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To facilitate the transfer of knowledge from one arena to another, a comparison
between nine component, controlled polarization shear-wave land seismic data and three
component mode converted seismic shear-wave data was made.

The continuing

movement of petroleum exploration into the offshore arena and the increasing number of
aging offshore oil fields may necessitate the use of shear wave data for full
characterization of reservoir properties for finding, characterizing, and prolonging the life
of the oil fields through the description of anisotropy as an analog for rock properties.
Operationally limited to the use of compressional seismic sources in the marine
environment, mode-converted shear-wave data recorded by three component seismic
receivers must be exploited to arrive at full characterization of anisotropy.
Effective media theory, seismic modeling, and post stack analysis including four
component matrix rotations and numerous other tools developed on land were adapted
and used offshore. A full understanding of anisotropy, shear wave birefringence and
polarization was required to evaluate the similarities and differences between direct shear
vi

waves and mode converted shear waves. The investigation of seismic anisotropy related
to shear waves began with the Cymric Oil field in California, progressed out into shallow
waters of the Gulf of Mexico to the Teal South Oil Field, and finished in the Williston
Basin, Saskatchewan, Canada. It has been revealed that not only can lessons be learned
from the historical practice of nine component seismic analysis on land and applied to the
marine environment, but that also the reverse is true. The use of full azimuth, full offset
data and prestack analysis was developed and has served to extend present day
anisotropic analysis beyond its current limitation of 1D application. Pre-stack converted
shear-wave layer stripping analysis techniques developed include extraction of a
azimuthal and offset variant time-shifts for birefringence correction, as well as the
analysis of azimuthal and offset variance in amplitudes and reflected polarization. A
numerical comparison between controlled source polarization, direct shear-waves and
uncontrolled source polarization, mode converted waves, led to a correction for apparent
polarization effects on the direct shear-waves and a correction for incomplete acquisition
geometry for mode-converted waves.
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Chapter 1: Introduction

Anisotropy analysis is important for many reasons. One principal application is
the improvement of the imaging process, as anisotropy causes distortions in ray
propagation geometry (Crampin, 1981; Lynn and Thomsen, 1990). It is even more
important as a means to obtain attributes for reservoir characterization, as anisotropy is
related to fracture density, where fractures can be fluid migration pathways and provide
porosity (Tatham and McCormack, 1991). P-wave and S-wave anisotropy can also be
the key to unraveling pore aspect ratio and other lithologic and reservoir parameters
(Crampin, 1978; Hudson, 1981; Robertson and Corrigan, 1983; Thomsen, 1995 – to
name a few. Tatham and McCormack (1991), provide a review of earlier work and
relations of anisotropy to reservoir characterization). As a main objective, I examine the
effect of azimuthally and offset variant time shifts in azimuthally anisotropic media
between fast and slow shear waves (S1 and S2, respectively) and polarization rotations of
prestack converted wave (PS-wave) seismic data. The realization of these azimuthal and
offset variant effects is critical towards estimation of rock properties determined by
inversion of observed reflection amplitudes.
Although this research project encompasses the analysis of simulated data using
geologic information from the Cymric Field in Kern County, California and data from the
Teal South Field in offshore Gulf of Mexico, the preliminary focus for application was a
3C, 3D surface seismic data set provided by the EnCana Corporation over a CO2
injection site in the Weyburn field in Southeast Saskatchewan, Canada. These data were
collected over an aging petroleum reservoir, presently the site of a large enhanced oil
recovery (EOR) project that has been in production since the 1950’s. Many generations
1

of seismic surveys have been acquired of this area, including a full 3D three component
(3C) survey, which records both compressional (P-wave) data, and shear wave (C-wave
or PS-wave) data. The Reservoir Characterization Project (RCP) at the Colorado School
of Mines (CSM) has collected direct S-wave data over this reservoir in multiple phases
(time lapse), and these data are used to compare the efficacy of interpreting 3C data for
the same polarization objectives that can be addressed with direct S-wave data.
Nine component data differs from 3C data in that a multi-axis source generates
direct shear waves with controlled polarization, as well as P-waves. Unfortunately, due
to offshore operational constraints, 9C data can not be collected on a large scale in the
marine environment.

A major objective of this project is to evaluate methods of

extracting equivalent polarization information from 3C, PS-wave data. The variety of
data available for this project makes possible the study of propagation and imaging
potential of PS-waves, as direct S-waves as well as P-waves are available for reference.
This made it possible to establish the utility of PS-waves for imaging, seismic attribute
analysis and estimation of anisotropy parameters. Initially, the project involved tying the
VSP and 9C data to the 3C data, with the ultimate goal to determine what processes and
assumptions will be implemented, and also to discover to what extent VSP data is
required, along with multiazimuth 3D data for the complete analysis of 3C (and 4C data),
in the marine environment.
It is important to understand the behavior of PS-waves in a marine setting, as
generation of direct S-waves is cost prohibitive on the sea floor, if possible at all. Seismic
PS-waves are therefore the practical tool for subsurface investigation offshore. PS-waves
provide essential information for reservoir characterization, expanding our understanding
of petroleum reservoirs so that we may recover hydrocarbons through secondary oil
recovery techniques to obtain a portion of the 70% of hydrocarbons typically left in place
2

after primary recovery. Characterizing these reservoirs also aids in CO2 sequestration
planning, as an understanding of the same rock properties (porosity, permeability, etc.) is
pertinent to fluid/gas flow in or out of the reservoir, be it natural gas, oil, or CO2.
Furthermore, active monitoring of CO2 injection for EOR projects may actually provide a
commercial market for CO2, enhancing its value as a by-product of sequestration
regulation and accelerating sequestration programs.
ANISOTROPY
Simply stated, seismic anisotropy is the phenomenon of a medium exhibiting
faster seismic velocity in one direction than in another direction. Anisotropy has also
been defined as, “the dependence of seismic velocity upon angle” (Thomsen, 2001a). An
excellent review of anisotropy and how it relates to lithologic and reservoir parameters is
available in Thomsen (2002) and I will briefly review some points relevant to the project.
Seismic S-waves are particularly useful in investigating the anisotropy of a medium, as
the original, orthogonal components of an S-wave (typically referred to as ST and SR,
denoting transverse shear waves and radial shear waves, respectively) will ultimately be
polarized in the natural axes of anisotropy of the medium. In other words, the fast shear
component (S1) will be polarized in the direction of the higher velocity of the medium,
whereas the slower shear component (S2) will be polarized orthogonal to S1 (Figure 1).
Significantly, the ray paths of the two components are assumed to be identical. The
normalized time delay between the S1 and S2 components may often be considered
proportional to the magnitude of the anisotropy of the medium. Anisotropy associated
with geologic formations may be the result of a preferential fracture orientation. Fracture
orientation is a controlling factor in reservoirs, dictating the flow of hydrocarbon during
production, hence the practical usefulness of anisotropy analysis (Figure 2). There are
many models of anisotropy that can be used to simplify the analysis; these include
3

Figure 1. Model of shear wave splitting, or birefringence. A shear wave enters the
fractured medium from above. Within the medium the one component of the shear wave
is polarized in the direction of the fractures and becomes S1, or the fast shear wave. The
remaining component is polarized in the direction perpendicular to the fracture
orientation and becomes the slow shear wave, or S2. (This example is diagrammatic of
the general case, but also corresponds to evidence relating to shear-wave birefringence in
the Weyburn oil field found in sonic logs (modified from Bowman et al., 1987 and
Martin and Davis, 1987).

4

Figure 2. Models of different anisotropic solids. Transverse isotropy with a vertical
symmetry axis may characterize mainly thinly layered formations that have undergone
little structural deformation. In the lower pair of examples, tectonic forces have produced
structural changes or induced cracks, making the media azimuthally anisotropic (Tatham
and McCormack, 1991).

