the reservoir during the thermal process.

When a velocity (acoustic impedance) interface is interpreted the amplitudes can
provide a horizon slice. A horizon slice is a powerful product for studying reservoir
properties. If colour is used it can show trends and patterns in the spatially varying
amplitude. Hydrocarbon fluids and the presence of gas or steam reduce the acoustic
impedance of the reservoir rocks and may produce a “bright spot” or an anomalously high
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amplitude reflection. Also, reflections below the steam zone may have a reduced amplitude
or “dim spot”. When the reservoir reflections have been identified, an attempt can be made
to correlate them to reservoir properties. Also, a horizon slice within or below the steam
heated reservoir can be differenced with the corresponding one from a later or prior monitor
3-D seismic survey over the same EOR site. The resulting difference map may show
amplitude anomalies that are correlaied to the reservoir changes occurring over the calendar
time difference of the two surveys.

Reservoir reflections may show a “polarity reversel” (for example between a
hydrocarbon zone and the water zone). Instantaneous frequency maps can also provide
additional information about the changes occurring during the thermal process since
spectral changes are observed during different phases of the recovery process (steam and
production). Furthermore, other seismic attributes such as phase may provide information
about the nature of seismically reflective horizons.

After processing the different data volumes with identical processing flows and the
best available algorithms, colour is used to show trends and patterns (seismic anomalies) in
the spatially varying seismic attribute. Ultimately, four dimensional high resolution seismic
images may be generated when attributes are analysed in the three spatial dimensions and
the calendar time of the continuing seismic monitoring.

In a interactive interpretation system such as the GeoQuest that we used in these
studies, the selected seismic data display can presented on a colour screen and the
progressive results of our interpretation can be returned to the digital database.

6.3 SEISMIC MONITORING STUDIES AT IMPERIAL OIL’S D3 PAD
6.3.1 Cyclic Steam Stimulation recovery of the Cold Lake bitumen.

The method of recovery at the Cold Lake oil sands used by Esso Resources (Imperial
0il) is cyclic steam stimulation. Since 1985, Imperial oil commercially has produced
bitumen from the Clearwater oil sands reservoir at Cold Lake, Alberta, Canada. Currently,
there are more than 2000 wells that are spaced on a regular 1.6 hectares grid that produce
over 100,000 b/d of bitumen.

The Clearwater is the best reservoir unit at Cold Lake with high oil saturations and
thick, relatively homogeneous sections. The entire Clearwater section is oil-bearing and
free of underlying water when favorably structured. This unit contains more than 50% of
the Cold Lake area bitumen and the areas where no underlying water is present are of
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current interest. The Clearwater reservoir consists of unconsolidated sands with an average
porosity of 32 % and permeability of about 1 darcy. The sands are saturated with bitumen
that has a very high viscosity (about 150,000 cp). Fluid distributions are structurally
controlled. On high trends, the oil leg can attain a thickness of 45 m, with no underlying
water. Although there is no underlying water section on the crest of fractures, there may be
an aquifer present on the flanks. Generally, the Clearwater reservoir has an excellent
horizontal continuity. However, the vertical continuity is occasionally interrupted by
discontinuous shale barriers, tight cemented siltstones and calcified tight streaks that can
affect the vertical conformance of the steam stimulation.

According to the Cyclic Steam Stimulation (CSS) method, steam is injected into a
well at high temperature (310 °C) and pressure (10 MPa) and at the highest possible rate
(up to 240 m3/d), in order to minimize heat losses, for several weeks (for 40 to 90 days).
The injected steam heats the rock and the fluids around the wellbore. Vertical
inhomogeneities such as shale barriers, cause only partial vertical sweep while maintaining
a radial advance of the fluids in the zone that is contacted. After injecting the desired
volume of steam, the well may be shut in for about two weeks. This is called the soak
period. Finally production takes place from the same wellbore. Twenty wells are
directionally drilled from a single surface area or pad. Figure 6.3.1 shows the bottom hole
locations at the reservoir level of 15 wells from the D-3 pad. The wells are then produced
back at total fluid rates of approximately 90m3/d. In the present study the steam was
injected at a depth of approximately 450 m in the Clearwater formation near Cold Lake,
Alberta. It is a mature steam zone since steam injection started in 1985, and continued since
then with on and off injection periods. Continued cyclic steam stimulation in this manner
for 9 to 12 cycles is predicted to result in 20% recovery.

6.3.2 3-D Seismic Monitoring Reflection Surveys

In 1990, Esso initiated a 3-D high resolution seismic reflection program over a D3
pad undergoing CSS (Cyclic Steam Stimulation) in Cold Lake area of Alberta, Canada. The
first survey was carried out in April of 1990 during thc 6th production cycle and the second
survey was carried out in January of 1992 during the 8th steam injection cycle. During the
production cycle, reservoir conditions are at the local minimum in terms of temperature and
pressure and there is high gas saturation in the vicinity of the wellbore. On the other hand.
during the steam cycle, reservoir conditions are the local maximum in terms of temperature
and pressure and there is small gas saturation in the vicinity of the wellbore.
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Both surveys were centered on well D3-08 and included 15 from the total 20
injector/producer wells on the pad and 5 observation wells (Figure 6.3.1). The near well
spacing (E-W) is 96 m and the far well spacing (N-S) is 167 m. For both experiments the
field acquisition geometry was identical.

Each survey consisted of 296 geophones, buried 10 m below the surface in effort to
improve the frequency content of the seismic signal, minimize statistical noise variations
due to the weathering layer and eliminate subsequent survey difference caused by seasonal
variations. Also, each survey consisted of 215 shot points buried at 18 m depth below the
surface. The type of energy source was dynamite with 125 g per shot. The field data
sample rate was 1 ms. After stacking the data, each survey consisted of 89 inlines and 73
crosslines with bin size of 8x8 m. However, in our analysis we used an area (504 x 504 m)
centered around the central D3-8 well that included 64 inlines (from inline 15 to inline 78)
and 64 crosslines (from CDP 6 to CDP 69). The average fold of the data in the area of
study is about 20. Unfortunately, a base survey (prior any steam injection) that could
provide us with a reference data set does not exist since the D3-pad is undergoing cyclic
steam stimulation from 1985.

Also, crosswell seismic experiments were performed during the 6th production cycle
(1990) between the observation wells. However, in this study we do not analyze the
crosswell data, we just use the velocity tomograms generated by Imperial Oil for elastic
wave modeling purposes. In the Clearwater reservoir area (about 450 m depth) the
tomograms have a vertical resolution of 5 m and a horizontal resolution of 15 m.

Imperial Oil provided us digital copies of the field data, the stacked data and their
migrated data, paper copies of the migrated data, digital copies of the velocity tomograms,
sonic and densitv logs, and a 3-D geostatistical slowness model generated from sonic logs
prior to the cyclic steam stimulation.

6.3.3 Seismic Wave Simulations during Thermal EOR Processes

2-D and 3-D realistic simulations of seismic wave propagation were performed over
the D3-pad in order to understand the changes in the seismic signature during the EOR
process. A density model was generated from density logs. Also, a number of velocity
models were used that were generated from sonic logs, a 3-D GEOSET model, crosswell
data, and depth migrated seismic data. Furthermore, velocity models were used that
included steam zones. An attempt was made to generate synthetic data that resemble seismic
monitoring data before and during the EOR process (base, steam, production).
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Figure 6.3.1: The site map of the Imperial Oil’s D-3 pad (under CSS) at Cold Lake,
shows the location of the producer/injection wells (D3-1 to D3-15) at reservoir depth level,
the observation wells (OB-1 to OB-6) and the inline 42 of the seismic grid (8x8 m bins).
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ELASTIC WAVE SIMULATIONS WITH THE BASIC ESSO VELOCITY MODEL

A 3-D basic velocity model for the Esso D3 pad was generated using all the available
sonic logs (velocity reduced by 10 %) and some depth migrated lines. This model was used
for simulations prior to any steaming (base). In this model, we also incorporated steam
zones in the location of each injection well. The steam zone was set 70 m wide and 25 m
thick with 400 m/s velocity reduction. A vertical profile along inline 42 of the the seismic
grid from the basic model including a steam zone at the central well of the pad (D3-8) is
shown in Figure 6.3.2.

2-D elastic modeling was performed along inline 42 using the basic model with and
without steam zone. Using a Gaussian line source with a central frequency of 100 Hz, P-
SV seismograms for the vertical component of the particle velocity were generated. In this
study all generated synthetic shot gathers, zero-offset sections and stack sections have a
trace spacing of 8 m. The synthetic zero-offset sections for the models with and without the
steam zone are shown in Figure 6.3.3. The synthetic shot gathers for the models without
and with steam zone are shown in Figure 6.3.4. The shot gather after steam injection
shows reflections and diffractions from the steam zone. The amplitude of the reflector at the
top of the steam zone is stronger since the bitumen has been replaced by steam. The
amplitude of the Devonian reflector below the steam zone (at about 500 ms) is dimmed.
Also, time delays are observed below the low velocity steam zone.

The amplitude spectrums of the shot gathers with and without steam zone were
generated for various time windows. The spectrums are identical only for the time window
0 to 400 ms which is above the steam zone, but for the time window 400 to 500 ms and
below are different for the two shot gathers. The spectral analysis of the synthetic shot
gathers shows that the velocity changes due the steam injection cause frequency
modification in the steam effected area and below.

ACOUSTIC AND ELASTIC WAVE SIMULATIONS WITH THE 3-D GEOSET MODEL

The GEOSET model contains detailed 3-D slowness for the Clearwater formation and
is referenced to an easting/northing coordinate system. The coordinates of the model were
translated to the cocrdinates of the centre of the seismic grid. Also, they were rotated to
align with the seismic grid (inline/crossline direction). Furthermore, the slowness was
inverted to velocity. The depth of this model extends from 357 m to 526 m and is shown in
Figure 6.3.5, notice the high velocity tight streaks cutting through the Clearwater reservoir.
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For modeling purposes the velocity values were reduced by 10% (the model was generated
from sonic velocities prior to CSS) and all velocities above 3000 m/s were filtered out.
Then, the resultant velocity model was superimposed on the 3-D basic model developed
earlier in order to have a velocity model that extends from the surface to depth of 1400 m.

From the 3-D modified GEOSET model (including above and below the basic
model) we extracted a 2-D velocity model along the inline 42 direction (Figure 6.3.6.a).
Elastic wave simulations were performed using this model, thus simulating a seismic base
(no steam) shooting. A P-SV (vertical particle velocity) synthetic shot gather is shown in
Figure 6.3.7.a. The source (65 Hz) is located at 288 m along the inline 42. We generated
five synthetic common-shot gathers which after NMO and stacking resulted to the stack
section. This section after applying AGC is a very realistic section (Figure 6.3.7.b) and
comparable to the real data. Also, the synthetic seismograms show that tight streaks within
Clearwater are detectable.

In order to simulate wave propagation during steaming, a steam zone with 70 x 25 m
dimensions and 400 m/s velocity reduction was incorporated in the geoset velocity model
(Figure 6.3.6.b). Then, elastic modeling was performed on the geoset model, with and
without the steam zone, using a source of 100 Hz pick frequency. Portions of the zero
offset sections in the vicinity of the the D3-8 well are shown in Figure 6.3.8. Both sections
are the same above the reservoir but differ within and below the reservoir. For example, the
positive event at about 0.44 s has higher amplitude in the monitor-steam section. Thus,
indicating an amplitude increase (“bright spot”) at top of the steam zone. Also, the events
within the reservoir (0.45 to 0.5 s) are different in the two sections. Furthermore, the
amplitude of the positive event at 0.52 s (top of the Devonian) is decreased (“dim spot”) on
the monitor-steam section in comparison to the one on the base section.

Furthermore, a first attempt of 3-D acoustic modeling was undertaken using the 3-D
modified GEOSET velocity model and a point source with central frequency of 100 Hz. A
224 x 288 m area of the model was used that was centered around the D3-8 well (Figure
6.3.1) and corresponded to 29 x 37 bins on the seismic grid (crossline 23 to 51, inline 28
to 64). Figure 6.9.a shows a vertical profile of the 3-D zero offset seismogram (vertical
particle velocity component) which is along the inline 42 of the seismic grid (Figure 6.3.1).
The trace spacing is 8 m and the positions of the traces correspond to the CDPs of the inline
42. The sampling interval of the data is 1 ms.

Also, the generated 3-D zero offset data set was depth migrated using 3-D reverse
time migration developed in Chapter 4. The same portion of the depth migrated data as for
the time section is shown in Figure 6.3.9.b. The sampling interval is 2 m. We can easily
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observe the Grand rapids tight streak (at about 400 m), the top of the Clearwater formation
(at about 420 m), two major calcified tight streaks in the Clearwater (at about 435 m and
450 m), the bottom of the Clearwater (at about 480 m), and the top of the Devonian (at
about 550 m).

Both the 3-D acoustic modeling and migratior. images were generated with high
resolution. This suggests that the potential of the 3-D acoustic modeling and migration
algorithms developed in this thesis is high, since they can generate high quality seismic
images before and during the cyclic steam stimulation which can help in the characterization
of the reservoir as it evolves with time during the thermal process.

ELASTIC WAVE SIMULATIONS WITH CROSSWELL VELOCITY TOMOGRAMS

The crosswell velocity tomogram generated from the crosswell experiment between
OB3 and OB4 observation wells during the 6th production cycle was used for elastic
modeling. A portion of the velocity tomogram corresponding to depths of 356 to 525 m
was superimposed on the basic model in order to have a whole model that extends from the
surface to 1400 m. This “basic + tomogram” velocity model (Figure 6.3.10.a) was used
for elastic modeling of wave propagation during production since the tomogram was
obtained from the crosswell experiment during the 6th production cycle.

In Figure 6.3.10.a we can observe a small velocity zone between 450 and 475 m
which is associated with the steam-heated area around well D3-8. However, crosswell
experiments were not performed during the steam cycle. Thus, in order to simulate steam
injection during the 8th steam cycle, in this model (Figure 6.3.10.a) a wider steam zone
was incorporated with dimensions of 75 x 25 m and velocity reduction of 400 m/s. The
resultant velocity model for the steam cycle is shown in Figure 6.3.10.b.

Elastic modeling was performed using both velocity models (Figure 6.3.10).
Synthetic zero offset sections are shown in Figure 6.3.11. The positive reflection event at
about 0.44 s has an increased amplitude (bright spot) during the steam cycie and is
associaicd with the top of the steam zone. On the other hand, the reflection character
between (.45 and 0.5 s is different in the two sections (Figure 6.3.11.a - production cycle
and Figure 6.3.11.b - steam cycle). Also, the positive reflection event from the top of the
Devonian at 0.52 s is reduced in amplitude (dim spot) during steam cycle.

(Text continued on page 197)
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Figure 6.3.2: The basic velocity model used for 2-D elastic wave propagation
simulations before steaming (no steam zone) and during steaming (with the steam zone) at
Imperial Oil’s D3-pad at Cold Lake, Alberta.
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Figure 6.3.8: Zerc offset sections from elastic wave simulations for the models in
Figure 6.3.6: (a) wi.. .ut a steam zone (base) and (b) with a steam zone (monitor-steam).
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Figure 6.3.11: Synthetic zero offset sections (vertical particle velocity component) from
2-D elastic wave simulations for the models in Figure 6.3.10 during the 6th production
cycie (a) and the 8th steam cycle (b).
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6.3.4 Processing of the 3-D Reflection Surface Seismic Monitoring Data

Both seismic data volumes were processed by Imperial Qil with same processing
flow which consisted of geometric spreading correction, first break mute, Q compensation,
surface consistent deconvolution, CDP sort, velocity and statics anaiysis, 3-D NMO,
residual statics, stack, f-k 3-D migration (single nass), and zero phase filtering (Figure
6.3.12).