5

vertically or horizontally transversely media (VTI and HTI respectfully, Tatham and
McCormack, 1991). More detail is given in Appendix A.
CONVERTED SHEAR WAVES
Converted waves (PS-waves) are the result of an incident P-wave upon a reflector, at
which point the reflection (as well as transmission) of P-wave and S-waves occurs. It is
the conversion of compressional wave energy to shear wave energy (with nearly SV
polarization) that makes possible some of the unique aspects of this project, but also
creates some geometrical complications.

PS-waves offer many advantages over

conventional P-waves or S-waves; for example, the acquisition of PS-waves, which does
not require direct S-wave seismic sources, is less expensive and easier to deploy than
direct S-waves. It has even been asserted that processing of PS-waves is easier as well
(Garotta and Granger, 1988). Another advantage of PS-waves over direct S-waves is the
possibility of applying layer stripping techniques (a discussion of layer stripping follows
in the next section) within a polarization analysis, the application of which is inherently
simpler on PS-waves than S-waves. The reason for this advantage is that the source of
the PS-wave can, for all practical purposes, be considered the conversion point for the
upward propagating S-wave, making the geometry involved similar to that of VSP
surveys with the source at depth and receivers on the surface (Lefeuvre, et al., 1991). In
this 1D case, a polarized source and polarized receiver are located on opposite sides of
the anisotropic media under analysis, and either can be rotated relative to the “polarizer”
or anisotropic medium (as in optics) to compensate for the specific rotation caused by the
medium (Gaiser, 1997). By applying source and receiver rotations to the recorded data
the orientations of the S1 and S2 components, and the time shift between them, may be
determined from one anisotropic layer. We can then remove the effect of the overlying
anisotropic effects and isolate the anisotropic characteristics of deeper layers.
6

This

iterative layer stripping method also allows for downward continuation of an imaging
condition. Gaiser (1997) asserts that when the source and receiver are located on the
surface, as in direct S-wave surveys, this imaging condition cannot be unambiguously
downward continued.
The ray geometry associated with PS-waves, however, introduces more
complexity in the processing, as downward and upward propagating rays are not
symmetrical, nor can one apply the principal of reciprocity to source and receiver, due to
lateral heterogeneity (Thomsen et al., 1999). The asymmetry of a PS-wave is illustrated,
by means of a 2D ray diagram in figure 3.
ROTATION ANALYSIS AND LAYER STRIPPING
Explanation of coordinate systems
A discussion of the several coordinate systems commonly used to describe
shear wave polarizations is crucial to the problem of rotation analysis, as the application
of the various rotations to shear wave data are essentially trigonometric transformations
from one coordinate system to another. Three dimensional data are generally acquired
with limited previous knowledge of the orientation of fracture systems in the subsurface
at the time of acquisition.

For this and other historical reasons data acquisition

geometries result in a coordinate system commonly referred to as field coordinates
(Figure 4a and b.) For land acquisition, the coordinate system will commonly align the x
and y components of the receiver parallel and perpendicular to the chosen survey
orientation, typically inline and crossline to the cable directions. For direct S-wave data
the source polarizations will also be aligned parallel and perpendicular to the selected
survey direction. This approach results in an artificial coordinate system, defined by the
survey
7
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Medium 2

Figure 3. Illustration of conversion from a compressional wave to a shear wave upon
reflection resulting in birefringence in an anisotropic medium. Medium one is
anisotropic, and the axes of anisotropy (polarization directions of fast and slow shearwaves) are indicated by arrows P1. The set of rays corresponding to CP1 indicate the
propagation direction of a compressional wave that converts to shear at point CP1.
Medium 2 is also anisotropic and the axes of anisotropy are indicated by P2. The set of
rays corresponding to CP2 indicate the propagation direction of a compressional wave
that converts to shear at point CP2. A portion of the ray path corresponding to
conversion point CP2 passes through anisotropic medium 1 and therefore the anisotropy
of medium 1 will be superimposed on it, causing further birefringence and shear-wave
rotation (after Gaiser, 1997).
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Figure 4. Description of coordinate systems used in rotation analysis of horizontal
components. Figure (4a) and (4b) show one source and three receivers in plan view, the
red arrows for both the 9C case (4a) and the 3C case (4b). For the 9C case both source
and receiver polarizations are aligned arbitrarily in a uniform direction defined by the
acquisition survey parameters, the 3C case is similar but with a compressional
(uncontrolled polarization) source. Figures (4c) and (4d) illustrate the source (where
applicable) and receivers after rotation to radial and transverse coordinates. For the 9C
case (4c) the source and receiver polarizations are rotated to the source-receiver direction.
For the 3C case (4d) only the receiver polarizations need to be rotated. In figures (4e)
and (4f) the underlying lines represent parallel joints or cracks typical of an HTI medium.
Where appropriate the source and receiver polarizations are aligned in preferential
orientation of the cracks.

9

surface geometry, that is not necessarily conducive to the analysis and interpretation of
shear waves.

The next step is generally to rotate the observed S-wave reflection

polarizations to source to receiver oriented radial and transverse coordinates (Figure 4c
and d.), where radial and transverse are defined by the direction or azimuth between the
source and receiver. This coordinate system would coincide with the natural orientation
of SV and SH under the assumption of isotropy. The SV and SH polarization directions
are still defined by the surface source and receiver geometry. In anisotropic cases such as
orthorhombic symmetry, (where HTI or TTI assumptions are both subsets of
orthorhombic) it is preferred to orient the shear waves parallel (fast) and perpendicular
(slow) to the axis of symmetry (Figure 4e and f.) describing the transverse isotropy of the
subsurface media. A discussion of coordinate systems which pertains specifically to PSwaves was made by Gaiser (1999).
Direct Shear Waves and Alford Rotation
By separating multicomponent S-wave data with direct shear sources into four
horizontal components of source and receiver orientations and applying a trigonometric
rotation algorithm, the natural azimuth of anisotropy of a transversely isotopic medium
can be estimated by scanning through a complete range of possible reflection
polarizations. The four “components” in this case are the components defined by the
following combinations of sources and receivers: 1) inline source to inline receiver, 2)
inline source to crossline receiver, 3) crossline source to inline receiver and 4) crossline
source to crossline receiver. As multicomponent data are originally acquired in an
arbitrarily designed coordinate system, a relationship (an angle θ) between the natural
(anisotropic) and acquisition (field) coordinate systems must be found. Alford (1986)
demonstrates the matrix manipulation required for rotation of sources and receivers from
10

the acquisition to the natural coordinate system for the zero offset case.

The

determination of θ is made by a scanning procedure and essentially equates the natural
polarization direction to the rotation angle that maximizes the ratio of the principal to the
off diagonal components of the matrix (Alford, 1986). Alternatively the angle may be
determined by a visual scanning technique, originally conceived for small data sets, and
there have been modifications made for larger data sets. The limitation of this approach
is that it is limited to 1D, although it is common industry practice to apply it to surface
seismic data sets. More detail is on Alford rotation is in Appendix B.
Converted Shear Waves
In the 3C-3D case, since there is no direct shear source, no source polarization is
involved. The missing source components of the resulting 2X2 matrix (see above and
Appendix B) can be replaced by information gathered from two or more source-receiver
pairs chosen at orthogonal azimuths (Gaiser, 1997 and 1999). A four component rotation
operator is applied to each component of the matrix, in much the same way as described
in the Alford discussion, and thus can be used to define the principal polarization angle of
the S-wave components. This operator can be applied at each time window (or depth
interval), in an iterative layer stripping manner, in order to unravel the compound effects
of anisotropy in layers above the layer of interest. This is possible using PS-wave data,
after stacking over offsets in different azimuths, because the seismic source can be
considered to reside at the conversion point, beneath the anisotropic layer under
evaluation, eliminating the complexities associated with “layer stripping” of data beneath
the source which lies at the surface. This assumption effectively simplifies the problem to
that of applying layer stripping methods to equivalent VSP data, so that the new source
lies at depth (Figure 3).
11

As is illustrated in figure 3, the conversion point (CP) can be approximated by the
following equation:
XC =

X

⎡ (TSVS2 )
⎤
⎢1 +
(TPVP2 )⎥⎥⎦
⎢⎣

;

(1)

where TS and TP are the S-wave and P-wave (vertical) travel times and VS and VP are the
S-wave and P-wave velocities, respectively (Chung and Corrigan, 1985). Once the
conversion point is located, two or more “source” (in this case, the conversion point) and
receiver pairs can be organized into a 2X2 matrix, which we will call S. The solutions
can then be rotated into the natural coordinate system, denoted by matrix S’, which has
the form:
'

S = RR S RS ;
T

(2)

where RR and RS are the receiver and source rotation operators, respectively and to
reiterate, S is the matrix of recorded data. Expanding S’ gives:
⎛ S rr'
⎜ '
⎝ Str

S rt' ⎞ ⎛ cos θ R
⎟=⎜
Stt' ⎠ ⎝ − sin θ R

sin θ R ⎞ ⎛ S rr
⎟⎜
cos θ R ⎠ ⎝ Str

S rt ⎞⎛ cos θ S
⎟⎜
Stt ⎠⎝ sin θ S

− sin θ S ⎞
⎟;
cos θ S ⎠

(3)

where θR is source rotation angle and θS corresponds to the angle applied to the receiver
(Gaiser, 1997, 1999). In general these angles will be equal. Again, this equation can be
solved iteratively by incrementing (scanning through) values of the rotation angle to
minimize the off diagonal components of S’ (Gaiser, 1997, 1999, and Thomsen, 2001).
Gaiser (1997) outlines a process for correcting for the effect of the anisotropy on
PS-waves, or layer stripping of anisotropic media in which anisotropic layers, consisting
of one or more samples each, undergo tensor rotation from top to bottom. In general, the
steps involved consist of the following: 1) choose a conversion point that lies at the base
of the shallowest anisotropic layer undergoing analysis and find the source and receiver
12

rotation angle that minimizes the off-diagonal components of the 2X2 matrix, as
described earlier; 2) quantify the time lag between the fast and slow S-wave components
(S1 and S2) and apply a constant shift to one of the source components – generally the
slower component; 3) apply the rotation and time shift determined in the last step, to a
wave which has its conversion point beneath the next layer under scrutiny, effectively
nullifying the anisotropic effects on all the layers above it, to isolate the anisotropic
properties of the lower layer. Thus, a 1D description of the anisotropy of each layer may
be realized.
GEOLOGIC AREAS OF INVESTIGATION
Cymric Field, California, USA
The Cymric Oil Field is located in Kern County, California (Figure 5). The
formations that encompass the oil reservoir are comprised of Miocene age, interbedded
diatomite and shale. Diatomite is extremely porous; the rock can have as much as 75%
porosity, with 40%-50% porosity being very common.

However, diatomite has

extremely low permeability to oil, (less than 1 md), therefore fluid flow, and hence
production, are ultimately controlled by fractures or breccia zones within the formation.
These Miocene diatomites are closely related to the more heavily investigated Monterrey
formation in offshore California (Meyer, J. S., et. al, 2000).

In order to enhance

permeability a production technique known as “fracing” – the creation of fractures using
high pressures applied in a borehole – is used to generate more fractures and improve
fluid flow. This necessitates the need to characterize the fractures beforehand by using Swave and/or PS-wave anisotropy analysis.

Winterstein and Meadows, (1991) used

Alford rotation and layer stripping to account for vertical changes with depth of fracture
properties on VSP S-wave data.
13

Figure 5. Location of the Cymric Oil Field, Kern County, California, USA. The field
can be found in the San Joaquin Basin. The production of oil from the very high
porosity, very low permeability diatomaceous reservoir is largely controlled by the
fractures. (Tennyson, 2005)

14

Teal South Field, Gulf of Mexico
Located offshore Louisiana (Figure 6), the Teal South data set was originally
acquired as a proxy to evaluate reservoir monitoring techniques for deep water
exploration targets.

It is a series of Tertiary age sandstone reservoirs and unlike the

Cyrmic oil field has extremely high permeability (Ebrom, et. al. 1998). The anisotropy
analysis was important for more than just understanding the best way to produce the
field. Here, the azimuthal anisotropy in the overburden needed to be understood and
accounted for in order to aid in the seismic imaging and detailed structural analysis of the
reservoir. Shear wave splitting is observed as shallow as one second (corresponding to a
relatively shallow depth at which sediments are as of yet not fully consolidated). A
discussion of anisotropy in unconsolidated sediments can be found in Crampin (1977,
1978, 1981, 1985), Lynn, (1991) and chapter two.
Although further analysis has been made at the reservoir level, the focus of this study
was on the characterization of the anisotropy in the overburden, showing the importance
of layer stripping of offshore PS-wave seismic data, and ultimately precise imaging of
reservoir geometry.
Weyburn Field, Saskatchewan, Canada
The Weyburn oil field in Southeast Saskatchewan, Canada (Figure 7) is located
on the Northern flank of the Williston intracratonic basin. The Weyburn field is a
Mississippian carbonate reservoir that is within the Charles Formation of the Madison
Group. The reservoir is typically divided into two main zones, the “Marley” and the
“Vuggy”. The Marly zone is composed of chalky, microcrystalline dolostones and
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Figure 6. Location of the Teal South Oil Field, offshore Louisiana (Ebrom et. al., 1998).
Understanding the anisotropy in the overburden was necessary for layer stripping and
ultimately imaging of the PS-wave data.
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Figure 7. Location of the Weyburn Oil Field in Saskatchewan, Canada. The highlighted
area on the right shows the area under CO2 injection and timelapse monitoring using 3C
data. The area outlined in magenta is the area encompassing the data used in this study,
approximately 27 km2. (Eddy and Terrel 2000)
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dolomitic limestones, whereas the Vuggy is composed of thin bedded, slightly
argillaceous lime mudstone-wackestone, interbedded with occasionally porous bioclastic
and/or peloidal packstones. The reservoir is overlain by a tight, interbedded anhydrite,
dolomite and shale sequence that forms the top seal on the reservoir (Bunge, 2000).
Primary recovery began in 1955, with secondary recovery water flooding initiated in
1962, and most recently, a CO2 injection program began in 2000. As both the migration
and the production of the oil are controlled by fractures it has long been a case study in
fracture determination using geophysical means, including borehole sonic logs, VSP’s,
surface P-wave, S-wave and PS-wave data, as well as timelapse data.

These

investigations have confirmed that fractures are an important factor in the production of
the oil, and that seismic methods enable us to describe them and predict them.
MOTIVATION
As stated earlier, the goal of this project is to evolve and evaluate methods of
complete polarization analysis developed for direct shear data, using solely PS-wave
data. Computed reflection amplitudes and time shifts from prestack, PS-wave data are
used to characterize the anisotropy of a medium and constant time shifts – and later,
azimuthally and offset variant time shifts – and rotations are applied to the prestack data.
In poststack form, PS-wave data are not complete enough to provide unambiguous
analyses of seismic polarization, but azimuthal information contained in the prestack data
are. Such complete data are important to not only address the natural anisotropy of the
reservoir, but also have shown potential in actually monitoring an active EOR CO2 flood,
as in the Vacuum Field studies (Duranti, 1999). Many land-based projects, e.g. Vacuum
Field, have benefited from controlled source S-wave data (9C) not available in the marine
environment.