On the other hand, our own processing involved energy balancing and one-pass 3-D
depth migration of both production and steam data volumes (Figure 6.3.12). The stacked
and time migrated data volumes were energy balanced. Furthermore, 3-D depth migration
of both energy balanced stacked data volumes was performed in order to generate seismic
images with higher spatial and vertical resolution. Also, since we depth migrate the data the
resultant seismic sections are in depth thus avoiding time to depth conversions and making

easier the interpretation process.
ENERGY BALANCING OF THE STACK AND TIME MIGRATED DATA

A global trace balancing was applied on both stacked and time migrated data sets
(1990 and 1992) and was calculated as described in section 6.2.2. From the 3-D data
volume (stacked or migrated) during the production cycle (1990) a time window between
230 sec and 360 sec was selected. The reason for the selection of this time window is that
within this interval the reflect'~ns are consistent and continuous and are located well above
the steam-heated zone in the Clearwater formation. A global facror was calculated from
the production (1990) data. Next for each trace in both data volumes (1990 and 1992), a
trace factor was computed. The ratio between the “global factor” and each “trace factor”
~ results in a balancing factor (scaling factor) for that trace. This balancing factor was applied
to all samples in the trace for both data sets. Consequently, both data sets (stacked or time
migrated) have been normalized to a uniform amplitude energy. After the above process we
have energy balanced stacked and time migrated data volumes for both production and
steam surveys.

3-D DEPTH MIGRATION OF THE ENERGY BALANCED STACKED DATA

Next, we depth migrated the energy balanced stacked data volumes (production 1990
and steam 1992). For this we used the one-pass 3-D depth migration algorithm which was
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developed in Chapter 4. For the 3-D depth migration of both dat. sets (1990 and 1992) we
used a small extrapolation step of 1 m that results migrated images of high vertical
resolution. Also, we used high resolution velocity models by integrating sonic logs, time
migrated sections and the 3-D GEOSET model. Both data sets were migrated using the
same velocity model in order to preserve the differences in amplitude and time/depth of
reflectors within and below the steam-heated reservoir. The migration was performed on 44
processors of a Myrias SPS3 parallel computer. The CPU time required for the migration
(including /O and FFT) of each data volume (89x73 CDPs and 1501 time samples) using
1500 depth steps and 250 frequencies was 7.4 hours.

6.3.5 Seismic Attribute Analysis of the Time and Depth Migrated Data

We performed seismic attribute analysis after applying additional processing in two
different ways. In the first, we normalized (energy balanced) the two monitors after Esso’s
time migration. In the second, we normalized both stacked monitor data volumes and then
applied our own 3-D depth migration. Therefore, we can generate a set of images after time
migration and normalization, and another set of images after stacking, normalization and 3-
D depth migration.

ATTRIBUTE ANALYSIS OF THE NORMALIZED TIME MIGRATED DATA

We performed seismic attribute analysis on both normalized time migrated data sets in
a 64 x 64 bin area that is defined from inline 15 to inline 78 (inline[15,78]) and CDP 6 to
CDP 69 (crossline[6,69]).

Figures 6.3.13 shows inlines 42 (vertical profiles) from both data volumes (1990
and 1992). Significant changes can been observed between the 1990 (production) and 1992
(steam) profiles in the amplitude and travel-time of the reflectors within and below the
steam-heated zone in the Clearwater formation (about 450 m depth). Also, significant
differences in the amplitude of the seismic reflection events are observed between time
slices from both data volumes cutting through the reservoir.

The positive reflection event which corresponds to the top of the Devonian was
picked for both data volumes. From the interpreted Devonian horizon the amplitude
difference between the two surveys was taken. Figure 6.3.14.a shows the amplitude
difference of the Devonian horizon between production (1990) and steam (1992). The
amplitude of the Devonian is significantly decreased during the steam cycle. Again, the
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main amplitude decrease (“dim spot™) is located in the area between the two upper rows of
wells. Furthermore, the ratio of the Devonian amplitude maps between production’90 and
steam’92 was taken. Again, the main amplitude anomaly, where the Devonian amplitude is
larger for the production data and dimmed during the 1992 steaming, is located between
the two upper rows of wells.

Isochrone maps were generated for the Devonian (production and steam) with respect
to the Grand Rapids tight streak at about 400 ms which is nearly identical for both surveys.
Then, the above isochrone maps maps were differenced. Figure 6.14.b shows the time
delay (pushdown) of the Devonian horizon during the steam cycle (1992) with respect to
the same horizon during the production cycle (1990). The main time anomaly is located
between the two upper rows of wells (D3-1 to D3-4 and D3-6 to D3-9) shown on the same

figure.

ATTRIBUTE ANALYSIS OF THE DEPTH MIGRATED DATA

The analysis of both depth migrated data sets is performed over a 64 x 64 bin area
that extends between inline 15 to 78 and cross-line 6 to 69.

Figures 6.3.15 shows inline 42 (depth profile) from both production (1990) and
steam (1992) depth migrated data volumes (compare with the time migrated data of Figure
6.14). On the other hand, Figure 6.3.16 shows the crossline 37 from both depth migrated
surveys. On all profiles, the reflectors in the area of the steam-heated reservoir (Clearwater)
are highly resolved and significant seismic changes can be observed between the two data
sets on either inlines or crosslines. Also, the Devonian is pushed down during the steam
cycle due to the velocity reduction in the stcam-heated area above. Furthermore, some of
the profiles may image fracturing that occurs during the steaming process (e.g., inline 62;
crosslines 13, 25, 37).

Seismic attributes, using the Hilbert transform, were generated for inline 42. Figure
6.3.17 shows the cosine of the phase in degrees for inline 42 during production (1990) and
steam (1992) cycles. We can observe the high resolution, sharpness and continuation of the
reflectors attained with the depth migration. Figure 6.3.18 shows the instantaneous
frequency for inline 42 from both 1990 and 1992 depth migrated data volumes. We can
observe significant differences in the frequency content between production and steam
cycle at the reservoir depths (about 400 to 500 m). The larger attenuation of the high
frequencies during production may be associated with the higher gas saturation present in
the vicinity of the wellbores during production.
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We can look at the data by cutting through the volumes vertically (depth profiles) as
in the figures above or horizontally (depth slices) as in the figures that follow nexi The
vertical extent of the steam-heated zone is about 30 m between 450 m to 480 m in the
Clearwater formation. If we study the differences between depth-slices through the stcam-
heated zone from the 1990 and 1992 data volumes, we might be able to observe lateral
changes in the steam zone and may track the steam front. However, amplitude differences
between single depth-slices (at 1 m intervals) may not provide us with enough and accurate
information since we are looking at only one sample of the seismic wavelet at each spatial
location. However, we can look at depth-slices that are summed over 5 m intervals (5
samples per trace) such as the sum in the interval 450-455 m (Figure 6.3.19) and the sum
in the interval 470-475 m (Figure 6.3.20) from the upper and bottom part of the steam-
heated reservoir, respectively. On both Figures (6.3.19 and 6.3.20) during steaming
(1992), we can observe hyperbolic shaped amplitude anomalies that are located above and
below the upper row of wells (D3-1 to D3-4), respectively. These anomalies most likely
are associated with the movement of the expanding steam front. Also, Figure 6.3.21.a
shows the amplitude difference between production (1990) and steam (1992) data over S m
depth interval between 450 and 455 m. This depth corresponds to the top of the steam-
heated zone. We can observe a large amplitude anomaly between the two upper rows of
wells (D3-1 to D3-10). Figure 6.3.21.b shows the amplitude difference between the 1990
and 1992 for the sum of depth-slices from 470 to 475 m (5 m interval) in the production
and sieam data volumes. On both amplitude difference maps in Figure 6.3.21 we can
clearly observe a hyperbolic or semicircular anomaly near the top row of wells (D3-1 to
D3-5) that propagates upwards (from the 470-475 m depth level to 450-455 m depth level)
and that is expanding in a northeast direction. This moving anomaly probably indicates the
movement of steam (steam front). Also, it is in agreement with the temperature
measurements on the observation wells during steaming (1992) which show increased
temperature between the two upper rows of wells (D3-1 to D3-10). Also, during steaming
the two lower rows of wells (D3-6 to D3-15) were steaming with an 11 MPa pressure
whereas the upper row of wells (D3-1 to D3-5) were steaming with about 5 MPa pressure,
thus creating a differential pressure which is expected to result in a preferential movement
of steam towards the area of the reservoir located in the vicinity of the upper row of wells
(D3-1 to D3-5). The amplitude anomalies on Figure 6.3.21 may correlate the areal
conformance at those depths. Furthermore, they suggest that the vertical conformance is
about 25 m. However, a definite estimate of vertical conformance require a seismic data set
from a base survey.
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The major positive reflection event below the reservoir is the top of the Devonian (at
about 550 m, see Figure 6.3.15). This horizon was picked from both depth migrated
volumes. Figure 6.3.22 shows the apparent depth structure of the Devonian horizon in a 3-
D perspective during production and steam injection cycles. The ridge observed on the
1990 (production) Devonian depth map between the two upper rows of wells (D3-1 to D3-
10) has an apparent delay (pushdown) on the 1992 (steam) map. These depth maps were
converted into isopach maps with respect to the depth of the Grand-Rapids tight streak (at
about 400 m depth, see Figure 6.3.15). Next, the isopach maps from production and steam
were differenced. The resultant apparent depth difference for the Devonian between the two
surveys is shown in Figure 6.3.23.a. We can observe clearly that the main depth anomaly
(pushdown) is located between the row of wells between D3-1 to D3-4 and D3-6 to D3-9.
This anomaly is also in a good agreement spatially with the one on the time delay map
generated from the analysis of the energy balanced time migrated data (Figure 6.3.14.b).
Since we have both the depth pushdown map (Figure 6.3.23.2) and the time delay map of
the Devonian (Figure 6.3.14.b), we can easily generate the corresponding velocity
reduction map (Figure 6.3.23.b). This velocity reduction is caused in the steam-heated
reservoir above the Devonian and is responsible for the apparent pushdown of the
Devonian reflector below. This map may not give very accurate velocity reduction values
since the time delay map was generated from the time migrated data and the depth
pushdown map was generated from the depth migrated, thus the data underwent different
processing. However, the largest velocity reduction values are spatially located near the
wellbores of the steam injecting wells as expected.

Figure 6.3.24.a shows the amplitude difference between the 1990 (production) and
1992 (steam) Devonian horizon interpreted from the depth migrated data. Also, Figure
6.3.24.b shows the amplitude ratio between the 1990 and 1992 Devonian horizon. On both
amplitude difference and ratio maps we can clearly observe a large amplitude anomaly
between the two upper rows of wells (D3-1 to D3-4 and D3-6 to D3-9), (compare with the
corresponding anomaly generated from the time migrated data in Figure 6.3.14.a). This
amplitude anomaly indicates that the Devonian horizon is dimmed in this area due to a large
steam-heated zone in the reservoir above.

(Text continued on page 215)
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IMPERIAL OIL PROCESSING UofA PROCESSING & ANALYSIS

FIELD DATA

GEOMETRY
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Figure 6.3.12: The processing flows as they were applied on both data sets (production
1990 and steam 1992) by Imperial Oil and the Seismology Laboratory, University of
Alberta (this research).
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migrated data.
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Figure 6.3.19: Depth slices summed over 5 m interval, 450~455 m, from: (a) the
production (1990) and (b) the steam (1992) depth migrated data volumes.
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6.3.6 Discussion of Imperial Oil Project’s Results

We have implemented sophisticated and computationally efficient 2-D elastic and 3-D
acoustic modeling algorithms on very detailed (2x2x2 m) and realistic velocity models from
Imperial Oil’s D3-pad which undergoes cyclic steam stimulation for bitumen recovery. The
wave propagation simulations resolved all the geological structure and as well detected
calcified tight streaks in the Clearwater reservoir. These tight streaks are of critical
importance for the oil recovery process since they act as permeability barriers that impede
vertical migration of the steam. Furthermore, wave simulations during different phases of
the EOR process such as before any steaming (base), steam injection and production
(monitors) were performed. The resultant realistic seismic sections were able to show the
effects on reflections within and below the Clearwater reservoir due to the presence of an
expanded steam heated zone.

The 3-D reverse time migration algorithm developed in Chapter 4 was tested with 3-D
synthetic seismic data and a realistic velocity model (3-D GEOSET model) and proved that
one can image accurately and define with high resolution (2 m in all directions, in this case)
the Clearwater reservoir and the tight streaks within it. On the other hand, both the 2-D
elastic and 3-D acoustic modeling algorithms developed in this thesis prove to be valuable
tools in understanding seismic changes occurring during the steam stimulation process.
These algorithms not only generated images with high resolution but also allowed
computations to run as fast as the acquisition of the field seismic data. This suggests the
valuable potential of wave propagation simulations since these can generate high quality
seismic images before and during the cyclic steam stimulation which can help in the
characterization of the reservoir as it evolves with time during the thermal process.

Additional processing was performed on the 3-D seismic data in order to remove all
the effects not associated with the steam stimulation by normalizing the two monitor data
sets (energy balancing). Furthermore, the one-pass 3-D implicit finite difference depth
migration algorithm developed in this thesis was used to migrate both monitor seismic
surveys resulting in high resolution depth seismic images (1 m vertical resolution).

Seismic attribute analysis and differencing was performed on both time migrated and
depth migrated data. Seismic images within and below the reservoir are functions of a
number of variables such as velocity, reflectivity and attenuation and can result in time or
depth pushdowns, amplitude bright spots or dim spots, and spectral modifications. Images
generated from time migrated and depth migrated data sets are in good agreement in terms
of the unomalies that define. However, the images from the depth migrated data have better
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resolution and more accuracy due to the better migration algorithms used and thus more
emphasis was given to these data sets.

During production the reservoir conditions near the boreholes are at a local minimum
in terms of fluid pressure (high effective stress ~9.5 MPa) and temperature (150 °C) but at
a maximum in terms of gas saturation (> 5 %). On the other hand, during the steam cycle
the reservoir conditions are at a local maximum in terms of fluid pressure (12 MPa) (low
effective stress ~2 MPa) and temperature (315 °C) but at a minimum in terms of gas
saturation (~2 %). The changing conditions are a major potential source for alteration of the
seismic signature and the cause of seismic anomalies during steam injection and
production.

The generated images showed time delays and depth pushdowns anomalies that are
associated with the expanding steam-heated zone during the steam injection phase and the
gas presence during production. Also, amplitude anomalies were observed from
differencing horizons between the steam and production cycles that are in spatial agreement
with the time and depth delays. Furthermore, amplitude anomalies generated from
differencing depth slices defined the steam front very well. Both images from the top (450-
455 m) and the bottom of the reservoir (470-475 m) show amplitude anomalies that have
areal conformance. Also, they suggest a vertical conformance of about 25 m.

Spectral attenuation was observed during production in comparison to the steam
cycle. In terms of the conditions existing in the reservoir during production, the high gas
saturation would affect seismic wave attenuation most.

Based on the described reservoir conditions during the thermal process, the time,
depth and amplitude anomalies that result from the differencing of the seismic images
between steam and production cycles are the combined result of a decrease in the effective
stress, a temperature increase, and gas reduction during the steam phase with respect to the
production phase.

It would had been easier to correlate the seismic changes between the monitors and a
base survey (prior to the EOR process). Although the existence of the two monitor surveys
allows a comparison of the seismic character of the reservoir and enables the mapping of
the areal conformance of the steam stimulation, the existence of a base seismic survey could
allow one to positively map the vertical conformance. However, such base survey was not
performed on this pad.
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6.4 SEISMIC MONITORING OF MOBIL’S PILOT EOR PROJECT

6.4.1 The Vertical Pilot EOR project

Mobil Oil of Canada had a 23 vertical well pilot (presently abandoned) in the Cold
Lake area of Alberta where steam stimulation was used as an enhanced oil recovery
method. In this experiment the steam was injected starting at a depth of approximately 360
min three different levels of the Sparky sands that are separated by shales. The steam was
injected at a constant rate of 200 m3 CWE per day at wellhead pressures of 8 to 10 MPa.
The injection pressure in some wells had to be gradually increased to maintain this injection
rate which resulted in differential pressure states between some wells.