Thus, results of this study will provide the fundamental scientific
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background and understanding developed on land for extension of these applications to
the marine environment.
An automated, 1D, Alford style analysis does not accommodate offset and
azimuthal variations in shear wave orientation and birefringence – useful information for
anisotropic analysis to estimate reservoir parameters. Instead, the PS-wave, 4C Alford
rotation may be used with limited, near offsets to determine the orientation of anisotropy
but other methods must be employed to determine the azimuthally, and temporally
variant time shifts at non normal incident angles required for applying layer stripping
analysis to prestack data.
A practical methodology is developed and applied to the Weyburn data utilizing
state of the art software available in commercial seismic data processing packages, and
key recommendations are presented for the development of a comprehensive layer
stripping algorithm that incorporates a 4C matrix rotation for determining the axis of
symmetry, a 2C rotation algorithm for rotation to the principal axes, a cross correlation
analysis (or alternatively a cross convolutional (Menke and Levin, 2003) analysis and
application) to determine the time shifts required, and finally a method for applying the
azimuthally and temporally variant time shifts.

SUMMARY OF OBJECTIVES AND RESEARCH – COMPLETE POLARIZATION
ANALYSIS USING LIMITED SOURCE DATA
Chapter Two:
Relate techniques developed for direct shear wave polarization analysis on land
(9C data) to that of current 3C and 4C polarization analysis of PS-wave data.

I

investigate the effects of bulk rotation and layer stripping analysis using PS-wave
prestack data (Gumble and Gaiser, 2004) in HTI and TTI media. One model developed
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in this study is based on the Cymric Oil Field in California, the subject of previous
studies using VSP’s, where it was shown that layer stripping techniques could be used to
analyze shear-wave (S-wave) birefringence as it changed with depth (Winterstein and
Meadows, 1991). Layer stripping analysis has been conducted using post-stack seismic
analytical techniques (Gaiser and Van Dok, 2003) where the relevance of fracture
characterization was shown in the Emilio field (Adriatic Sea), but was limited to constant
time shifts and polarization rotations. My study investigates layer-stripping analysis of
prestack data while focusing on the effects of constant time shift and rotation operators.

Chapter Three:
To further the comparison of these analysis methods between direct shear wave
(9C) data and multi-azimuth 3C data. A converted wave four component rotation
algorithm is developed, similar to those previously proposed by Gaiser (Gaiser, 1997)
and Thomsen (Thomsen, 2001).
After comparing the PS-wave, 4C, rotation algorithm to the direct shear-wave
case, the acquisition requirements for PS-wave data were evaluated. The angle between
source-receiver azimuth pairs was decremented from 90° to 15°, in 15° increments to test
the limits of required azimuthal variations. A scaling factor was used during rotation to
account for changes in acquisition geometry with changing ray-path. The subsequent
error in amplitude response is documented and presented, leading to an estimate of the
required minimum range of source-receiver azimuths to complete the polarization
analysis.
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Understanding the similarities and differences of the effect of an anisotropic
medium on the polarization effects between 9C and 3C data is of critical importance
when applying analysis originally conceived for direct S-waves, to PS-waves. To this
end, numerical simulations of 9C and 3C data were compared in both isotropic and
anisotropic media. For the direct shear wave (9C) case it has become apparent through
these comparisons that variations in source-receiver azimuth can have a significant effect
on the polarization of direct shear waves, even in an isotropic medium (Gumble et al.,
2005, and Lyons, et al., 2006).

Chapter Four:
Finally, to take the knowledge gained in the previous investigations and use it in
the application of current and new methodology to the Weyburn data set to obtain the
best possible anisotropic analysis of a 3D 3C data set, and make recommendations for
further improvements in anisotropy analysis techniques.
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Chapter 2: Characterization of layered anisotropic media from
prestack PS-wave reflection data1

ABSTRACT

Anisotropy and fracture characterization in individual layers is realized through
iterative layer stripping corrections of PS-wave reflection data in four, converted-wave
(PS-wave) synthetic seismic data sets, generated from azimuthally anisotropic (HTI and
TTI) models, and a 4-C data set from the Teal South, Gulf of Mexico. The corrections
were applied on a layer by layer basis with the objective to evaluate the efficacy of
constant polarization rotation and time shift operators. Equivalent isotropic models are
compared to anisotropic models after layer stripping corrections using rms amplitude and
shear-wave splitting time difference maps to quantify and identify inherent errors in
estimation of seismic polarization parameters. For HTI media it is found that radial and
transverse components of PS data that have had layer stripping corrections applied,
exhibit incorrect symmetry and orientations. This may adversely affect inversion and/or
AVO and AVAZ analysis. Layer stripping corrections applied to fast and slow (PS1 and
PS2) components exhibit the correct symmetry and orientation.
between PS1 and PS2 are computed using crosscorrelation.

Time differences

Previous studies have

addressed some of the problems associated with layer stripping corrections for the case of
vertical fractures (HTI media) and poststack layer stripping analyses. This study includes
1

This chapter published as: Gumble, J. E. and J. E. Gaiser, 2006, Characterization of layered anisotropic
media from prestack PS-wave-reflection data, Geophysics, 71, D171-D182.

22

an equivalent model with dipping fractures (TTI media) and extends the scope to
encompass the effects of anisotropy on prestack data. The results from an application of
the same crosscorrelation are also applied to a limited set of 4-C data from the Teal South
project in the Gulf of Mexico. Results are consistent with those of previous studies
involving solely poststack 4C rotation analysis in terms of average, or zero offset, time
differences and symmetry orientation.

Offset and azimuth amplitude/traveltime

variations, however, indicate that there is more information contained in prestack seismic
data than 4C rotation can comprehend.

INTRODUCTION

Anisotropy analysis is important for many reasons, but is particularly important in
imaging, as anisotropy will cause distortions in ray geometry (Crampin, 1981; Lynn and
Thomsen, 1990). Anisotropy is also an important attribute for characterization of
fractured reservoirs, where fractures are often fluid migration pathways (Tatham and
McCormack, 1991). P-wave, S-wave and Vp/Vs anisotropy can also be the key to
unraveling pore aspect ratio and other lithologic parameters (Crampin, 1978; Hudson,
1981; Thomsen, 1995 – to name a few, Tatham and McCormack, 1991 provide an
excellent review of earlier work). In azimuthally anisotropic media, examination of the
effect of constant time shifts and rotations on the amplitudes of prestack converted wave
(PS-wave) seismic data is critical towards putting constraints on the rock properties
determined through inversion of these amplitudes.
Layer stripping of S-wave birefringence is necessary to isolate the zone of
interest, as shallower anisotropic layers can leave an imprint on the anisotropic signal
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from deeper layers. Layer stripping techniques include the iterative application of a 2C X
2C rotation (Alford, 1986) for the determination of principal axes of symmetry and time
difference corrections (Winterstein and Meadows, 1991) beginning with a shallow layer
and progressively working downward.

Although the Alford technique has been

successfully applied in a wide range of situations it is chiefly designed for controlled
polarization source, zero-offset data, such as a VSP, in the presence of depth invariant
azimuthal anisotropy (Winterstein and Meadows, 1991), and therefore not well suited to
3D problems. The Alford technique also assumes that the polarization of the split Swaves remain orthogonal to each other – an assumption that remains valid at near offset
under ideal circumstances.

A method using propagator matrices (Winterstein and

Meadows, 1991 a,b), adapted from Lefeuvre (1989), avoids the assumption of orthogonal
polarizations and only requires that they are linearly independent. This method also does
not rely on information from the shallower layers and therefore avoids the potential for
propagation of error (Lefeuvre, et. al., 1991). However this method is still limited to zerooffset, or at least near zero-offset data. Gaiser expanded the 2C X 2C rotation analysis
and layer stripping technique to PS-wave data (Gaiser, 1997, 1999) by relying on
orthogonal source and receiver pairs to construct the 2C X 2C matrix in the absence of a
controlled polarization source. Thomsen (2001) suggested a similar approach. The
convolutional model has also been used to generalize the previously mentioned
applications to surface data techniques (Thomsen, et. al., 1999) however, in principle
these techniques remain 1D poststack methods that average offset and azimuthal
variations of S-wave splitting, and are only zero-offset approximations to full prestack
layer stripping. The effects of these techniques on multiazimuthal, multi-offset prestack
seismic data have never been fully addressed. A true understanding of the information
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contained within such data must be obtained before a viable prestack layer stripping
approach can be suggested.
Our objective in this study is to evaluate current poststack layer stripping
procedures involving Alford rotation analysis when applied to prestack PS-wave data. Swave splitting varies as a function of offset and azimuth and these variations get averaged
during stacking. Although the 1D theory of Alford is adequate for poststack data, we
anticipate that constant rotations and time shifts are not adequate for prestack data. We
approach this study by computing prestack synthetics for transversely isotropic media
with a horizontal axis (HTI) and a tilted axis (TTI): 1) to demonstrate the variations with
offset and azimuth (important information that is being averaged) and 2) to examine
errors of constant orientation and time shift layer stripping by comparing isotropic data
with layer stripped anisotropic data. The main contribution of this work is to demonstrate
the inadequacies of applying the 1D Alford rotation and layer stripping method to
prestack data, not only for HTI media but also for TTI media in both synthetic data and a
field data set from the Gulf of Mexico.

BACKGROUND

The basis for our modeling in this study is that azimuthal anisotropy arises from
preferentially aligned cracks or fractures. As is generally asserted, HTI is commonly the
result of vertical fractures within a sedimentary layer. Therefore, characterization of the
anisotropy of an HTI medium is related to the characterization of the fracture intensity
and orientation of the sedimentary layer (Crampin, 1984, and Thomsen, 1988). Effective
media theory is used to describe a single set, or multiple sets of fractures, in practice
today (Helbig, 1955; Schoenberg and Douma 1988, Bakulin, et. al. 2000) and generally
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assumes preferentially aligned, near-vertical circular flat cracks. Effective media theory
assumes that the fractures occur at a scale less than that of the seismic wavelength. TTI
symmetry is the model used here for dipping fractures in horizontally layered media and
is simply an HTI medium whose axis is tilted at some angle within a vertical plane.
Layer stripping using PS-waves can be advantageous when performing
anisotropic analysis in areas where the seismic signal passes through multiple layers with
varying degrees and orientations of anisotropy. The advantage over employing a direct
shear-wave (S-wave) source is that the anisotropic signal does not become mixed from
layer to layer in both the down going and up going legs of the travel path (which have
different properties). In contrast, PS-waves are created upon conversion, and only have
one up going S-wave travel path.
S-wave anisotropy may also be caused by horizontal stresses, particularly in the
near surface, which may not be related to through-going fractures. It is still of critical
importance to characterize this anisotropy fully, regardless of the cause, in order to make
some correction for imaging, as well as isolating the anisotropy in the reservoir and
relating this anisotropy to the presence of fractures. It is often assumed that evidence of
actual fractures in the target layer is pre-determined through other exploratory means
such as sonic logs from well borings, direct analysis of oriented core, FMI logs, etc. and
is consistent with that of the current geologic model. In these cases, the anisotropy is
assumed to be related to fracturing.
The layer stripping process is one that attempts to unravel the compounding
effects of azimuthal anisotropy on S-waves. Figure 8 shows a layered medium consisting
of two anisotropic layers, each with different orientations of symmetry axes for a single
shot and two-component detector. In this example, medium one is anisotropic and the
axes of anisotropy (polarization directions of fast and slow
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Figure 8. Medium one and medium two are anisotropic. PS-waves are indicated by the
respective arrows. R1 indicates the receiver location and C1 represent the conversion
point for waves traveling in medium one only, the polarization and birefringence of these
waves may be measured directly at receiver R1. C2 represents the conversion point of
waves that will travel through both media. The waves polarize and separate into S1 and
S2 in the lower medium and upon incidence with the upper medium at interface I1 each
wave will polarize and split again into two new pairs of waves S’11, S’12, S’21 and S’22.
This demonstrates how the anisotropy of medium one will be superimposed on that of
medium two, causing further birefringence and S-wave rotation.
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shear waves) are indicated by arrows. The first set of rays in medium one indicate the
propagation direction of a compressional wave that converts to shear at point C1.
Medium two is also anisotropic, and a second set of rays corresponding to
indicate the propagation direction of a compressional wave that converts to shear at point
C2. A portion of the ray path corresponding to conversion point C2 passes through
anisotropic medium one, the anisotropy of which will superimpose its polarization on the
shear waves, causing further birefringence. The rotation and time shift associated with
the split shear wave determined for medium one based on conversion point C1 are
applied to all components of data encapsulating medium two, based on conversion point
two. Ideally this procedure will nullify the anisotropic effects of all the layers above the
target. The rotation process can then be repeated for many additional layers (after Gaiser,
1997).
The synthetic data computed in this study are based on the Cymric Oil Field in
California, the subject of previous studies using VSP’s (Winterstein and Meadows,
1991), where it was shown that layer stripping methods can be used to analyze shear
wave birefringence as it changed with depth. Layer stripping has been conducted using
poststack seismic analytical techniques (Gaiser and Van Dok, 2003) where the relevance
of fracture characterization was shown in the Emilio field in the Adriatic Sea (Gaiser, et.
al., 2001) but was limited to constant time shifts and polarization rotations. This analysis
has been extended to a sub-set of the Teal South survey from the Gulf of Mexico in this
study. In the Teal South area, that at least at the interval under analysis, the sediments
are unconsolidated and unlikely to support open fractures. Lynn reported the detection of
azimuthal anisotropy in similarly soft sediments in two sites near the San Francisco Bay
Area (Lynn, 1991, Discussion, 1992).

Her analysis led to the conclusion that the

anisotropy was induced by a combination of factors. Two of those factors discussed by
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Lynn are possible causes of azimuthal anisotropy in the Teal South, they are 1)
Depositional agent or fabric anisotropy and 2) Stress-aligned fluid filled microcracks or
extensive dilatancy anisotropy (EDA) (Lynn, 1991 and Crampin, 1977, 1978, 1981,
1985).

MODELING AND PROCESSING

Four sets of models are produced for the Cymric oil field. The first is a set of
models with HTI symmetry (Figure 9) and a corresponding set of isotropic models for
comparison. The second set is identical in all respects but is generated with TTI
symmetry and it’s own corresponding set of isotropic reference models. The generation
of the reference models makes possible the comparison between the results of the layer
stripping for the anisotropic media and those of the equivalent isotropic media (Figure
10). A total of four synthetic models are created for each fracture set (HTI and TTI). In
the HTI model, the first layer is isotropic followed by three anisotropic layers. This
model is the subject of the layer stripping and is accompanied by three more models;
each with one anisotropic layer replaced by an equivalent isotropic layer, including a four
layer isotropic model (Table 1). Analysis of the isotropic reference models shows us the
ideal case in which there are no anisotropic effects. We can then compare anisotropic
models with the corrections applied to the reference models to see how well, or poorly we
have nullified the effects of the anisotropy. For example, layer stripping corrections have
been applied for the first anisotropic layer of the HTI model and compared to a model in
which the first two layers are isotropic (Table 1). This affords us the opportunity to
quantify the error induced by constant rotation and time shift operators: azimuthal and
offset
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Figure 9. Radial and transverse components from the Cymric HTI modeled seismic data
set. Shown here is a 2D line running East-West. The source is located at near-zero
offset.
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Figure 10. Idealized figures showing a series of models. They illustrate two concepts:
(1) one layer of isotropy above three layers of anisotropy as they are consecutively layer
stripped to nullify the birefringent propagation effects of anisotropy and (2) a series of
models used for calibration in which the first has three anisotropic layers, the next has
two anisotropic layers etc.
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Table 1. The initial starting models used to compare HTI, TTI and isotropic media as well as the
successive layer stripped models and their corresponding isotropic reference models.
Table 1a) Pre-layer strip
HTI Model
Layer 1 Isotropic
Layer 2 θ=60°, γ(v)=.062
Layer 3 θ=75°, γ(v)=.041
Layer 4 θ=90°, γ(v)=.020
Layer 5 Isotropic half space