In the Mobil area of study, the Mannville Group consists of a sequence of sands and
interbedded shales, containing the following formations: Colony, McLaren, Waseca,
Sparky, G.P., Clearwater and McMurray. The best reservoirs are in the Sparky and
Waseca formations. The Sparky consists of three sands separated by shales that result in
the Upper Sparky, the Middle Sparky and the Lower Sparky.

6.4.2 3-D Seismic Reflection Surveys

In 1987, Mobil Oil Canada initiated a 3-D high resolution seismic reflection
acquisition program at the Cold Lake area of Alberta, Canada. The program consisted of a
base survey carried out in October of 1987 and a monitor survey carried out in November
of 1988 nearly at the end of the 2nd cycle. Both surveys were recorded over the same pad
that included 23 injector-producer wells and 3 observation wells (Figure 6.4.1). At the time
of the second survey only five wells (3, 6, 13, 16, 18) were under steam injection
pressures, the rest were on flow back or drawdown pressures.

For both experiments the field acquisition geometry was identical. Each survey had
10 receiver lines laid out in E/W direction with line spacing of 88 m, group interval of 22 m
and with each geophone array consisted of 18 geophones. Also, it had a total of 16 source
lines laid out in N/S direction with source line spacing of 66 m, shot point interval of 22 m
and a total number of 374 shots. The type of energy source was Vibroseis (2 vibrators)
with a non-linear sweep over a frequency range of 8-178 Hz. The field data were recorded,
478 traces per record, with sample rate of 1 ms using a DFS VII system. After stacking,
each survey has 73 inlines and 90 crosslines with bin size of 11x11 m (Figure 6.4.1).

Mobil Oil of Canada provided us with digital copies of the stacked data, paper copies
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of the time migrated data for both surveys, and sonic logs.
6.4.3. Seismic Wave Propagation Simulations

Computer simulations of seismic wave propagation were essential for the
interpretation of field data. Finite difference modeling of seismic waves in acoustic and
elastic media in the region over the steam-heated zone was performed in order to examine
the relation between reservoir conditions with seismic characteristics such as velocity,
amplitude and frequency modification with time. For the generation of the velocity models
(base) we used sonic logs, stacking velocities and time migrated sections. The models used
in these simulations were modified until a reasonable match was obtained between the field
and synthetic data.

In order to understand the effects that the steaming process caused on the seismic
character, we introduced steam zones of various characteristics into our base model. In the
field experiment the steam was injected at three perforation levels corresponding to the three
Sparky Sands. However, there are two hydraulic reservoir systems; an upper system that
consists of the Upper Sparky Sands with leukoff to the Waseca above and a lower system
that consists of the Mid Sparky and the Lower Sparky with leakoff to the G.P (Siewert,
1993, personal communication). There is a thick shale between the Upper and Mid Sparky
that acts as a very effective permeability barrier. The shale between the Mid and Lower
Sparky is not as efficient and there is some cross-flow through joints and cracks. Also, the
shale between the Lower Sparky and the G.P is very thin and permeable. For this reason,
we introduced a double steam zone at each well location at the Sparky level (Figure 6.4.2).
Both steam zones are semi-ellipses. The upper steam zone simulates the upper hydraulic
system in the Upper Sparky Sands and it is 10 m thick. The lower steam zone simulates the
lower hydraulic system in the Mid and Lower Sparky Sands and it is 14 m thick. In the
modeling we did not include the high velocity shales that separate the steam zones.

ACOUSTIC MODELING

Zero offset acoustic modeling was performed using a simplified flat multi-layer
velocity model with and without the steam zone (Figure 6.4.2). The modeling was
performed with a 2-D w-x algorithm that uses the Exploding Reflector Model (ERM) and a
65 degree approximation of the one-way scalar wave equation. In Figure 6.4.3.a the zero
offset section is shown for the simplified model without the steam zones. In Figure 6.4.3.b
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the zero offset section clearly resolves the steam-heated zones and shows the time delay
(pushdown) of the reflectors below. Furthermore, Figure 6.4.3.c shows the depth
migrated section with the steam zones clearly imaged and the reflectors below are corrected
from the velocity sags.

ELASTIC MODELING

Elastic wave (P-SV) computer simulations were performed on velocity models with
and without steam zones. A P-wave line source with a Gaussian function as source of
excitation with dominant frequencies of 50 to 100 Hz, was used to generate seismograms
for multiple shot locations. Synthetic seismograms for vertical or horizontal components of
particle velocity or stress components can be generated. The common shot gathers can
directly compared with field shot gathers or after sorting into CMP gathers, NMO and
stacking, the resultant stacked section can be migrated and compared to a field inline or
crossline.

For the 2-D elastic modeling, the dimensions of the model was 968 m in the x-
direction and 1200 m in the z-direction. The finite-difference mesh size was 2.75 m (1/4 of
the CDP spacing) in the x-direction. The total numbers of grid nodes in the x-direction was
393 including 20 nodes at each side of the model for absorbing region. The mesh size in
the z-direction was 2.5 m and the total number of nodes was 501 including the bottom
absorbing region. The finite difference time step was 0.1 ms. The sampling interval was 1
ms and data were recorded for 0.8 s. Therefore, for this model a computational grid of 393
x 501 nodes and 8046 time steps were used. The elastic wave simulation for this model
required 2.01 hours of CPU time on a Convex 210.

A 2-D velocity model (Figure 6.4.4.a) for the Mobil pad along the inline 12 of the
seismic grid was generated using sonic wells from the pad and the impedances from the
inversion of the base (before steam) migrated inline 12. This velocity model is considered
as the base model from which we generated base (pre-steam) synthetic seismic data. Using
this model and a 50 Hz gaussian line source, P-SV seismograms for the vertical component
of the particle velocity were generated. Eight synthetic shot gathers were generated by
setting the source along the model at 132 m spacing ( in the field experiment 16 shotlines
with 66 m spacing were used). Figure 6.4.5.a shows the synthetic shot gather with the
source in the middle of the model and with trace spacing of 11 m. We applied normal
moveout (NMO) correction on the shot gathers using the same velocity function as the one
applied on the real data and then we stacked with CDP spacing of 11 m and the same
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muting pattern as the one applied on the real data. Figure 6.4.6.a shows the resulting stack
section for the base model. Also, a realistic zero-offset section was generated but is not
shown here.

Along the seismic inline 12 there are five injection/producer wells. Assuming that
they are all steaming, we can simulate this by setting steam zones at the corresponding
locations on the base velocity model. Thus, we generate a monitor velocity model on which
elastic modeling is performed in order to generate monitor synthetic seismic data (Figure
6.4.5.b). Synthetic shot gathers, stacked and zero offset sections were generated for five
different models that all had five steam injection wells but the steam-heated zones varied in
areal dimensions (areal conformance) and in the degree of velocity decrease
(compressibility increase) due to the combined effects of temperature (high), pressure (high
fluid pressure - small effective stress) and gas (gas reduction - small gas saturation).
However, here we present only one case.

In Figure 6.4.4.b shows the velocity model (monitor) with five steam injection wells.
The steam-heated zones (two semi-ellipses) generated in the Sparky reservoir have a core
(steam) of about 80 m areal extent and a 20% velocity and density reduction. However, the
velocity and density continues to change gradually (heated area) to that of the surrounding
material. Considering that the wells along the inline direction are 96 m apart, our modeled
steam zone expansion may create communication paths between the low velocity steam-
heated zones (Figure 6.4.4.b). Using the above model, we generated P-SV shot gathers for
multiple shot locations (8) and one is shown in Figure 6.4.5.b. The eight generated shot
gathers after NMO (applied as described earlier) were stacked to produce a stacked section
that is shown in Figure 6.4.6.b. On both the shot gather and the stacked section we can
clearly observe reflections and diffractions from the steam zones. Amplitude increases
(bright spots) are generated on the top of the steam-heated zones (0.375 ms). Also,
amplitude changes (dim spots) and time delays are observed at reflectors below such as the
Devonian reflector at 0.5 s. These changes are more dramatic when the shot gather and the
stacked section (Figures 6.4.5.b, 6.4.6.b) are compared with the corresponding ones
(Figures 6.4.5.a, 6.4.6.a) from the model without steam-heated zones. Furthermore, when
the amplitude spectrums (not shown here) of both shot gathers with and without steam
zones are compared, a frequency attenuation is observed on the shot gather with steam
zones in a 100 ms time window that includes the steam zones.

(Text continued on page 227)
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6.4.4 Processing of the 3-D Seismic Data

The processing sequence that was applied on both data sets (base and stearn-monitor)
by Mobil Oil was as follows: demultiplexing, static computations, true amplitude recovery.
first break mute, deconvolution, dephase filter, equalization, velocity analysis (datum
referenced), automatic surface consistent residual statics, big bin velocity analysis, normal
moveout correction, CDP stack, dephase, filter, two-pass 3-D Kirchhoff f-k migration (dip
controlled, stack velocity function), time invariant filter and equalization (Figure 6.4.7).
On the other hand, our own processing involved energy balancing and one-pass 3-D depth
migration of both base and steam-monitor stacked data volumes (Figure 6.4.7).

ENERGY BALANCING OF THE STACKED DATA

A global trace balancing was applied on both stacked sets (base 1987 and steam
1988) and it was calculated as follows. From the 3-D stacked data volume from the base
survey a time window between 150 ms and 300 ms was selected. The reason for the
selection of this time window is that within this interval the reflections are consistent and
continuous and are located well above the steam-heated zone in the Sparky Sands. In a
similar way as was described earlier, a global factor was calculated from the base data.
Next for each trace in both data volumes (base and steam) a trace factor was computed.
The ratio between the “global factor” and each “trace factor” results in a balancing factor
(scaling factor) for that trace which is applied to all samples in the trace for both data sets.
Consequently, both data sets have been normalized to a uniform amplitude energy.
Therefore, differences between the two seismic monitors that may be due to differences in
the source, water-table or any other effect not related to the EOR process should not be

present anymore.
3-D DEPTH MIGRATION OF THE ENERGY BALANCED STACKED DATA

3-D depth migration of both energy balanced stacked data volumes (base 1987 and
steam 1988) was performed in order to generate seismic images with higher spatial and
vertical resolution. Also, since we depth migrate the data the resultant seismic sections are
in depth thus avoiding time to depth conversions and making the interpretation process
easier. We used the one-pass 3-D depth migration algorithm (Chapter 4) with a small
extrapolation step of 1 m which produces migrated images of high vertical resolution. Both
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data sets were migrated using the same velocity model in order to preserve the ditterences
in amplitude and time/depth of reflectors within and below the steam-heated reservoir. The
migration was performed on 44 processors of a Myrias SPS3 parallel computer. The CPU
time required for the migration (including I/O and FFT) of each data volume (90x73 CDPs
and 1501 time samples) using 1500 depth steps and 250 frequencies was 9.10 hours.

6.4.5 Attribute Analysis

Prior to any processing we analysed the stacked data. Inline 12, from both stacked
volumes (base 1987 and steam-monitor 1988). is shown in Figure 6.4.8. At the time of the
monitor survey only two (16, 18) of the five wells along inline 12 were still steaming. We
can observe clearly the amplitude anomalies (bright spots) associated with the steam
injection when the monitor inline 12 is compared with the base. Furthermore, time delays
are easily observed on the monitor for the reflectors below the reservoir (Sparky Sands
between 0.375 and 0.4 s). This delay is more evident for the Devenian reflector (at about
0.5 s) and it is about 6 ms. Also, this is clearly seen when time slices from both base and
steam data volumes are compared (Figure 6.4.9). Furthermorce, when the amplitude
spectrums (not shown here) of both base and monitor inline 12 are compared, a spectral
attenuation was observed for the high frequencies on the steam inline within and below the
Sparky reservoir.

We interpreted the Colony horizon (at about (.34 s) on both base and steam data
which is above the reservoir. The Colony travel time maps between the base and steam
surveys were subtracted. The resultant time difference map (Figure 6.4.10.b) revealed
significant time delays to the Colony during steaming although we expected no time delays
on reflectors above the steam zones. Furthermore, the difference of the Colony horizon
slices between monitor and base surveys show amplitude difference (Figure 6.4.10.a) with
the Colony, during the monitor survey, having a decreased amplitude over most of the
area. These amplitude changes and time delays on the Colony, indicate that effects other
than the steaming ones exist and caused changes on the reflectors above the reservoir.
Therefore, the changes that are observed on the reflectors within and below the reservoir
are due to the combined steaming effects with others such as source changes and variations
in the water table. Therefore, it is necessary to energy balance, to correct for the effects not
related to the steaming process. Also, instead of comparing travel time maps that are
referenced to the surface we should compare isochrone maps which are referenced to the
Colony. in order to remove the time delays that are not due to the steaming effect.
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The Devonian reflector was interpreted on both energy balanced stacked data
volumes. The amplitude difference (Figure 6.4.11) between the two horizon slices
(monitor-base) show that the Devonian has dimmed during steaming. The main anomaly is
in agreement with the stress field in this area thus suggesting that the most of the steam is
moving through preexisting fracturing paths. On the other hand, the difference between the
Devonian isochrone maps (taken with respect to the Colony at each survey) from the base
and steam surveys show a large time delay (Figure 6.4.11). This time delay correlates with
the steaming wells at the time of the monitor survey (wells 16, 18, 13, 3, 6). However, the
major time delay anomaly (blue colour, ~5 ms) does not correlate with the amplitude
anomaly very well.

Next we analysed the depth migrated data volumes. In Figure 6.4.12 the inline 12
from both the base and steam migrated data is shown. Along this line only two wells (16,
18) were still steaming.The effect on the seismic reflections of the steam injection can be
observed on the monitor inline 12 when compared to the base one. The amplitude of the
reflectors within the Sparky reservoir in the vicinity of the steaming wells is increased,
especially notice the bright spot around CDP 40 ( on inline 14, not shown here, the bright
spot is on CDP 44). Furthermore, changes in the seismic signature such as amplitude
decreases and depth pushdowns can be observed. For example, the Devonian shows an
apparent depth pushdown in the steam data. Similar effects on the seismic reflectors within
and below the reservoir can be observed on the monitor data such as on crossline 44
(Figure 6.4.13). Along this line three wells (18,13, 3) are still steaming. In addition
increased fracturing is seen in the reservoir and the shale below it in the vicinity of well 3.
Dramatic changes in the reflectors, such as time delays (velocity sags) and amplitude
changes, within the reservoir can be observed on the monitor data (e.g., inline 60, Figure
6.4.14) as we move close to well 3 which is st’ll steaming

Next, the Devonian reflector was interpreted on both base and monitor data. The
Devonian isopach maps generated with respect to the Colony (above the reservoir) were
differenced. The resultant apparent depth difference (pushdown) shows an anomaly that is
mostly concentrated in the east side of the pad (Figure 6.4.15). However, pushdowns are
observed in the vicinity of all steaming wells (16, 18, 13, 6, 3). Next, the Devonian
horizon slices are differenced (base-monitor) to obtain an amplitude anomaly map. The
resultant anomalies show the areal amplitude decrease of the Devonian during steam
injection and they show large amplitude decreases in the vicinity of the steaming wells (3,
6, 13, 16, 18). Furthermore, semicircular anomalies propagate downwards (from north to
south) may associated with an expanding steam zone from north to southeast due to the
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high pressure in the center of the pad (wells 18, 13, 3) and very low pressure in the east
side of the pad (drawdown wells). Both the amplitude and depth anomalies (Figure 6.4.16)
are in general agreement with the corresponding anomalies observed on amplitude
difference and time delay maps generated from the data before migration (Figure 6.4.11:
opposite colour scale is used).