Reference Model
Isotropic
Isotropic
θ=75°, γ(v)=.041
θ=90°, γ(v)=.020
Isotropic half space

TTI Model
Isotropic
θ=60°, φ=30°, γ(v)=.062
θ=75°, φ=20°, γ(v)=.041
θ=90°, φ=10°, γ(v)=.020
Isotropic half space

TTI Reference Model
Isotropic
Isotropic
θ=75°, φ=20°, γ(v)=.041
θ=90°, φ=10°, γ(v)=.020
Isotropic half space

Table 1b) After first layer strip
HTI Model
Layer 1 Isotropic
Layer 2 Layer stripped
Layer 3 θ=75°, γ(v)=.041
Layer 4 θ=90°, γ(v)=020
Layer 5 Isotropic half space

Reference Model
Isotropic
Isotropic
θ=75°, γ(v)=.041
θ=90°, γ(v)=020
Isotropic half space

TTI Model
Isotropic
Layer stripped
θ=75°, φ=20°, γ(v)=.041
θ=90°, φ=10°, γ(v)=.020
Isotropic half space

TTI Reference Model
Isotropic
Isotropic
θ=75°, φ=20°, γ(v)=.041
θ=90°, φ=10°, γ(v)=.020
Isotropic half space

Table 1c) After second layer strip
HTI Model
Reference Model
Isotropic
Layer 1 Isotropic
Isotropic
Layer 2 Layer stripped
Isotropic
Layer 3 Layer stripped
θ=90°, γ(v)=.020
Layer 4 θ=90°, γ(v)=.020
Isotropic half space
Layer 5 Isotropic half space

TTI Model
Isotropic
Layer stripped
Layer stripped
θ=90°, φ=10°, γ(v)=.020
Isotropic half space

TTI Reference Model
Isotropic
Isotropic
Isotropic
θ=90°, φ=10°, γ(v)=.020
Isotropic half space

Table 1d) After target layer strip
HTI Model
Layer 1 Isotropic
Layer 2 Layer stripped
Layer 3 Layer stripped
Layer 4 Layer stripped
Layer 5 Isotropic half space

TTI Model
Isotropic
Layer stripped
Layer stripped
Layer stripped
Isotropic half space

TTI Reference Model
Isotropic
Isotropic
Isotropic
Isotropic
Isotropic half space

Reference Model
Isotropic
Isotropic
Isotropic
Isotropic
Isotropic half space

Table 1. Initial models and successive layer stripped models. (a) the initial HTI and HTI
reference model and TTI and TTI reference models, where θ indicates fracture azimuth in
degrees from north, φ indicates the anti-dip, or compliment of the dip angle, of the
fractures (where applicable) and γ(v) is the exact Thomsen parameter of the equivalent
VTI media. (b) First layer strip. The same models, indicating that the first anisotropic
layer of both the HTI and TTI model have been layer stripped, i.e., have had constant
time shift and rotation applied in an attempt to nullify the anisotropy. (c) Second layer
strip. The second anisotropic layer of both the HTI and TTI models have had constant
time shift and rotation applied. New reference models are required for comparison, as
indicated. (d) Target layer strip. For investigative purposes, the target layer has also had
constant time shift and rotation applied. New, purely isotropic models are needed for
comparison.
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variations in S-wave splitting time difference, amplitudes and polarizations (a
polarization analysis however, is beyond the scope of this study).
All models are generated using commercially available modeling software, which
uses contour integration in the complex frequency-wavenumber domain to compute
seismograms and thus produce correct, interpretable amplitudes (Mallick and Frazer,
1987). The models are generated with an impulsive source located in the top isotropic
layer, to avoid the generation of direct shear energy. Direct waves, surface waves, and
interbed multiples were also omitted.

Only one P-wave impedance contrast exists

between the top isotropic layer and the second anisotropic layer. For the rest of the
model both P-wave velocity and density remain constant. Only the S-wave velocities
change from layer to layer to minimize the amount of P-wave energy and isolate the PSwave. The modeling geometry consists of a single source located in the center of a grid
of 30 by 30 receivers, placed at 100 m intervals and the input wavelet has a frequency of
10-40 Hz.
In order to preserve true amplitudes, minimum processing was applied to the data.
Using industry standard processing software, geometry description was defined and a
spherical divergence correction applied. The x and y components recorded at the receiver
position are rotated to radial and transverse orientations using two component
trigonometric rotation. Velocity analysis was performed on the radial component, which
included a higher order moveout correction. The higher order moveout was determined
using a scanning technique which applied the equation:

x2
2ηx 4
t =t + 2 − 2 2 2
Vpn Vpn Vpn t0 + (1 + 2η )x 2
2
x

2
0

[

]

(4)
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(Alkahlifah and Tsvankin, 1995) where tx is the total traveltime to offset x, t0 is the zerooffset traveltime, and x is the source-receiver offset distance. Vpn is the short-spread PSwave velocity and η is the effective parameter used to reduce differences between the
Thomsen parameters ε and δ. The effective parameter η is then replaced by κ, an
equivalent P-SV velocity parameter (Cheret, et al., 2000). The equation was applied to
normal moveout (NMO) corrected source gathers for several values of κ and the best
correction picked using a visual screening technique. The next step was to apply this
higher order correction (HOC) to both the radial and transverse components. A spherical
divergence correction, using a TV2 parameter where V is the rms PS-wave velocity
determined from velocity analysis, was then applied to both components.
Amplitude analysis of radial and transverse components for a wide range of
source-receiver azimuths was used to determine the principal axes. rms amplitudes were
extracted across the events in question from the move-out corrected receiver gathers and
used to graphically interpret the principal directions of the fractures. Once the radial and
transverse components were rotated to fast and slow polarizations (PS1 and PS2), a
crosscorrelation was made between the fast and slow waves. From the crosscorrelation
results, time difference maps were constructed and compared with PS-wave rms
amplitude maps for analysis. Once a constant (average) shift has been determined PS2 is
shifted and the data rotated back to radial and transverse components.

The radial

component of the layer stripped model was then compared to the radial component of the
equivalent isotropic model to further quantify the azimuthally dependent errors associated
with the constant shift.

LAYER STRIPPING AND CALIBRATION
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Cymric Model
Amplitudes are extracted from time windows centered about the reflection of the
event in question in order to characterize the principal axes of the layer beneath the
reflector. For both HTI and TTI symmetries, the amplitudes from an isotropic layer over
an anisotropic layer (referred to as event one in the analysis) provides a baseline for the
amplitudes that can be used to estimate the principal directions of the anisotropy (Figure
11).

There is no time difference between the fast and slow components but the

amplitudes of the radial and transverse components are indicative of the anisotropic layer
beneath the event as the S-waves polarize to the principal directions upon reflection.
In the HTI case (Figure 11a-d), the rms amplitudes of the radial component from
event one (Figure 11a) can be characterized as a dipole, with the two poles, or regions of
greater amplitude, pointing in the direction of the principal axes of the anisotropy of the
underlying layer. The rms amplitudes of the transverse component (Figure 11b) have a
quadra-polar distribution, or quadrapole about zero offset with equal amplitude
partitioned to each pole. The polarity of the amplitude in each pole changes about the
symmetry axis, however this is not shown or discussed in this paper, but may be a useful
indicator in subsequent investigations.