The Upper Sparky (about 355 m) horizon was interpreted on both base and monitor-
steam depth migrated data volumes. The isopach maps generated with respect to the Colony
(above the reservoir) were differenced (Figure 6.4.15). The resultant apparent depth
difference (pushdown) shows an anomaly that is mostly concentrated in the east side of the
pad. However, pushdowns are observed in the vicinity of all steaming wells (16, 138, 13,
6. 3). Additionally. the difference between the base and steam horizon slices shows
anomalies associated with the steaming wells. Furthermore, semicircular anomalies
propagate downwards (from north to south) and may associated with an expanding steam
front from north to southeast that is caused by the differential pressure between the high
pressure in the center of the pad ( steam injection wells 18, 13, 3) and very low pressure in
the east side of the pad (drawdown wells).

In addition to the above analysis, other horizons such as the Middle Sparky. the GP
kick and the Clearwater were i:terpreted. Seismic attribute analysis, such as travel time and
amplitude differencing. generated seismic images (not presented here) that show anomalies
that correlated well to the pressure states of the wells and were in agreement with the

anomalies discussed above.
6.4.6 Discussion of Results from Mobil’s Experiment

By integrating all the available information detailed velocity models were constructed
that represent reservoir condition prior to any steaming (base). Additionally, these models
included steam zones that simulated the hydraulic reservoir systems in the Sparky Sands
during steam stimulation. Using these models elastic wave simulations during different
phases of the EOR process such as before any steaming (base) and during steam injection
(steam-monitor) were performed. The resultant realistic seismic sections were able to show
the effects on reflections within and below the Sparky reservoir due to the presence of an

expanded steam-heated zone.

(Text continued on page 241)
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Figure 6.4.7: The processing flows as they were applied on both data sets (base and

steam-monitor) by Mobil Oil and the Seismology Laboratory, University of Alberta (this
research).
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monitor.
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Figure 6.4.11: The Devonian horizon from the stacked data after normalization: (a) the
amplitude difference and (b) the time delay (pushdown) between monitor and base surveys.
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(b) MONITOR 1988: INLINE 60

(a) BASE 1987: INLINE 60
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Figure 6.4.14: The inline 60 from the depth migrated data: (a) base (1987), and (b) steam-monitor (1988).
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Additional processing was performed on the 3-D seismic data in order to remove all
the effects not associated with the steam stimulation by energy balancing the base and
steam-monitor stacked data volumes. Furthermore, the one-pass 3-D implicit finite
difference depth migration algorithm developed in this thesis was used to migrate both
seismic surveys resulting in high resolution depth seismic images (1 m vertical resolution).

The analysis of the stacked data showed effects on the seismic attributes that were
not related to the steam stimulation only thus showing the need of the energy balancing
between the base and monitor surveys. Further analysis using the depth migrated data
generated high resolution seismic images within and below the reservoir. The observed
seismic attribute anomalies are functions of a number of variables such as velocity,
reflectivity and attenuation and resulted in time or depth pushdowns, amplitude bright spots
or dim spots, and spectral modifications. Anomalies observed within the reservoir in the
vicinity of the steaming wells (high pressure) are the direct result of velocity decrease and
amplitude increase associated with the rock and fluid compressibility increases which were
caused by the high fluid pressures (small effective stress) and the high temperature (steam).
Furthermore, anomalies (bright spots or dim spots) observed in the vicinity of drawdown
wells (flow back, small pressures) may be associated with the higher gas saturation in
those areas of the reservoir (gas evolution will produce a bright spot) or to residual effects
from the completed steam cycle (for these wells) such as gas reduction (dim spot). In
conclusion, the otserved seismic attribute anomalies generally correlate well with the

pressure and steaming states of the wells on the pad.

5. CONCLUSION ON SEISMIC MONITORING OF EOR PROCESSES

High resolution realistic models (velocity, density) for Imperial Oil’s D3-pad and
Mobil Qil’s vertical pilot site were generated before, during and after underwent cyclic
steam stimulation for bitumen recovery for the Cold Lake oil sands. These models were
generated by successfully integrating all available information such as sonic and density
logs, 3-D seismic data, crossweli data, geologic data, and reservoir engineering data from
observation wells. 2-D and 3-D acoustic and elastic wave simulations were carried out for
these models by implementing the sophisticated and computationally efficient 2-D elastic
and 3-D acoustic modeling algorithms developed in this thesis on powerful
supercomputers. The generated synthetic seismic data resolved the geological structure and,
as well, they displayed calcified tight streaks in the oil sands reservoirs. These tight shales
are of critical importance for the oil recovery process since they act as permeability barriers
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that impede vertical migration of the steam. Wave simulations were performed during
different phases of the EOR process such as before any steaming (base), steam injection
and production (monitors). The resultant sections showed the effects on the seismic
signature of the reservoir conditions during the different phases of the EOR process. Also,
they resolve the steam-heated zones. Furthermore, the wave simulations provided us *vith a
better understanding, of the relation between the seismic characteristics such as velocity,
amplitude and frequency with the reservoir conditions such as pressure, temperature and
gas saturation that proved to be valuable during the interpretation of the real data.
Therefore, the modeling algorithms developed in this thesis prove to be valuable tools in
understanding seismic changes occurring during the steam stimulation process.

Additional processing was performed on the 3-D seismic data in order to remove all
the effects not associated with steam stimulation by normalizing the two monitor data sets
(energy balancing). Furthermore, the one-pass 3-D implicit finite difference depth
migration algorithm developed in this thesis was used to migrate all 3-D seismic monitoring
surveys resulting in high resolution seismic images.

During production the reservoir conditions near the boreholes are at a local minimum
in terms of fluid pressure (high effective stress) and temperature but at a maximum in terms
of gas saturation. On the other hand, during the steam cycle the reservoir conditions are at a
local maximum in terms of fluid pressure and temperature but at a minimum in terms of gas
saturation. The changing conditions are a major source for alteration of the seismic
signature and the cause of seismic anomalies during steam injection and production.

Seismic attribute analysis was performed in a number of different ways on all data
sets. The images from the depth migrated data have high resolution and more accuracy due
to the better migration algorithms used and thus more emphasis was given to these data
sets. The generated images showed seismic anomalies such as time delay., depth
pushdowns, velocity decreases, spectral modifications and amplitude changes, that are
asscciated with the expanding steam-heated zone during the steam injection phase and the
gas presence during production. Also, these anomalies imaged the expanding steam front
and suggested areal and vertical conformances. Furthermore, these anomalies were well
correlated to the areal location of the pressure and temperature states of the wells on the
pads. This suggested that the anomalies on the seismic signature, imaged from the seismic
attribute analysis of the monitoring data (base, steam, production cvcles), are the combined
result of a decrease in the effective stress, a temperature increase, and gas reduction during
the steam phase with respect to the production phase.

Overall, the generated seismic images correlate well with the observed field
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performance behavior. However, a quantitative ccrrelation is required in order to obtain
estimates of reservoir properties such as saturation and permeability from the above seismic
images. This may be possible with the utilization of geostatistical estimation methods such
as kriging. Ideally, seismic surveys should have been conducted over shorter time intervals
(e.g., 4 to 6 month intervals) to e..able better forecasting of the steam front movement, and
to assist in the balancing of reservoir voidage at the production wells in attempt to exercise
some control over the reservoir sweep mechanism. Furthermore, a base survey (prior to
any steaming) is of critical importance since it can provide a reference data set that can be
used in conjunction with the monitor data sets for seismic attribute differencing analysis
and the mapping of the vertical steam conformance.

The reported results imply that reservoir parameters may be detected in-situ using
reflection seismology to map the spatial heterogeneity of porosity and permeability, detect
anomalous pore pressure and its temporal variations, detect subsurface fractures, track
thermal fronts, monitor the movement of gas caps and track the steam front in steam
stimulation. We believe that with advent of the new vector and parallel computers and
sophisticated interactive workstations, 3-D high resolution surface seismic uume-lapse
menitoring is a feasible and potentially powerful technique that can be used for the design
and efficient management of the thermally enhanced oil (EOR) recovery from the enormous
reserves in the tar sands at Cold Lake, Alberta.
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CHAPTER 7

IMAGING OF GROUND-PENETRATING RADAR DATA FOR
CHARACTERIZATION OF
NUCLEAR WASTE REPOSITORIES

7.1 INTRODUCTION

Ground-Penetrating Radar (GPR) is being used to map the earth’s shallow subsurface
in engineering applications, groundwater detection, environmental and archaeological site
assessment. Annan et al. (1992) used GPR for monitoring dielectric permittivity of a dense
non-aqueous phase liquid (DNAPL) migrating into a sandy aquifer. Roberts et al. (1992)
used 3-D GPR for the detection of buried steel drums. GPR was also selected by Wood et
al. (1993) as a potential technique for hazardous-waste investigations in southern
California. Annan et al. (1991) used GPR to detect and map the water table. Friedel et al.
(1991) used < mmon offset radar for detecting small scale fractures in igneous rock. imai
et al. (1987) used ground-penetrating radar for archaeological investigations.

All the countries producing nuclear generated electrical power encounter :he problem of
management and disposal of the nuclear waste. At present many of these countries are
researching methods for underground disposal of high level nuclear waste. As part of the
Canadian Nuclear Fuel Waste Management Program, Atomic Energy of Canada Limited
(AECL) is studying the plutonic rock of the Cai.1dian Shield as a medium for disposal of
nuclear waste (Dormuth et al., 1987). One important aspect of this research involves the
determination of the structure and physical parameters of granitic rock.

A variety of geophysical methods ave being used for identifying fractures and zones of
structural weakness prior to underground excavation. Ground-penetrating radar surveys
may be used to discover fracture zones in igneous bodies for distances of 100 m or more
from the surface or from boreholes and mine shafts. The radar reflection method is based
on backscattering from discontinuities in dielectric constants within a rock mass. Although
the radar reflection method uses electromagnetic waves in the 10 to 1000 MHz frequency
band, there are similarities to the seismic reflection method which uses viscoelastic waves
in the 10 to 1000 Hz band. A radar profile is similar to a seismic shot gather or a CDP
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stacked seismic section, depending on the radar survey geometry. Therefore, many of the
processing techniques that have been developed for seismic data processing can be directly
applied to radar data.

One of the most powerful methods among a large number of seismic processing
techniques is the migration method. It positions dipping and diffracted data to their true
subsurface location resulting in a correctly focused image with increased spatial resolution.
Claerbout (1976, 1985) and Yilmaz (1987) have discussed extensively seismic migration
and other processing methods. A number of investigators have applied seismic processing
algorithms to radar data including, a number of different migrations such as split-step
Fourier migration (Fisher et al., 1992; Hu, 1992), Kirchhoff migration (Hogan, 1988),
reverse-time migration (Fisher et al., 1992), w-x depth migration (Kalantzis et al., 1994),

In this paper we apply both commercially available and our own seismic processing
algorithms such as frequency-space depth migration to GPR data from AECL’s Whitesheli
research area in Manitoba in order to detect and image fracture zones in the plutonic rock.

7.2 GEOPHYSICAL METHODOLOGY

The Whiteshell research area (WRA) is located near Pinawa in southeasterr: Maritob,
Canada (Figure 7.1) and is one of AECL’s principal geuscience rescarch sitcs. An
extensive drilling program has been carried out in the granitic Lac du Bonnet Batholith neur
the western margin of the the exposed Precambrian Shield. The Underground Research
Laboratory (URL) has a vertical shaft and two main working levels (Figure 7.2) at 240 and
420 m depth. The research carried out at WRA has two main ubjectives: (1) to apply and
refine geophysical methods for characterization of potential dis; - - 1 vault sites in igneous
rocks of the Canadian Shield and (2) to refine and calibrate the regional geosphere model
for use in hypothetical disposal vault performance assessment calculations.

Geophysical techniques are used for site screening, evaluation and excavation-scale
characterization (Soonawala et al., 1990). The methods used for site screening and
evaluation are airborne and surface magnetic and electromagnetic (EM), surface gravity and
surface seismic reflection. The methods used for site characterization, such as detecting,
characterizing and mapping fractures zones within the piutonic rock mass (P-wave velocity
5000~6000 m/s, radar wave velocity 1.2x108 m/s), are well logs, high resolution seismic
reflection (1000 Hz), crosshole seismic tomography (5 kHz) (Hayles et al., 1994), mini-
crosshole seismic tomography (50 kHz) (Hayles et al., 1991; Wong et al., 1985), surface
radar (25~100 MHz) and borehole radar (20~%,0 MHz).
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Fractures are characterized by one or more geophysical responses such as low
resistivity, low acoustic velocity, low density, high apparent porosity. At URL the above
methods have confirmed the existence of two major low dipping fracture zones (FZ-2, FZ-
3) in the rock mass (Figure 7.2) which subcrop to the northwest of the shaft. One fracture
zone (FZ-2) is locited about 20 to 30 m below the 240 m level at the shaft of the URL site
(Stevens et al., 1994),

Among the many geophysical experiments performed at WRA are surface reflection
Ground Penetrating Radar (GPR) surveys over fracture zones in the upper 100 m of the
granite, single-hole reflection and crosshole tomographic radar surveys from the URL
excavation levels (Holloway et al., 1992; Stevens et al., 1994).

7.3 GEOLOGY OF THE WHITESHELL RESEARCH AREA

The Lac du Bonnet Batholith is located in the southern part of the English River
subprovince of the Superior Province of the Canadian Shield (Brown et al., 1989). It has
an east-northeast direction and about 1500 km? of it are exposed east of the Paleozoic
cover. It is a relatively homogeneous body mainly composed of pink, porphyritic granite-
granodiorite and xenolith-bearing granite in the upper part and an impermeable grey
granite-quartz monzonite below 350 m.

The outcrop surfaces are low relief and easily accessible for radar surveying. The
structural features significant for the GPR studies are low-intermediate-dipping (0~20°;
Brown et al., 1989) fractures that are scattered at the surface but reduce to well defined
fault zones at depth. Borehole information in the vicinity of the GPR profiling areas often
shows subhorizontal fracturing in the top 100 m of the granite. Radar profiles from the
outcrops around these boreholes give information about the nature and areal extent of this

fracturing.
7.4 GROUND-PENETRATING RADAR METHOD

The radar reflection method is based on back scattering from discontinuities of the
dielectric constant in the rock. Ground Penetrating Radar (GPR) systems transmit a short
pulse of electromagnetic energy from an antenna into the ground. The reflected energy from
a discontinuiiy depends on the contrast between the relative dielectric constant (g,) and the
electrical cenductivity (o) of the fracture with the host rock at the interface. The GPR
syat..m measures tie total travel time and amplitude of the electromagnetic energy that has
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Figure 7.1: Location and area map of AECL’s (Atomic Energy of Canada Limited)
Whiteshell Research Area and the Underground Research Lab in Manitoba, Canada.
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travelled from the transmitter antenna to the receiver antenna directly or after reflecting at
discontinuities in the rock. A radar profile is produced by plotting amplitude and the two-
way travel time versus the midpoint between the two antennas.

GPR systems operate at frequencies from 10 MHz to 1000 MHz. The frequency range
and the amplitude of the initial signal and the electrical properties of the medium determine
the resolution and effective penetration range of the radar survey. The maximum effective
range of a GPR system depends on the radar system limitations and energy attenuation in
the transmission medium. Higher survey frequencies result in greater resolution but smaller
probing distances. The average attenuation rate of radar energy at a frequency of 22 MHz
has been calculated by Olsson et al. (1987) to be 0.3 dB/m in granite.

The electromaguetic field generated by a radar antenna and transmitted into a medium
can be described by Maxwell’s equations. Formulations for the radar reflection method are
given by Olsson et al. (1987) among others. From these formulations it arises that the
magnitude of the electrical attenuation is defined as the skin depth distance &, over which
the intensity of the plane wave is reduced by 1/e (i.e., the field strength is ~37% of that at
the source). The skin depth is given by the equation

s5=2 [£ 7.1

where o is the electrical conductivity of the medium, € the electrical permittivity of the
medium and p the magnetic permeability of the free space.

According to Holloway et al. (1986), the propagation velocity of electromagnetic
energy at GPR frequencies in the Lac du Bonnet granite is approximately 0.120~0.125
m/ns. Then using the following equation

&= (& 2 (7.2)

where g, is the relative dielectric constant of the medium,c is the speed of light in vacuum
(3x1 08 ny/s) and V describes the velocity of the electromagnetic plane wave in the
medium, the relative dielectric constant of the Lac du Bonnet granite has been determined
to be approximately 6~6.5. However, the presence of water in the fractured granite will
have a great effect on the dielectric constant and the conductivity of the rock. On the other
hand the unfractured granite has only negligible amounts of water because of its very low
porosity. The dielectric constant for granite varies from 4.8 to 18.9 and for water is 80.36
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(Telford et al., 1976).
The signal wavelength is related to the frequency of the antenna and the transmission

medium,

A= N“_'E (7.3)

where A is the wavelength of the signal in the transmission medium and f is the centre
frequency of the radar antenna. Assuming a dielectric constant (&) of 6.5, the wavelength

at 25 MHz frequency is about 4.7 m.
7.5 FREQUENCY-SPACE DEPTH MIGRATION FOR GPR DATA

One of the most advanced processing techniques applied to the seismic data is
migration. The migration technique positions dipping and diffracted data to their true
position resulting in an image which has greater spatial resolution. For example, a point
scatterer that is buried in a constant velocity medium generates a zero offset seismic section
that is a hyperbola in two dimensions. In this case, migration sums amplitudes along the
diffraction hyperbola and then places the result at the apex of it. The kinematics of both
seismic reflection and radar reflection methods are similar. Therefore we can use the
seismic migration algorithms based on the scalar wave equation for migrating radar data.

In this thesis 2-D finite difference poststack depth migration in the frequency-space
(0-x) domain was used for migration of GPR profiles. The algorithm was parallelized over
frequencies and is described in Chapter 4. The algorithm was implemented on a 44-
processor Myrias SPS3 MIMD parallel computer. The CPU time required for the migration
of a GPR line was very small, e.g., for a problem of size 129 traces X 1126 time samples
the CPU time required was 179 sec when 1001 depth steps (dz=0.1 m) and 250
frequencics were used. Since the computational time required for the migration is small, it
is practical to perform a number of depth migrations (iterative migration), updating the
velocity field in search of an interpreted optimum migrated result.

7.6 ACQUISITION OF GPR DATA IN GRANITE

The upper 300 m of the Lac du Bonnet granite is a very good medium for propagation
of electromagnetic energy at radar frequencies because it is highly resistive (greater than 10
KQ-m). Also, water filled fracture zones are good reflectors of radar energy because of
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their electrical contrast (lower resistivity and higher dielectric constant) with respect to the
surrounding granite. Therefore, high frequency radar systems are well suited for the
detection and characterization of fracture features in granite.

Surface, single-hole and crosshole radar surveys have been conducted at a number of
sites in the Whiteshell research area. These experiments were conducted to identify and
map fracture zones. Two types of radar systems are used by AECL: the RAMAC borehole
system from ABEM Geoscience of Sweden and the PEIV surface radar system from
Sensors and Software Inc. of Canada. The principles of both systems are similar.

The depth of penetration is inversely proportional to the profiling frequency and directly
proportional to the strength of the output signal. Therefore, the success of a GPR survey
depends on the antenna frequency and pulser voltage used which vary with depth of
interest and reflector resolution required. A typical surface radar profile was recorded with
a marching transmitter-receiver pair, spaced at a fixed distance, depending on the frequency
used, along the survey line. The long axis of the antennas was oriented perpendicular to the
survey line (transverse electric configuration). The pulser voltage was 1000 V. Signals
were recorded at a constant interval (0.5~1 m) as the antenna pair was movced along the
survey line. Each measurement consisted of a stacked pulsed radar signal (128 stacks) for
an improved signal-to-noise ratio.

Figure 7.3 shows the location of the GPR lines and boreholes in Permit area B and in
the URL area. In Figures 7.4 and 7.5 we show the raw data of four surface radar profiles.
For all the profiles the antennas used had a centre frequency of 25 MHz, the transmitter-
receiver antenna spacing was 3 m and the sampling interval was 1.6 ns. Automatic gain
control (AGC) has been applied on the raw data so that the weaker and deeper reflections
become visible. Otherwise only the direct arrival and the first reflector are visible.

Figure 7.4.a shows the raw data of radar profile-b3 from Permit area B (Figure 7.3.a).
Borehole WB1 is about 40 m west of this radar line (Figure 7.3.a). The measurements
were collected at 1 m intervz:: for a total of 152 raw traces corresponding to station 15 to
165 m. Figure 7.4.b shows radar profile-u2 from an outcrop survey in the northwest part
of the URL area. A vertical borehole (M10) exists near the northwest end of the radar
profile (Figure 7.3). The profile consists of 112 traces corresponding to station 0 to 55.5 m
with the measurements recorded at 0.5 m intervals. Figure 7.5.a shows radar profile-pgl1
which is located in the URL area. The profile consists of 129 traces with trace spacing of 1
m. This profile is parallel to the strike of a local fracture zone. On the other hand, Figure
7.5.b shows radar profile-pgl3 whicii is essentially perpendicular to the strike of the same

feature. All raw GPR profiles are plotted with AGC (0.2 ps time window).
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Figure 7.4: Raw GPR profiles: (a) profile-b3 from the Permitt area B, and (b) profile-u2
from the URL ._rea.
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Figure 7.5: Raw GPR profiles: (a) profile-pgll and (b) profile-pgl3, both from the URL
area.
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7.7 PROCESSING OF GPR DATA USING SEISMIC ALGORITHMS

The principles of the radar reflection method are similar to the ones of the seismic
reflection method. In the survey geometry that was used, a radar profile is similar to a one-
fold common midpoint (CMP) stacked seismic section. The energy reflects at almost
normal incidence from a reflecting interface because the transmitter-receiver szparation
(offset) is small (3 m for 25 MHz antenna) compared to the average probing depth in
granite. Therefore, a radar profile can be compared to a zero-offset seismic section.
However, some of the recorded energy is not from reflectors directly below the midpoint of
the antenna pair or the point of recording.

Demultiplexing (from time slices to traces) is not needed since the data were recorded as
traces (only one source and one receiver are used each time). Elevation scatics are not used
since the elevation in the survey area changes gradually with about a 2 m relief across each
site. A static shift is applied to each of the raw traces to correct for the fact that recording
was started before source excitation. Also, a time dependent gain function is applied on the
data to compensate for energy losses due to geometrical spreading and ohmic attenuation of
energy (~0.3 dB/m). Profile-u2 is processed with AGC applied on the data but not the
above gain. The rest of the profiles are processed with the above gain applied on the data
(no AGC is used).

Predictive deconvolution is applied for spiking the wavelet and suppressing short to
medium period multiples. Next, band-pass filtering with an upper cerner frequency near
the antenna’s third harmonic (75 MHz), is applied to remove the characteristic low and high
frequency background noise cemponents. Also, a signal to noise ratio (SNR) enhancement
filter is applied via the Karhunen-Loeve transform. ITA/Insight algorithms were used for
deconvolution and SNR enhancement in the above processing steps.

In Figure 7.6.a profile-u2 is plotted after the above processing flow with AGC (0.2
ps). Also, in Figure 7.7.a profile-b3 is plotted after processing with gain (0.3 dB/m). We
can observe that the quality of the radar profiles has improved. However, in order to
collapse diffractions and focus the energy migration of the data is csseatial.

Velocity analysis was performed by AECL (Stevens ct al., 1794). The near surface
ground wave velocity was estimated to be about 0.120 ry/ns using a wide angle reflection
and refraction technique (WARR) o.. outcrops. Also, the average wave velocity of the rock
in the upper 300 m was estimated from the slope of a best-fit line through crosswell radar
data to be approximately 0.118 m/ns.

Prior to migration a smooth spatial and temporal taper is « pplied on both sides of the
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radar profile to reduce generated artifacts due to the finite aperture. Our own frequency-
space domain (a-x) depth migration algorithm, descri“ed in Chapter 4, was applied to the
data using a constant velocity of 0.12 m/ns. For all profiles the wavefield was downward
extrapolated using a depth step by automatic merging of 0.1 m. After migration and prior
to plotting the final migrated results, random noise attenuation and trace balancing are
applied. Figure 7.6.c shows the migrated radar profile-u2. The depth migrated radar
profiles b3, pgll and pgl3 are shown in Figures 7.7.c, 7.8.a, 7.8.b, respectively, using
colour to show the amplitude strength of the events. As we see on the migrated i rofiles
with and without AGC, the diffractions have been collapsed, most of the energy has been
focused and reflectors are more continuous and sharpened. Tigure 9 shows the GPR data

processing flow used.
7.8 INTERPRETATION OF THE GPR MIGRATED IMAGES

The tirst strong continuous avent of the profiles is the direct arrival of the air-ground
wave. The air wave is the fastest event in radar data (whereas it is the slowest in the seismic
data) since it propagates at 3x108 my/s. The other direct wave vropagates along the air-rock
interface at about 1.2x108 my/s (radar velocity in granite).

On the depth migrated profile-u2 (Figure 7.6.c) the m. st significant feature is a strong
continuous reflector at about 40 m at the northwest end of the profile and at about 55 m
depth at the southeast end. This reflection corresponds to the loc: - on of the fracture zone
FZ-2 (Figure 7.2), logged in borehole M-10 (Figure 7.6.b). Another feature is a reflection
event at depths of about 15~20 m. It extends about 25 m laterally at the southeast of the
profile and is mest likely 2 fracture feature. The diffraction event generated from the
termination or closure of this {racture seen on the raw data (Figure 7.4.b) has collapsed
after migration.

Or: the depth migrated profile-b3 (Figure 7.7.c) a strong continuous reflector along the
whole section exists at about 15~20 m depth. Another, iess continuous reflector horizon
exists at depths of about 30~40 m which is essentially subhorizontal and highly
discontinuous possibly indicating echelon fracturing and/or regions of higher hydraulic
permeability along the fracture zone. The proximity of this radar profiling line to borehole
WB-1 has also made it possible to confirm the dip and the nature of these rcflectors at
corresponding depths in the borehole core Jog (Figure 7.7.b).

The migrated profile-pgll (Figure 7.8.a) clearly images a fracture zone (FZ) at depths
of 60 to 80 m along the profile, essentially parallel to the strike of the feature. Also, the
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migrated profile-pgl3 (Figure 7.8.b) images the same fracture zone perpendicularly to the
strike. On both migrated profiles the diffractions seen on the raw data (Figure 7.5) have
been collapsed and some of the dipping events have moved out of the area of the profile.
On the profile-pgl3 (Figure 7.8.b) very strong reflections from the bottom and weaker
reflections from the tog of the fracture zone are ranging from 35 m depth near the outcrop
edge at the northwest to 80 m depth at the southeast end of the profile. This fracture zone
(FZ, Figu'~ 7.3.b} has been confirmed in near-by boreholes. It is open to water flow to the
northwest 1 .: ... es to the southeast. The imaging results indicate that the fracture zone is
about 2% .. . ~k which could generate internal radar reflections as well as discrete
reflectors from: :ne top and bottom of the zone.

(Text continued on page 263)
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6.9 CONCLUSION

The raw GPR profiles show an unfocused image of the fractured granite due to
diffractions, noise and weak deeper reflections. The raw data were processed using scismic
processing algorithms such as deconvolution, filtering and frequency-space depth
migration. The only difference is the scale of the problem, the time in seismic migration is
in the order of seconds (s) whereas in radar migration the time is in the order of micro-
seconds (us). The @-x depth migration algorithm was capable of collapsing the
diffractions, moving dipping events to their true subsurface location and focusing most of
the energy. The final migrated results show significant improvements in signal to noise
enhancement, depth of penetration, collapse of diffractions and imaging of fracture zones.

In the above processing flow an approximate time-dependent compensation has been
applied for geometricai spreading and ohmic dissipation of energy. Thus, the migrated
profiles accurately image the shape and location of the reflectors, collapse diffractions and
move dipping events to their true positions but in terms of amplitude the images may ot be
absolutely reliable.

We applied successfully a 2-D processing flow to 2-D radar data (Figure 7.9).
However, 3-D effects suck as energy originating from places off the survey plane are not
imaged properly with a 2-D migration. Also, with the above used poststack processing
flow based on the zero-offset assumption and the exploding retlector model, multiple
reflections and evanescent energy may not be totally corrected.

The ground-penetrating radas method at centre frequencies of 25 MHz in the granitic
Lac du Bonnet Batholith has successfully imaged fractures to distances of at least 100 m
below outcrop surfaces. Furthermore, all strong reflections detected on the radar profiles
correlate well with open fracture zones logged in drill cores.

This study clearly demonstrates that seismic processing algorithms can be successfully
applied to ground-penetrating radar data due to the kinematic similarities between radar
reflection and seismic reflection methods. Furthermore, the paraxial approximation to the
scalar wive equation can be used for the depth migration of radar data the same way as

applied to seismic data.
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CHAPTER 8
CONCLUSE NS

This thesis explored new and existing wave-equation modeling and migration methods.
Innovative utilization of recent advances in computing based on the vector computations
and the subdivision of the computational sequence into parallel components led to the
development of highly vectorized and parallel algorithms. Many of the developed
algorithms were vectorized using sophisticated approaches such as matrix multiplication by
diagonals to take full advantage of the computational power of vector supercomputers. On
the other hand, some of the algorithms were highly parallelized by utilizing the inherent
parallelism in the frequency, space and partially in time domains that the seismic equations
have and thus they took full advantage of the computational power of massively parallel
computers and workstation clusters. Implementation of the above algorithms fully utilized
the existing current supercomputer technology that we had access to such as vector and
parallel supercomputers (e.g., a Convex 210 vector mini-supercomputer, a Fujitsu VPX
240/10 vector/parallel supercomputer, and a Myrias SPS-3 MIMD parallel computer) and
single workstations and workstation clusters (e.g., SUN, IBM RISC 6000). This led to the
implementation of more accur¢i2 and cost effei've seismic imaging methods that were in
the past impossiple in practice.

A new 3-D acoustic mode’i mehod was formulated and a computationally efficient
algorithm was developed for it. The second order differential 3-D scalar wave equation was
formulated into a first order hyperbolic system which was solved with explicit finite
differences using the MacCormack splitting scheme. The numerical solution of the 3-D
wave system provides a useful method for simulating the evolution of a pressure field
which corresponds to the P or compressional type of body waves which is most frequently
recorded. In the 3-D acoustic modeling algorithm both lateral and vertical variations of the
acoustic (P-wave) velocity and density are 2'lowed. The method accounts for many
important wave phenomena such as diffraction, interference and generation of multiple
reflections. Aithough the use of the acoustic wave equation rules out the generation of shear
and surface waves, it still is accurate enough for many important exploration and
production problems. Another advantage of 3-D modeling is that time slices (snap shots)
come at no extra cost and they can enable us to examine the spatial configuration of the
wavefield as it prc¢rzgates through the 3-D earth model and reaches the surface at different
times. Also, existing 2-D elastic modeling algorithms were modified and fine-tuned for
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computationally efficient and realistic wave propagation simulations in complex structures.