The nulls of the poles are inline with and

perpendicular to the axes of symmetry of the layer beneath. PS1 and PS2 rms amplitudes
from the same event (Figure 11c and 11d) show greater amplitude in the direction of the
underlying fracture strike (on PS1), relative to the amplitude perpendicular to the fracture
strike (PS2). The TTI case differs slightly from that of the HTI case (Figure 11e-h). The
TTI radial component amplitude (Figure 11e) exhibits virtually the same symmetry as in
the HTI case yet is diminished somewhat (lower peak amplitude) when compared to the
HTI case. The transverse component reflectivity
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Figure 11. Baseline rms amplitude for reflection event one. Shown are the rms
amplitudes extracted over a window corresponding to the reflection pictured in the model
icon. For this and all subsequent figures the rms amplitudes are shown in plan view with
the source located in the center and receivers across the entire grid. Within the model
icon: the red and blue arrows represent the ray path to the event in question; vertical
lines within the layer represent HTI media, whereas dipping lines within the layer
represent TTI media. In subsequent icons the dotted lines between events represent
layers that have been layer stripped. In the first example the medium is isotropic over
anisotropic with HTI results shown on the left (a-d.) with fractures in the medium below
oriented at 60° and TTI results shown on the right (e-h.) with the same fracture set, with
an anti dip of 30° to the North-West. (a) The rms amplitude of the radial component in
HTI media. The signature is a dipole in line with the strike of the fractures which lie
beneath. (b) The rms amplitude of the transverse component is a quadrapole with the
nulls both inline and perpendicular to the fracture strike. (c) The rms amplitude of the
component rotated inline with the fractures. (d) The rms amplitude of the component
rotated perpendicular to the fractures. (e) The rms amplitude of the radial component in
TTI media. (f) The rms amplitude of the transverse component in TTI media. (g) The rms
amplitude of the component rotated parallel to the fracture strike. (h) The rms amplitude
of the component rotated perpendicular to the fracture strike.
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(Figure 11f) is affected dramatically by the dip of the fractures in the lower medium. The
expected quadrapole observed in the HTI case is replaced by an amplitude signature that
is similar in appearance to that of the PS1 amplitude and is also diminished in amplitude
relative to that of the HTI case. A possible reason for this is a relatively low S-wave
impedance contrast at this event, resulting in a high sensitivity to the fracture dip – which
in this case is quite large (30° anti-dip). In the case of the fast and slow components
(Figure 11g-h) there is an observable variation from the HTI case, corresponding to the
direction of the fracture dip (to the North-West). The PS1 component peak amplitudes
are shifted slightly up-dip whereas the transverse component amplitude shows a greater
peak in the down-dip of the fracture direction.
The amplitudes extracted from event two, an anisotropic layer over anisotropic
layer reflection, are indicative of the second layer’s fracture strike as well (Figure 12).
The radial component rms amplitude (Figure 12a) is now a quadrapole however, with
greater amplitude on the poles perpendicular to fracture strike of the upper layer. The
transverse component amplitude (Figure 12b) is also a quadrapole, the nulls of which are
in line and perpendicular with the fracture strike of the upper layer. When rotated to fast
and slow orientations (Figure 12c-d) we see greater amplitude in the slow direction,
perpendicular to the fracture strike.

A bulk time shift is determined from a

crosscorrelation made between the fast and slow components in an attempt to reconcile
the time difference resulting from the anisotropy of this layer (Figure 13), the analysis of
which is detailed hereafter. Layer stripping is then accomplished by bulk shifting the
slow component to match the fast. The components are then rotated back into radialtransverse coordinates for comparison.
Amplitudes of the post-layer strip corrected radial component (Figure 12e) are
slightly greater in magnitude than those of the pre-layer strip radial component
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Figure. 12. The rms amplitudes for radial, transverse, fast and slow PS-waves from
reflection event two, an anisotropic over anisotropic event in a HTI medium. (a,b) Prelayer strip radial and transverse components for HTI. The 60° fracture strike of layer two
may be interpreted from the alignment of the dipole. (c,d) The corresponding PS1 and
PS2 components for the same event as in (a) and (b). (e,f) Post layer strip radial and
transverse components. (g,h) The corresponding PS1 and PS2 components – note they are
identical to those in c and d but are included for instruction. (i,j) Equivalent isotropic
layer over anisotropic layer radial and transverse component for the HTI medium, in this
case they exhibit the fracture strike of layer three beneath (75°). (k,l) The corresponding
PS1 and PS2 components. Although PS1 and PS2 are not inline with the HTI symmetry
beneath event two (75°), they are rotated to 60° for direct comparison to (a,b) and (g,h).

38

(Figure 12a), resulting from the transference of energy from the transverse component
(Figures 12b-f). The transverse energy has been minimized to within a small magnitude
expected for the isotropic layer over anisotropic layer (Figure 12j). When comparing the
amplitudes of the radial component that has been layer strip corrected, to that of a model
that has original isotropy – we see many differences.