The modeling algorithms were successf"lly vectorized and parallelized. Access to
nowerful vector/parallel supercomputers and massively parallel processors MPPs)
motivated this work towards simulations of wave propagation with higher accuracy in two
and three dimensional inhomogeneous media. The result is a pronounced decrease in
execution time, ability to handle quite large models and an increase in accuracy and
resolution. Particularly, the implementation of the 3-D acoustic modeling algorithm on the
Fujitsu VPX/240 supercomputer resulted in pronounced CPU and vectorization
performance (up to 98 %) thus opening the avenues for large scale realistic wave
propagation simulations in 3-D complex structures.

The 3-D modeling algorithm may easily extended to simulate wave propagation in three
dimensional anisotropic heterogeneous media. Furthermore, the computationai performance
of the algorithm suggests the possibility of large scale 3-D elastic wave simulations in
realistic and complex media. However, both topics are béyond the scope of this thesis and
are left for future research.

2-D poststack and prestack depth migration algc. .thms in the frequency-space domain
using implicit finite differences were developed and implemented on a parallel computer.
Furthermore, 3-D poststack and prestack dep:h migration parallel algorithms were
developed in the frequency domain that use a «nie-na:s or alternat. . ¢ direction implicit
(AD)) finite difference method. The algorithms wer: b ity perall=i-ed by fully utilizing
the inherent parallelism in: the frequency and space doniaiz - txat the scismic equations have
and thus they took full advantage of the computational power of massively parallel
computers. The one-pass 3-D depth migration algorithm was implemented on a Myrias
SPS5 parallel computer for the migration of a number of real 3-D seismic data sets with
pronounced execution times.

An original formulation of the 3-D reverse time migration method was developed
employing either a full or a one-way wave hyperbolic system that is solved with explicit
finite differences usine 1sing the MacCormack scheme. This method is very accurate since
it does not use any approximations to the one way equation such as the paraxial
approximation used for one-pass 3-D implicit finite difference depth migration in the
frequency domain. Furthermore, it does not suffer from the unwanted evanescent energy
since extrapolation is performed in time and not in depth as in the case of the recursive
depth extrapolatinn based migraticns. The use of the full wave system for migration can
result in imaging of dips beyond 90 degrees. On the other hand, the advantage of the one-
way system is that does not generate multiple energy. Based on this innovative formulation
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of the reverse time migration method four new algorithms were developed for poststack
and prestack depth migration of 3-D complex seismic data. All algorithms were vectorized
and implemented on a Fujitsu VPX/240 supercomputer with pronounced CPU and
vectorization performance.

The 3-D reverse time migration method when the fui. wave system is used does not
have dip restrictions. Therefore, it should be able to migrate 3-D seismic data that contain
turning waves generated in complex structures such as overhanging salt domes and
intrusions of salt into faults. Also, the application of prestack reverse time migration can
significantly simplify the processing of seismic data since there is no need for
demultiplexing the data, sorting into common-midpoint gathers, elevation and near-surface
static corrections, first break muting and removal of surface waves, and normal and dip
moveout corrections since these operations are eliminated or are performed automatically
and implicitly with the reverse time migration. Thus, the entire seismic processing sequence
may reduced to determining an accurate velocity model with some kind of velocity analysis
method and depth imaging of the 3-D seismic data with the reverse time migration.
However, this extraordinary potential of our 3-D reverse time migration algorithm has not
yet been fully tested and explored. It is left for research in the immediate future.

This thesis not only developed and implemented new imaging methods but also utilized
all the developed algorithms for imaging seismic and radar wavefields in a wide range of
applications such as 3-D seismic monitoring of tar sands reservoirs during steam
stimulation, crustal studies (LITHOPROBE Alberta Basement transect), and
characterization of nuclear waste repositories. The 2-D migration algorithm was adapted for
applications that range from deep crustal imaging of seismic wavefields that involve 18
seconds long travel times (50 Km depth) and frequencies in the order of 1~100 Hz, to
imaging of radar wavefields that involve 2000 nano-sc' onds (ns) long travel times and
frequencies in the order of 50 MHz. The one-pass 3-D depth migration was used for high
resolution imaging of 3-D seismic monitoring data from EOR sites at Cold Lake, Alberta.
The 2-D elastic and 3-D acoustic modeling algorithms were used extensively for wave
propagation sirnulations in the reservoir before and during steam stimulation processes in
oil sands. Also, the 3-D poststack reverse time migration was used for the migration of a 3-
D synthetic seismic data volume generated over a Cold Lake model.

Atwomic Energy of Canada is investigating the suitability of plutonic rocks of the
Canadian Shield as a repository medium for nuclear wastes. Ground-Penetrating radar
(GPR) data were recorded over the Lac du Bonnet granitic batholith in the Whiteshell
Research Area near Pinawa, Manitoba, Canada. The stacked GPR profiles showed a
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distorted, unfocused image of the fractured granite due to diffractions and noise in addition
to interesting weak deeper reflections. The raw data were processed using seismic
processing algorithms such as deconvolution, correction for attenuation, filtering and our
own frequency-space depth imigration algorithm. The results showed significant
improvements in signal to noise enhancement, depth of penetration and collapse of
diffractions. Water filled fracture zones were particularly well enhanced and weak reflectors
showed improved continuity. Our migration algorithm enabled us to detect and image
fracture zones in the plutonic rock with a resolution never before achieved. Furthermore,
this study demonstrated that seismic processing algorithms can be successfully applied to
ground-penetrating radar data due to the kinematic similarities between radar reflection and
seismic reficction methods. Also, the paraxial approximation to the scalar wave equation
can be used for the depth mig: on of radar data the same way as applied to seismic data.

As part of LITHOPROBE 's Alberta Basement transect, deep crustal seismic reflection
profiling (over 500 Km long) was undertaken in 1992 for probing the crust beneath the
Western Canada Sedimentary basement. The 2-D depth migration described in this thesis
was applied on some of the sei+ mic data and succeed to image structures in the crust down
to depths of 50 Km and the crust/mantle boundary (Moho) at about 4¢ Km depth.

Enormous reserves of bitumen or heavy oil are present in sands of Lower Cretaceous
age in Alberta, Canada. Enhanced oil recovery (EOR) methods such as steam stimulation
are used to reduce the viscosity of the bitumen and produce it by driving it into a production
well, However, during the steaming process, the movement of fluids away from the heated
sources at the perforation level is controlled by permeability heterogeneities and even small
hetercgeneities or anisotropy, caused from fracturing due to high pressure injected steam,
can play an important factor in the efficiency of the EOR process. Therefore, it is important
to image the shape and areal extent of the steam-heated zone and determine the direction and
rate of movement of the thermal front.

An extensive overview of the state of the art knowledge of the seismic wave
propagation phencmeia in porous rocks and in particularly in oil sands was carried out.
This suggested that petrophysical alterations in the heavy oil reservoirs during steam
stimulation, as caused by pressure, temperature, the replacement of bitnmen by steam or
stcam condensate, etc., contribute to velocity changes, attenuation and velocity dispersion
of seismic waves in the effected reservoir. These changes on a seismic reflection record
imply seismic attribute changes such as amplitude brightening of reflections from the top of
the steam zone and travel time delays of reflectors within and below the steam invaded
zone. Thus, non-invasive or remote scnsing geophysical techniques, especially the surface
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seismic reflection method can be used to continuously monitor reservoirs during the EOR
process and map the expanded steam-heated zone.

Two case studies were performed in this thesis that involve steam stimulation projects
(Mobil Oil Canada and Imperial Oil of Canada) in the heavy oil sznds of Cold Lake,
Alberta. Seismic monitoring of the reservoir during the thermal process (steam stimulation)
is performed with 3-D surface high resolution seismic surve:s repeated over specified time
intervals carried out over the EOR sites. The modeling and migration algorithms developed
here were used for advanced processing and interpretation of the recorded 3-D data
volumes and integration of the seismic data with otlier geological and engineering data.
Extensive 2-D elastic and 3-D acoustic wave propagation simulations were performed
during different phases of the steam stimulation process in order to examine the relation
between reservoir properties and conditions such as porosity, permeability and saturation,
pressure and temperature with seismic characteristics such as velocity, amplitude and
frequency modification with time. Furthermore, an extensive seismic attribute analysis was
performed on ail ?-D seismic (base and monitors) before and after our own processing
such as one-pass 3-D depth migration. This resulted to high resolution seismic attribute
images such zs amplitude anomalies, time and depth pushdowns, and velocity reduction
that mapped the areal and vertical extent of the steam-heated zones (areal and vertical
conformance), tracked the steam from: and detected some fractures. Furthermore, the
attribute anomalies were correlated to the areal location and pressure and temperatures states
or the wells. This suggests that the seismic images may be used as reservoir temperature,
pressure and gas saturation diagnostic tools.

The generated seismic images correlated well with the observed field performance.
However, a quantitative correlation is required in order to obtain estimates of the reservoir
properties such as saturation and permeability. This may be possible with geostatitistical
methods such as kriging, but this is left for future research. A knowledge of the evolving
reservoir properties and conditions in real time allows the possibility of controlling and
modifying steam injection and production strategies. Thus, 3-D surface seisr.. .:onitoring
has the potential of becoming a powerful too! for the efficient management of EOR
projects.

in conclusion, we believe that by employing state of the art vector and parallel
supercomputer technology, the imaging algorithms developed in this thesis can be powerful
tools in all phases of exploration and development geophysics.
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APPENDIX A

VECTOR AND PARALLEL SUPERCOMPUTERS

A.1 THE MYRIAS SPS3 PARALLEL COMPUTER

The finite difference migration and modeling algorithms such as the one-pass 3-D
depth migration developed in this thesis were parallelized and implemented on a Myrias
SPS3 parallel computer at the Canadian Network for Space Physics (CNSR) at the
University of Alberta.

The Myrias SPS3 is a MIMD massively parallel computer (MPP). To date, the largest
system assembled consists of 1044 processors. The one used in this research, is installed
in an expandable configuration consisting of 48 Motorola 68040 processors with 8 Mbytes
of memory each. The Myrias SPS3 in terms of hardware is a distributed-memory machine
and is similar to nCUBE parallel computer. However, its operating system presents to the
programmer/user a shared-memory machine.

The Parallel Application Management System (PAMS) is a comprehensive set of
system management programs that support the execution of user programs (Parallel
Programmer’s Guide, 1991, Myrias Computer Technologies Inc). The PAMS is
implemented on the Myrias SPS3 and can also be used on network workstations
(workstation clusters) from which PAMS can extract the power of a massively-parallel
computer. It is the operating system for the Myrias parallel platform that handles data,
program synchronization, distribution and merging.

Since we used the Myrias SPS3 computer extensively in this research, we will
present in some detail some of the functions that PAMS performs and the characteristics of
the Myrias system. The Myrias programming paradigm is deterministic; a program will
always produce the same results. This results in easier code development. It has a coherent
shared virtual memory, that is, a single virtual address space used for all program
memory. The memory is automatically distributed around the network and results to no
programming need for data partitioning, distribution or coherence. However, many
algorithms that use this style of shared memory will need to use semaphores for task
synchronization. Generally, semaphores are used for two purposes: one, as guards on
regions to avoid race conditions; and second, as gates on pages to avoid “jitter” where
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pages get bounced around between concurrently executing tasks referencing the same set of
pages.

The Myrias paradigm is a task based model which means that work is partitioned
according to tasks, not processors. Tasks are executed in the most efficient location. This
allows program portability to different system sizes. It is non-intrusive since parallelism is
expressed by inserting a few compiler directives such as PARDO (for a parallel DO loop).
The approach is similar to vectorization except that both fine-grained and coarse-grained
parallelism can be exploited. Automation features keep lower-level parallel actions out of
the source code. The same source code can be compiled for serial, vector or parallel
execution.

Transparent data distribution allows data to be distributed as needed and when
needed based on dynamic references. That results to normal programming, no need of data
partitioning and distribution, and application portabilit;. It uses dynamic load balancing
since shared memory allows any task to run anywhere. Coherency rules allow tasks to run
in any order. To balance work across processors, it begins with tasks that have not yet
started and all nodes are kept doing work. Programs with widely-varying task lengths will
still run efficiently. With transparent latency hiding, multiple tasks time share on each node
to eliminate wait states. Transparent hierarchical data caching keeps times for data copying
to a minimum,

The Myrias paradigm provides dynamic parallelism where memory distribution, task
distribution and load balancing are all done dynamically in response to specific
requirements of a given job. This allows parallelism to respond to specific input data
conditions and allows the system to respond to interference from other jobs. Uncached
global memory (all tasks modify the same page) and message passing are supported and
can be intermixed with normal PARDO memory. The system maintains only one copy of
an uncached global shared memory page and moves it between processors as it is
referenced. The memory paradigms can be intermixed to allow incremental development
with optimal results. Optimized subroutines can be used by naive users without seeing
effects of lower paradigms.

The Myrias programming paradigm exploits control flow parallelism. This approach
s to extend common programming languages with constructs that allow the expression and
execution of parallelism. This makes parallelization similar to vectorization except that both
fine and grain coarse parallelism can be exploited. Parallelism is primarily expressed in
loops and are referred as PARDO (parallel do) loops ( Karpoff and Lake, 1993). A task is
created for each iteration of the PARDO loop. Then, the tasks are automatically distributed
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and load-balanced across available processors. PARDO’s can be nested with arbitrary
complexity such as nested and recursive parallelism. Each task created by a PARDQ, child
task, inherits a complete copy of the address space from the parent task’s address space.
When the child tasks are completed their address spaces are merged back (mergeby sum)
into a single image and parent task resumes with an updated address space. The Myrias
PARDO is similar to the FORALL statement of the Fortran-D (Fox et al., 1990) in that both
create tasks which use a copy-merge model for <emantics.

A.2 THE FUJITSU VPX240/10 SUPERCOMPUTER

The 3-D acoustic modeling and reverse time migration algorithms presented in this
thesis were implemented on a Fujitsu VPX240/10 supercomputer at the Calgary High
Performance Computing Centre (HPCC).

The Fujitsu VPX240/10 is a single processor, pipelined SIMD (Single Instruction,
Multiple Data) parallel computer with a peak computational capability of 2.5 Gflops (2.5
billion floating point operations per second). It is supported by a large central memory, fast
and large secondary storage units and a large mass storage subsystem.

The CPU consists of a Main Storage Unit (MSU), one Vector Processing Unit and
one Scalar Processing Unit. The main storage unit contains up to 64 MWords (512
Mbytes) of 128-way interleaved memory (128 memory banks) with 35 ns access time. The
mair memory is backed up by a secondary storage unit of that consists of 1024 Mbytes
(128 MWords) which can be configured as part of the file system with transfer rates
between SSU and MSU for either reads or writes at bandwidths approaching 1 Gbytes/sec.

The VPX240/10 vector processing unit is an SIMD (single instruction, multiple data)
pipelined parallel processor. The vector unit includes an ensemble of vector registers and
replicated pipelines (each delivering two results per vector clock cycle). The maximum
speedup available from pipelining is limited by the number of operand pairs that can be in
ti:e pipe simultaneously (~10); all additional performance must come from parallelism. Out
of the seven pipelines that the VPX240 has (Figure 1), six can operate simultaneously: two
load-store, two mask, and two arithmetic pipelines. The load-store pipelines can deliver
two 64 bit words per vector unit clock cycle each. The multiply-add pipelines can execute
up to two “multiply-adds” per vector clock cycle each when executes the compound
multiply-add instruction on contiguous data elements. Thus the two multiply-add pipelines
(four independent arithmetic pipes) concurrently can execute compound multiply-add
instructions at a peak computational rate of 8 floating point operations (FLOPs) per 3.2 ns
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clock period, which translates to 2.5 GFLOPS performance. This is the case when
computing convolutions, solving lincar equations, and performing matrix-matrix or matrix-
vector operations.

In contrast to the vector times vector operations that was optimal on the CRAY-1, the
optimal computation on the VPX240 is the matrix multiply computation defined by the
following kernel:

do 4 j=1,n

*VOCL LOOP, UNROLL (4}

do 4 k=1,n

do 4 i=1,n
4 c(t,j)=c(,j)+a@d,k) *bk,]j).

The use of the compiler directive VOCL (Vector Optimization Control Line) to unroll the k
loop to a depth of 4 increases the numbcr of parallel floating point operations in the inner
loop to 8 to match the 4-pipe architecture of the VPX240 without the need of changing the
original ccde.

The 64 KB registers of the VPX240 can be reconfigured by the compiler to match the
algorithmic characteristics of an application program. The size of the registers are matched
to the inherent parallelism of the application. As the level of parallelism supported by the
hardware increases, the vector length at which half the peak performance is attained has
also increased. This is the so called nj;5. When this value is small the computer behaves
more like a serial computer and when it is large the computer behaves more like a massively
parallel computer. The VPX240 has an nj/y of approximately 150. The reconfigurable
vector registers of the VPX240 allow short vector lengths to be matched with short vector
lengths by lowering the nj,5 value for that particular kernel. This allows the computer to
achieve higher peak performance for a wider range of problem sizes. One of the hardware
characteristics that contributes to an increase in the value of nj,; is the vector start-up
overheads. The advantage of multiple vector registers in the pipelined architectures such the
one of the VPX240 is that the startup overhead of a vector load is incurred only for the first
elements in the loop. Subsequent loads and their overheads can be overlapped with
computation.This is in contrast with the SIMD parallel arrays, which cannot overlap the
communications overhead with computation.

Using Flynn’s taxonomy of parallel processing, the VPX240 belongs to the SIMD
family of parallel computers. Parallelism is defined at the loop level (fine-grained
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parallelism as opposed to the routine or program level (coarse-grained parallelism). The
VPX240 with its independent arithmetic pipes and use of pipelining is a hybrid
implementation of both spatially and temporally multiplexed parallel processors.

The VPX240 has also a single scalar processing unit with a scalar clock running at
6.4 ns (twice the duration of the 3.2 ns vector clock). The operating system partitions the
¢-.ntral memory into two regions. The vector processing unit is supported by a physical
n.zmory organization that is optimal for cpu-intensive computing. The scalar processing
unit is supported by the virtual (paged) memory that is more suitable for an interactive
workload.

A.3 THE CONVEX C210 VECTOR MINI-SUPERCOMPUTER

Most of the 2-D elastic wave simuiations for enhanced oil recovery (EOR) projects at
Cold Lake Alberta presented in this thesis were performed on a Convex C210 mini-
supercomputer at the University of Alberta.

The Cornvex C210 has a 64-bit vector uniprocessor with a cycle time of 40 ns. It has
a peak speed of 50 Mflops, 128 Mbytes of real memory and 5.7 Gbytes of disk storage. Of
this amount, 1.1 Gbytes is used to support virtual memory. Also, as we mentioned earlier,
the Convex C-series computers belong to the MIMD shared-memory class of computers.

The Convex C210 has a vector processing unit with total of 8 vector registers with
128 elements each and 64 bits per element. There are three independent functional unit
controllers: load and store, multiply and divide, add and logical. Chaining consists of
directly routing the output of one functional unit to be the the input of another functional
unit. A vector functional unit can start processing new input before finishing work on its
previous input.

There are a number of properties associated with the vectorization of an application
code. Loops containing array references that use loop induction variables as subscripts are
good candidates for vectorization. A loop induction variable is a variable that is incremented
or decremented by a constant value on each iteration of the loop (e.g., the loop control
variable). Generally, when loops are nested, only the innermost loop can be vectorized.
The compiler can sometimes distribute or interchange nested loops in order to improve
vectorization performance. Some assignments into scalar values can be vectorized by the
compiler using vector reduction operations (some loops can be vectorized even if the results
of operations are not stored into arrays of data). Use of loop induction variables in
calculations does not inhibit vectorization. Conditionals within loops can often be
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vectorized.
Therc are a number of restrictions in the vectorization of a code on Convex

supercompute: s and generally on vector supercomputers. Vectorization of a loop can be
inhibited i* any of the following exist within the loop: Function or subroutine calls; 1/0
statem: :n1s; Character data; multiple exits or entries; equivalence variables or arrays;
recurrence. F ecurrence exists when a new value assigned to one element of a vector
operation depenc. upon the use of another result from the same vector operation. Results
of a vector operation are never available for use by the same vector operation. When the
value of a subscript cannot be determined, the compiler will not attempt vectorization in
order to avoid a possible recurrence. The portions of the loop that inhibit vectorization are
placed by the compiler in a separate loop and run in scalar. Also the compiler performs loop
interchange in order to avoid recurrence-in the inner loop, increase the iteration count for
the vectorizable inner loop and achieve the most efficient vector stride in the inner loop.
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APPENDIX B

FUNDAMENTALS OF SEISMIC WAVES

B.1 STRESS AND STRAIN

In seismology the theory of continuum mechanics is used to describe the propagation
of seismic waves through the earth. Newron's law, in terms of the force and the mass per
unit volume, can be written as

azu(r,t)

~—=pii(r) (B.1.1)
ot

f(r,t) =p

or as a system of equations, one for each component of the force and the displacement

vectors,

3%ui(r,n)

- = p iii(r,t) (B.1.2)
t

fi(r,t) =p

There are two types of forces that can act on an object. One is the body force, which
acts everywhere within an object, resulting to a net force proportional to the volume of the
object. The other is the surface force, which acts on the surface of an object, resulting to
net force proportional to the surface area of the object.

We define the traction vector T(n), as the limit of the surface force F per unit area at
any point as the area becomes infinitesimal. The traction vector has the same orientation as
the force, and is a function of the unit normal vector n because it depends on the
orientation of the surface. The system of surface forces acting on a volume is described by
three traction vectors. The components of the three traction vectors are ’I‘ji , where the upper
index (j) indicates the surface and the lower index (i) indicates the component.

The stress tensor completely describes the surface forces acting on a body and is
given by
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The three diagonal components are called normal stresses and the six off-diagonal
components are called shear stresses. Positive values of the normal tractions correspond
tension and ncgative values correspond to compression.

The stress tensor is symmetric (0j; = Gji ) and (B.1.3) can be written as

3
Ti=Y o4n, or T=on (B.1.4)
=1

If the traction and normal vectors are parallel, then the shear components of the traction are
zero. These surfaces are characterized ny the by the principal stress axes and the normal
stresses are called principal stresses. Equation (B.1.4) can be written as

Ti=cij nj=?unj (B.1.5)
Thus the principal stress axes n are the eigenvectors of the stress tensor and the principal

stresses A are the eigenvalues.
Now, if we write Newton’s law in terms of body forces and stresses we have the

equation of motion:

3%u(r.1)
2

9GH(rD) | £orp) = (B.1.6)

an ot

that must be satisfied at every point in a continuous medium. If no body forces are applied
then we have the homogeneous equation of motion,

o0;(r,t) =p azui(l‘,t)

B.1.7)
0X; ot (

If stresses are applied to a non-rigid material they caused deformation. The
deformations that result from the differential motion within the body are described by the

strain tensor €;. The components of the strain tensor are the spatial derivatives of the
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displacement field (u(r)=(uy,uy,u;) ). The strain tensor is given by the following equation,
G g(éu_-u?gy.) 1{%&?}2)
ox “\dy ox 219z ox

%ﬂj_’ﬁ) duy %a&ﬁﬁ) (B.1.8)

2lox oy dy 219z oy

1{%&& 1§u_z+a_&) duy

2lox 0z 2 dy oz oz

Dilation is the divergence of the displacement field and is given by the sum of the

£ij

diagonal components of the strain tensor,

e=eii=%_+a_uy_+§gﬁ= u (B.l.g)
ox dy oz

Hooke’s law gives the stress-strain relation which is the medium’s constitutive
equation,

Gij = Cijki €k (B.1.10)

where the constants cjji) are the elastic moduli of the elastic medium. Generally, an elastic
medium has 21 independent elastic constants. For an isotropic material (same propertics
regardless orientation) there are only two independent elastic moduli, which can be defined
in different ways. One pair is the Lame’s parameters A and . Then, the constitutive
equation for an isotropic elastic material is written as

Oij = A €k 8 +2 g5 =24 0 85 +2 W € (B.1.11)
where 0;;=0.

The bulk modulus or incompressibility K is defined as the ratio of the pressure
applied to the resulted volumetric change. For an isotropic elastic body,

K="9P_34+2, (B.1.12)
de 3
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If we stress a body along only one axis we get a state of stress called uniaxial tension. The
Poisson’s ratio gives the ratio of the contraction along the other two axes to the extension
along the axis with uniaxial tension,

v= -5 B A (B.1.13)

If a medium has A=, then is called poisson solid and has poisson’s ratio equal 0.25. The
Young's modulus is defined as the ratio of the tensional stress to the resulting extensional

stress,

EoOu _ HOGA+2W) (B.1.14)

Exx A+U

Boundary conditions relate the displacements and tractions as the wave propagates
from one medium to another. The earth’s surface is considered a free surface and for the

traction vector and the stress tensor the we have
Ti=0jjnj=0 and Oy, =0y, =0y (B.1.15)

On the other hand, at the interface between two solids, the three components of the traction
vector and all the components of the displacement must be continuous.

B.2 SEISMIC WAVES

For an isotropic elastic medium, the x-component of the homogeneous (no body
force/source term) equation of motion is

ao—.\x(xsyszvt) + aoxy(XyY»Z»t) + acxz(x!yvzvt) - p azux(x,y,zﬁ)

(B.2.1)
ox oy oz o

Using the constitutive equation (B.1.11), we obtain the following stress-strainrelations:
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Oxy = AD + ZuQUi
ox
O'x) = (gu—“ aUy)
dy ox
(aux du, (B.2.2)
Oxz=H|{—+—
dz OX

where 0 is the dilatation given by equation (B.1.9). Then, taking the derivatives of the
stress components, assuming the medium is homogeneous (the elastic constants do not

vary with position), using the definitions of dilatation 6 and the Laplacian

u u u
X v z

V’lz(ux) =
ax° ay2 9z°

(B.2.3)

and substituting into equation (B.2.1) we obtain the x-component of the equation of
motion,

2
0 uy
2

2]
A+ w2 s uVPuy = p

ox ot

(B.2.4)

Similarly, equations of motion for the two other components of displacement can be

. . . 2 2 2 2
obtained. Then, using the vector Laplacian, V'u=(Vuy, V'uy,,V-u,), ..c three
components of the equation of motion can be combined into a single vector equation:

azu(x,y,z,t)

A+20)V (V-u(x,y,z,t)) -uV x (V X u(x,y,z,t)) =p 5
ot

(B.2.5)

We can decompose the displacement field into a scalar potential ®(x,y,z,t) and a vector

potential W(x,y,z,t) such as
u(x,y,z,t) = VO(x,y,z,t) + V X ¥ix,y,z,t) (B.2.6)
V- (Vx¥)=0 and Vx (Vd)=0 (B.2.7)
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Then, by substituting into equaticn (B.2.5) and rearranging terms, we obtain

azq‘(x,y,z,tl

ot
(B.2.8)

i Vz‘l’(x,y,z,t) -p

2
\% (;\. + 2].1) Vzd)(x,y,z,t) - pmt_)) =.V x

o

A solution of this equation can be obtained if each of the terms in the brackets is zero.

Then, the scalar potential satisfies the following equation

2
0 D(x,y,z,t
Vi(x,y,z) = L L2N 2D (B.2.9)
v2 2
p ot
This equation is the 3-D scalar wave equation and is associated with the propagation of a

compressional or P-wave that propagates with velocity,

1
vp=(7‘*2“)2 (B.2.10)
p

On the other hand, the vector potential satisfies equation

2 »
_ LZQ_____‘*'("’Y’Z") (B.2.11)

-

Vz‘l‘(x,y,z,t)
Vvs§ ot

This equation is the 3-D vector wave equation and is associated with the propagation of a
shear or S-wave that propagates with velocity,

1
i
s = | — B.2.12
v (P)— ( )

The P-wave is associated with the scalar potential. As the wave propagates, the
resulting displacements in the direction of the propagation cause the medium to be
alternatively compressed and expand. Thus, the wave generated by a scalar potential results
to a volumetric change and is called longitudinal or compressional wave. On the other
hand, the shear wave do not cause volume change. The only displacement associated with
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this propagating wave is peryendicular to the direction of the wave propagation. Thus, the
wave generated by the vector potential is called rransverse wave.

The S-wave polarizations are the SV for shear waves with displacement in the
vertical plane (x-z) and the SH for the shear waves with displacement in the horizontal

plane and in the y-direction. Also, shear waves cannot propagate through an ideal tluid.
B.3 THE ACOUSTIC WAVE EQUATION

The acoustic wave equation describes sound waves in a fluid or gas. However, this
equation is valid for waves in solid earth if the converted compressional to shear wive
energy is negligible (usually for angle of incidence <209). Furthermore, it is true for SH-
wave propagation,

Using Newton’s law (mass per unit volume x rcceleration = force per unit volume = -

pressure gradient)

pQ_':=-vp (B.3.1)
ot~

where u is the particle displacement ; p is the density (mass per unit volume of the fluid)
and P is the pressure of the fluid. The pressure P is equal to the product of the
incompressibility K and the convergence of displacement u (negative of the divergence):

P=-KVu (B.3.2)

We take the second time derivative of equation (B.3.2) and we have

P _ o (B.3.3)

P vp (B.3.4)
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This is the acoustic wave equation and three dimensions it can be written as

1 82P(x,y,z,t)

d 10 _
K(x,y,z) 52

—+

0,0 0910
—1 —+
ox P ox

— T P(X,y,lst)

-1 (B.3.5)
dyPdy 9zP oz

If we assume that the density is space independent (p # p(x,y,z)),then we obtain the

scalar wave equation in its usual form

2
6_2P_= %_Vzp (B.3.6)
ot

The 3-D scalar wave equation in its usual form is also written as

azp(x,y,z,t) . azP(x,y,z,t) . BZP(x,y,z,t) _ 1 82P(x,y,z,t) (B.3.7)
x> By2 o v3(x,y,2) at? -

where v(x,y,z) is the wave velocity in the medium and is given by the equation

v(Xx,y,2) = (_K(_x‘,))i,_z_)’l/z (B.3.8)

and the 2-D scalar wave equation is written as

20,0 2 2
d P(J\,zz,t) LOPGzY g 9Pz (B.3.9)
ax

R N
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APPENDIX C
3-D EXPLICIT FINITE DIFFERENCE MODELING

C.1 THE MACCORMACK TYPE SPLITTING SCHEME

The MacCormack type of scheme in the x-direction (for equation 3.3.23) is given by
equations (3.3.24) and (3.3.25) for the predictor and corrector, respectively, and when
applied to the hyperbolic system of the 3-D acoustic wave equation (3.3.10) consists of :

a) for n=2k ; k=1,2,....
for the pressure P, the predictor

Pk = Pk <A Kigae 7 0l 8 0o+ 0 (C.1.1)
X

and the corrector

P(n+1) (P(l) Ifn)

i,j.k le(7 (Vx)ljk"g(vx),1Jk+(Vx)(|1;Jk (C.1.2)

for the particle velocity component v, , the predictor

1
(v")(l J)k (v")(lnj)k i} 6 A le k(7 P{xnj)k l5:21 gk T P‘:szk) (C.1.3)

and the corrector
1 1 . 1 1 1
(Vx)(,n:k) 1 ((\'x)(l J)k + (Vx)”k) +E‘A’l;—’(‘ Pk (7 p(u)k F‘l;.lk + P(I%Jk) (C.1.4)

The above difference equations are employed in alternate time steps with the
following ones resulting from equations (3.3.26) and (3.3.27) for the predictor and the
corrector, respectively. Thus,

b) for n=2k+1 ; k=0,1,2,...
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for the pressure P, the predictor is

P(l)

X

and the corrector is

pgn;li) - 'L(P(i,lj)k l‘n)k) —A'L" Kl] k (7 (Vx le -8 (Vx)(l] ik + (V:v()(lzJ k) (C.1.6)

for the particle velocity component v, , the predictor is

(VX)(llj)k = (VX)(n)k + g—_ le k (7 P(lnj)k I:‘+l gkt ir-lf-)z,j,k) (C.1.7)

and the corrector is

(vx (xnj+l]<) L ((Vx (11))k )(n) ) le k(7 - 8 P(llilk + P(l 2.}, k) (C.1.8)

The corresponding equations for the MacCormack scheme in the y-direction (for

pressure and particle velocity component vy ) and in the z-direction (for pressure and
vertical partical velocit' v, ) are obtained similarly.
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APPENDIX D

IMPLICIT FINITE-DIFFERENCE MIGRATION

D.1 IMPLICIT FINITE DIFFERENCE FOR THE 65° PARABOLIC
APPROXIMATION

We want to compute the monochromatic wavefield Q(x,z,mj) at (x,z) location and
frequency ®;, where j=1,....No with No total number of frequencies used. Thus, we
discretize the differential equation (4.2.18) and approximate each harmonic component
Q(x,z) by a mesh function q,™ where m=i Ax , with i=1,......,.Nx and n=k Az, with
k=1,....,Nz. Ax and Az are the finite difference mesh grid spacings for the horizontal and
vertical axes respectively. Nx indicates the number of traces in the gather and Nz the
number of depth steps. Also, the value of m(x,z)=w,/v(x,z) at the i-th trace (1Ax lateral
location) and k-th depth step (kAz depth location)is set m(iAx,kAz)=m.

Replacing the differentials of equation (4.2.18) by their respective finite differences
and changing the sign of the z differentials to evaluate upgoing waves one has (4.2.20):

1B 5xx52Q-%82Q+8xe=0 (D.1.1)

o m

where 82 =0/0z, 854 = 92 / 9x2:and m=m(x,z)=0/v(x,z).

A fourth order of accuracy for the approximation of the second order differential is
the Douglas formula and is given by (Mitchell and Griffiths, 1980; Claerbout, 1985) :

82
1

= (
XX A x2

)
2
1+73 (D.1.2)

where Ax is the grid spacing and y = 1/12 (Mitchell and Griffiths,1980) or 1/6 (Claerbout,

1985), and 82 is the operator ( 1, -2, 1).
An implicit Crank-Nicolson (Mitchell and Griffiths, 1980; Claerbout 1976,1985)
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finite difference algorithm scheme is employed to solve the resultant difference equation.
This algorithm is unconditionally stable (Mitchell and Griffiths, 1980) and involves more
than one point at the advanced depth level centered at n+1/2 according to :

a2 =% (QR1 +aF) (D.1.3)

The finite difference approximation of the differential equation (D.1.1) employing
equations (D.1.2) and (D.1.3) reads:

i 2 m_ _agmy - m _ Aam 2
_ip 12 ) - (Qn-«-] Qn)_%]_(%ﬂ ar) . 12 ) . %(q’,{‘+1+q5“)=0
M Ax*{1+v8 Az Az AX“\1+793
(D.1.4)
Multiply throughout by Ax2 (1+ 782 ) we have:
ip 52 . 2 2
e (R @) ERA (L y o o)+ et am=0 OLS)
e . : - iB
Simplifying by setting the laterally varying coefficients as: A= and
2 amAz
B= 1MAX  apg apply the operator 82 = (1, -2, 1) we have:
o Az
-AQu +2A0n-A g+ Ag T -2 A A g
I m+l ml 1 ms1 m m-1
+_Qn+1 Qn+] +§Qn+1+ Eqn “Qy +§Qn
-1
- Bdn,1 +Bag- BYqni+2B Yan Byany
1 -1
+BYq, -2BYqp+Byqy, =0 (D.1.6)

After separating the terms with index n+1 to the left hand side and the terms with index n to

the right hand side, we have:

m+1

1
(-A+3-BY)qn +(2 A-1-B+2By)qp, i+



1 -1
+(-A+5-BY)any =
m+1

(-A-z-BY Q)" + (2 A+1-B+2BYqT+

1 .
+('A'§'BY)C1:”

(D.1.7)

We can define the coefficients:

A =(A +% -BY)

B=QA-1-B+2BY)

—= 1

C=(-A- 5 -BY)

D=QA+1-B+2BY) (D.1.8)
and equation (D.1.7) becomes

— m+l = — m-1l = m+l = m —= m-l

Adna1 +Ban+Aqny =Cay +Dap+Cay (D.1.9)

(1998 )

Then, if the wavefield is extrapolated from the “n” depth position (“n” present values are
known) to the “n+1"" depth level (the “n+1" values are the unknowns), we can set a system
of simultaneous equations for all “m” lateral locations given as follows:

[lA 0 . . 0] gl di

AB A 0 || g3y d3

0OABA. O

.. 0

0 ABA ||l qul dp-!

LOO . . Abrd[ qn, | L d» (D.1.10)
where

dy=Tqy " + Dap+Cap’

(D.1.11)



The bl and br are adjustable and are evaluated according to the boundary conditions. The
above system is a tridiagonal system that is, except for three diagonals all the elements of

the matrix in (D.1.10) are zero.

We follow the same approach for the one-pass 3-D finite difference depth migration
since the diffraction term, using the splitting approach, consists of the diffraction term in
the x direction (4.3.14) and the diffraction term in the y-direction (4.3.15). Each of these
equations are the same as the one solved above (4.2.20 or D.1.1). An alternating direction
implicit (ADI) Crank-Nicolson scheme is employed for the solution of both diffraction
terms where at each depth step the equations are solved alternatively along the x and y

direction.

D.2 SOLUTION OF THE TRIDIAGONAL SYSTEM OF EQUATIONS

The tridiagonal system (D.1.10) is solved using the following method (Claerbout,
1985). Let the simultaneous equations be written as a difference equation:

a1 + b+ g =4; (D.2.1)

with j = 1,....,m, where m is the number of traces in the gather. Next, we introduce two

new variables e; and fJ along with an equation

q; =eQj+ (D.2.2)
which with shifted index can be written:

Q5.1 =¢€.19;+ (D.2.3)
By inserting (D.2.3) into (D.2.1), we have :

a0i, +bjqj+eyfe;.y +q;f5.y) = d; (D.2.4)

Now, we rcrange (D.2.4) to resemble (D.2.2) :



- a_i dj-cjfj-l
q; = qQje1t
J b_i+cje_j-1 bj+cjej-1 (D?.S)

Compare (D.2.5) with (D.2.2) , we can see that recursion for ej and fJ can be obtained as :

- a_'

Cj f'_1
& =r—————
bj + Cj €j.1

dj -
bj +Cj €51

—

(D.2.6)

and fj=

[

with e] =-aj/ by and f] =dj/bj. Then, for the right hand boundary we have from
(D.2.10) that:

Am1 Qm1 +brqm=dn (D.2.7)
and from (D.2.3) replacing j by m we get:
Qm-1 - €m-1 dm =fm (D.2.8)

Solving the system of the two equations for q;y; we have:

_ dm - Am-] fm~]

9" = br+ Amt eme1 (D.2.9)

where br is evaluated using the 15° absorbing boundary condition, Clayton and En gquist,
(1980). Having e and fJ we can compute the rest of qj 's from equation (D.2.3) going
backwards.

D.3 STABILITY ANALYSIS FOR THE 65° PARABOLIC
APPROXIMATION

The problem of stability of a finite difference calculation used to solve equations
(4.2.20 or 4.3.14 or 4.3.15) consists of finding a condition under which the difference:

qr - qf = (ZD) (D.3.1)
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between the theoretical and numerical solutions of the difference equation bounded as n

tends to infinity, (Mitchell and Griffiths, 1980).
The von Neumann procedure consists of considering an harmonic decomposition of
the error Z,/M at grid points at a given depth level leading to error function

E(x)= ), Ajeibi
j (D.3.2)

where in general the frequencies | bj | and j are arbitrary.

It is necessary to consider only the single term eibX where b is a any real number. For
convenience, suppose that the depth being considered is z=0. To investigate the error
propagation as z increases, it is necessary to find a solution of the finite difference equation
(D.1.1) which reduces to eibX where z= 0. Let such a solution be: e2Z eibX where a = a(b)
is complex in general. The original error component will not grow with increasing depth if |

eak | < 1 for all a.
Boundary conditions are neglected in the von Neumann method (Mitchell and

Griffiths, 1980), which applies in theory only to pure initial value problems. It does
however provide necessary conditions for stability of constant coefficient problems

regardless of the type of boundary conditions. Substitute: Zq' = €*" k eibmh where k =
Az and h = Ax, into the difference equation (D.1.6) with A=-A and B = -B indicating
downgoing waves and divide by e 2nk e ibmh ‘We have:

Aellk cibh_ZAeﬂk +Aeak e-ibh
A eibht2 A -A e-ibh.,.%eakeibh_eak +%eake-ibh +
+%eibh_ 1 +%e-ibh +Besk - B+ Byeakegibh.2 Byetk + Byeake-ibh.
-ByeibPh 4+ 2By + Bye-ibh=0 (D.3.3)

Multiplying by e2k throughout and recognizing that exponential terms can be expressed as

cosines we have:

Ae2ak (2 cos(bh)-2) - Aesk (2 cos(b h )- 2) +%e2 ak(2 cos(b h )- 2) -%eﬂ k(2 cos(b h )- 2)
+ Be22k - Beak +B ye22k(2 cos(b h )- 2) -Bye2k(2 cos(bh )-2) =0 (D.3.4)

Recognizing that (1- cos(t) ) =2 sinz(t /2) and simplifying by denoting § = e2 k and
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multiplying by -1 throughout we have:

4AE sin2(bh/2)- 4 AEsin2 (bh/2)+2E%sin2 (bh/2) +
+2Esin? (bh/2)-BE' +B &+ 4ByE sin? (bh/2)-4 By sin? G h/2)=0  (p 35

Factoring out £2 and & we get a second order polynomial equation in £ as:

%4 A sin2 (bh/2)+ 2sin2 (bh/2) - B +4Bysin2(bh/2))
+EG-4 A sin2(bh/2)+2sin?(bh/2)+B-4Bysin?(bh/2))=0 (D.3.6)

Setting S = sinZ (b h/ 2) and recognizing that the coefficients of Ej,?' and & are the same
except the -2 S and +2 S terms we get a simplified equation:

E2(C+28) -£(C-28) =0 (D.3.7)

Solving for & we get the two solutions £1 =0and &y =(C-2S)/(C+28S)
Since C is a pure imaginary number the amplification factor - £ then takes the form of a
complex number divided by its complex conjugate. Expressing the complex number in
polar form it becomes clear that such a number has a magnitude of unity. Hence, I §| =1
and this satisfies the unconditional stability criterion, | §| <1.

D.4 ABSORBING BOUNDARY CONDITIONS

We used the so called 15° paraxial absorbing boundary conditions in the solution of
equation (D.1.10) based on Clayton and Enquist (1980). The effectiveness of these
conditions can be shown by comparing their effective reflection coefficients at the
boundaries. The 2-D scalar wave equation is given by:

Pxx + Pz = '%Plt (D.4.1)
v

Taking the 15 degree paraxial approximation we have:
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(D.4.2)
Consider an incident plane wave travelling at the -z, +x direction according to
P, = eliksx - iksz -ict) (D.4.3)
which initiates a reflection from the right boundary of the form
P, = rel-ikax - iksz -jot) (D.4.5)

where r is the effective reflection coefficient. Locally near the boundary the wave field
(Pj + Pr) will satisfy the boundary condition given above thus obtaining:

iky - irky L - irQ = 0 (D.4.6)

or

(D.4.7)
ky+ 8

Recognizing that kx =k sin (8) where k = w/v and 6 is the angle between the travelling
wave and the vertical side boundary we have:

,=Sin@) -1 (D.4.8)
sin(0) + 1

Therefore, when the wave hits the boundary with 6=0° (the wave travels in the vertical
direction), then r=-1. These boundary conditions are match with the exact paraxial wave
equation (Clayton and Enquist, 1980). Similarly, when the wave hits the boundary with
greater angles then we can see that the effective reflection coefficient decreases.
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APPENDIX E

LITHOPROBE ALBERTA BASEMENT TRANSECT

E.1 ACQUISITION

The first part of deep crustal seismic reflection profiling of Alberta (LITHOPROBE
Alberta Basement transect) was carried out in the summer of 1992. The goal of this project
is to probe the crust beneath the Western Canada Sedimentary Basin and study the origin of
the continent and the influence of basement structure on the sedimentary section above.

The program consisted of a 2-D reflection experiment complemented by a 3-D
reflection experiment and a long-offset expanding spread (wide angle) experiment. The 2-D
reflection data were recorded in north-south and east-west profiles (10 lines) that covered
an area of over 500 Km (from west of Edmonton to the Alberta-Saskatchewan border).
Each reflection spread consisted of 240 receiver arrays with nine in-line geophones over 42
m per array. The group interval (receiver array spacing from center) was 50 m. The source
interval was 100 m (every two receiver stations). This geometry resulted in an average of
60 fold per CMP (6000% CMP coverage). The source was Vibroseis (4 vibrators, each
with 44,000 Ib peak force). At each source location (shot point) each vibrator would vibrate
eight times moving by 7.14 m (drag) each time and thus the generated output signal from
each vibrator consisted of eight linear sweeps (14 s, 10~56 Hz). The recorded data were 18
s long with 4 ms sampling rate.

The 3-D reflection experiment covered a 12 Km x 12 km area. The three-dimensional
grid of CMPs after bin stacking with 100 m x 100 m bins resulted into a 121 x 121 grid
(800 %). The long offset expanding spread experiment was performed in four stages
during the normal recording of the regular 2-D data using 480 channel geometry and
acquired offsets of 48 Km long.

E.2 PROCESSING AND IMAGING

The data were processed by Pulsonic Geophysical Ltd. with a standard processing
stream for the entire data set similar to that used in conventional seismic data processing for
hydrocarbon exploration targets. This processing flow included deconvolution, spectral
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balancing, refraction static corrections, surface consistent residual statics, muting, velocity
analysis, normal moveout correction, CDP stacking, finite difference migration and
filtering.

Additional processing of the data was performed by the Seismology Laboratory that
included normalization, depth migration and filtering. Prior to migration the data were
normalized (amplitude and time) to the Second White Specs (Rong et al., 1994), padded on
both sides of the section and tapered on the bottom of the section. The 2-D w-x finite
difference depth migration algorithm developed in this thesis was used for the migration of
three profiles (lines) of the 2-D reflection experiment. The optimal depth step used after
taking into account large dips, the velocity function, sampling interval in time and space
and the frequency content of the data, was 10 m. The CDP spacing was 25 m.

Our migration succeeded in imaging the geologic structure very well. It focussed the
energy of dipping layers sharply at the Precambrian and Cambrian unconformities. The
main reflectors along with number of faults are clearly imaged. Also, the depth migrated
profiles revealed a number of anomalies including basement-cover interactions and lateral
amplitude changes (Rong et al., 1994). The discovery of these anomalies is important in
understanding the structural formation and deformation of the Precambrian rocks during the
last 600 million years. Figure E.1 shows portions of the depth migrated sections that image
clearly the structure down to depths of 5 Km. Furthermore, migration of the 18 s long
sections images the structure of the earth underneath central Alberta to depths of 50 Km and
the crust/mantle boundary (Moho) at about 40 Km depth.
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Figure E.1: Pomons of the depth migrated line 10 (LITHOPROBE Alberta Basement
transect) with interpretation (Seismology Laboratory, University of Alberta)
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