The radial amplitude of the

isotropic over anisotropic model (Figure 12i) is a dipole – whereas the radial amplitude of
the layer stripped model remains a quadrapole. The fast and slow S-waves for the layer
strip corrected case (Figure 12g and 12h), are virtually identical to that of the pre-layer
strip corrected case, but are included for instructional purposes. The fast and slow shear
waves of the isotropic over anisotropic reference model (Figure 12k and 12l) have been
rotated to 60° for display, which would not be done in practice, but has been included
here for direct comparison to the anisotropic over anisotropic case. The amplitude of the
isotropic slow wave is much lower than that of the layer strip corrected slow wave as is to
be expected. The amplitude on the slow component in the isotropic case results solely
from the anisotropy of the layer beneath the isotropic event. For clarification see the
model icons located on each panel in Figure 12. The use of constant rotation and time
shift operators has caused a distortion in the amplitudes and symmetry axes, relative to
the amplitudes and symmetry axes of the equivalent isotropic layer over anisotropic layer
model as a result of differences in reflectivity of the medium.
The amplitudes extracted from event two, for the TTI model, differ from the HTI
model in that the quadrapoles of the radial and transverse components are slightly off
from the principal axes, but still nearly aligned with the second layer’s 75° fracture strike
(Figure 14a-14b). Amplitudes for this event with the layer stripping correction applied
are also distorted (Figure 14e-14f). It is difficult to interpret the primary axes; however
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Figure. 13. S-wave splitting time difference maps for reflection event two resulting from
crosscorrelation of the PS1 and PS2 components displayed as constant time-shift color
contours. (a) HTI Medium: time differences range from -32 ms to -24 ms. Offset and
azimuthal variations in time differences are a symmetric, elliptical pattern with the long
axis perpendicular to fracture strike and the short axis parallel to fracture strike. (b) Time
difference error derived from comparing the layer stripped model to an equivalent
isotropic model. Time differences range from -10 ms to 10 ms. Offset and azimuthal
variations show agreement between the two models at near zero offset and along fracture
strike but disagree at far offsets normal to the fracture strike. The zero time shift lies in
the center of the green constant time shift contour.
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Figure. 14. The rms amplitudes for radial, transverse, fast and slow PS-waves from
reflection event two, an anisotropic over anisotropic event in TTI medium (a,b) Pre-layer
strip radial and transverse components for TTI media. The 60° fracture strike of layer
two may be interpreted from the amplitudes. (c,d) The corresponding PS1 and PS2
components for the same event. (e,f) Post-layer strip radial and transverse components.
(g,h) The corresponding PS1 and PS2 components – note they are identical to those in c
and d but are included for instruction. (i,j) Equivalent isotropic layer over anisotropic
layer radial and transverse components for the TTI medium, in this case they exhibit the
fracture strike of layer three beneath (75°). (k,l) The corresponding PS1 and PS2
components – rotated to 60°. Although PS1 and PS2 are not inline with the HTI
symmetry beneath event two (75°), they are rotated to 60° for direct comparison to (a,b)
and (g,h).
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the transverse component does approximate the fracture strike. The amplitudes of the
fast and slow waves (Figure 14c and 14d) are comparable to that of the HTI case,
although the amplitude difference in line and perpendicular to the fractures is less
noticeable and there is some skew detectable, particularly on the slow component. Again
for completeness, the fast and slow shear waves are shown for the post-layer strip
scenario (Figure 14g and 14h), although they are equivalent to that of the pre-layer strip
case. Some insight can be derived from the isotropic counter-part to the model (Figures
14e-14l). The radial component has a dipole pattern where higher amplitudes are in-line
with the 75° fracture strike associated with layer three. The transverse component is
indeed a distorted dipole bent symmetrically about the axis normal to the fracture strike.
The fast and slow waves when rotated to 60°, show a similar difference in amplitude and
resulting skew, as in the HTI case.
After the rotation of radial and transverse components to PS1 and PS2, S-wave
splitting time differences for event two are computed using crosscorrelation. For the HTI
medium, the average time shift is determined by choosing the time difference associated
with the peak distribution (Figure 13a). For the TTI medium, there are two peaks in the
time-difference distribution and consequently the average time shift is taken between
these two modes. The PS1 and PS2 components are then rotated back to radial and
transverse components and the amplitude extraction is performed again. This quantifies
the errors associated with a single rotation and shift operator layer stripping approach.
Another crosscorrelation is then performed to compare the layer stripped radial
component to the radial component from an equivalent isotropic model (Figure 13b).
Results from the S-wave splitting analysis resolve subtleties in the time differences
between PS1 and PS2 (Figure 13a) beyond those observed in the seismograms. An
elliptical pattern of time difference is symmetric with respect to the principal axes. The
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lack of data along the principal axes results from low signal where S-wave splitting is
minimal. Figure 13b shows there is no transverse data along the principal axes available
for analysis. Despite this, a clear elliptical pattern is resolvable for the HTI medium,
indicating the extent of azimuthal and offset variations. The short axis of the ellipse is
parallel to fracture strike, whereas the long axis is perpendicular to fracture strike. An
average time difference can be chosen based on the peak distribution of time differences
shown in the legend. In this case an average shift of ~27 ms was chosen. If we compare
the layer stripping corrected model to the isotropic model we can map the time difference
errors resulting from the bulk shift. Results show a symmetric pattern about the fracture
strike where the area of greatest agreement is at near zero offset and along fracture strike,
with increasing error normal to fracture strike as offset increases.
S-wave splitting time-difference maps of event three for the TTI model no longer
exhibit an obvious elliptical pattern, but azimuthal and offset variations show only one
plane of symmetry in the dip direction of the fractures (northwest-southeast, see Figure
15a). The average time shift is calculated by taking an average between the two peaks on
the time-shift distribution scale. The layer strip corrected radial component was again
compared to the isotropic radial component for event two. The results now show an
asymmetric pattern about the fracture strike (Figure 15b) where the area of greatest
agreement is no longer near zero offset, although there is a trend along fracture strike
with increasing error normal to fracture strike as offset increases.
Teal South Survey
An identical analysis was made to a single receiver gather from the Teal South
data (Figure 16). Although the cause(s) of anisotropy in the soft sediments at Teal South
are not the same as in the previous modeling examples, the analytical techniques remain
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Figure. 15. S-wave splitting time difference maps for reflection event two resulting from
crosscorrelation of the PS1 and PS2 components displayed as constant time-shift color
contours for TTI model data. (a) TTI medium: time differences range from about -32 ms
to -12 ms but the offset and azimuth variations in time differences are asymmetric where
the elliptical pattern is distorted as a result of fractures dipping 60° (in layer two) to the
northwest. (b) Time difference error derived from comparing layer stripped model to an
equivalent isotropic model. The pattern of time shift errors is asymmetric about the
fracture strike. Time differences increase down-dip (northwest) and decrease initially updip (southeast). In contrast to the HTI example, the area of lowest error is no longer
along fracture strike, but is around zero offset.
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Figure 16. Radial and transverse components from a portion of a receiver gather from the
Teal South data set.
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the same. Azimuthal anisotropy has been observed in soft sediments (Lynn, 1991) and as
discussed earlier, similar mechanisms may explain our observations as well.
Radial and transverse component amplitudes of shallow reflection events were
analyzed in the manner discussed above in order to detect azimuthal anisotropy. Events
analyzed are described as events 1-4 (Figure 17 and 18) and are progressively deeper.
Event one (Figure 17a-b) is characterized as isotropic. The amplitude of the radial
component is nearly circular and there is little energy on the transverse component. The
second event is characterized as isotropic as well (Figure 17c-d) although there is some
elongation of the amplitude signature of the radial component and the beginnings of a
quadrapole on the transverse component. We liken the amplitudes of event three to that
of the modeled case in which we have an isotropic layer over an anisotropic layer (Figure
11) since both the radial and transverse components display similar characteristics. The
radial component in the Teal South event three (Figure 17e) may be characterized as a
dipole with greater amplitudes aligned at 115°.

The amplitude of the transverse

component (Figure 17f) has evolved into a recognizable quadrapole. From the S-wave
splitting time-difference map (Figure 19a) it is possible to discern an average time shift of
7.5 ms for event three. These time differences display none of the previously observed
symmetries of the elliptical or dipping elliptical pattern observed in HTI and TTI models,
yet there is some symmetry associated about the principal axes. An earlier poststack
Alford rotation analysis (Alford, 1986) indicated similar symmetry orientations for event
three, but found only a 1 or 2 ms average time shift for the upper layer (Stewart et al.,
2003). However, the poststack Alford rotation and layer stripping analysis is sensitive to
NMO errors and averages azimuthal travel time measurements making it insensitive to
the offset and azimuthal traveltime measurements and may not result in the correct
answer. Alford analysis may also be complicated by azimuthally variant static variations.
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Figure. 17. The rms amplitudes for the radial and transverse components for three events
from the Teal South data set. (a,b) This event is interpreted as isotropic, having a nearly
circular pattern of rms amplitude on the radial and transverse components. (c,d) Radial
and transverse components for event two, lower in the section. This event is also
characterized as isotropic although there is some elongation in an East-West direction on
the radial component and the beginnings of a quadrapole on the transverse component
(e,f) Radial and transverse components from event three. The event is characterized as an
isotropic layer over an anisotropic layer. The radial component is a dipole aligned at
approximately 115°. The transverse component is a quadrapole with aligned at 115°.
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Figure. 18. The rms amplitudes for radial and transverse components for a deeper event
from the Teal South data set (event four) at approximately 1550 ms, which is
characterized as anisotropic. (a) The rms amplitude of the radial component has
developed a quadrapole pattern – with amplitudes aligned at 115° indicating anisotropy
above the reflection. b) The rms amplitude of the transverse component is a quadrapole
with nulls aligned with the strike. (c) Radial component after layer stripping. (d)
Transverse component after layer stripping, the rms amplitudes of the transverse
component have been minimized. (e) PS1 rotated to 115° and (f) PS2.
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Without having the benefit of previous studies, the amplitudes in the previous event may
have been interpreted as registering from an isotropic layer overlying an anisotropic layer
since the radial component exhibits a dipolar amplitude pattern.
Taking event three as the reflection from the top of an anisotropic layer, an event
located at approximately 1550 ms was interpreted to be from an interface between an
anisotropic over an anisotropic layer (Figure 18). The amplitude of the radial component
(Figure 18a) may be described as a quadrapole, similar to those noted for anisotropic over
anisotropic events for the modeled HTI and TTI examples (Figures 12 and 14). The
transverse component (Figure 18b) also compares well to the models. As in the models
upon layer stripping, the amplitude of the radial component (Figure 18c) has grown
slightly, whereas the transverse component (Figure 18d) has been minimized, although
the amplitudes of each component remain in a quadrapole.

The fast and slow

components (Figure 19e-f) have amplitudes indicative of an HTI medium, with little or
no skew, indicating the correct symmetry axis has been used for rotation. From the time
difference map (Figure 19b) a time difference of 14 ms was determined and agrees with
previous Alford rotation analysis.

CONCLUSION AND DISCUSSION

Constant time shifts are not adequate for prestack layer stripping as they induce
distortions in amplitudes that may adversely affect inversion. It is important to avoid
principal directions when measuring traveltime differences, as this will produce null
values; however, adequate azimuthal coverage is needed for accurate inversion and also
to determine the symmetry axes. We show that although zero offset techniques are fairly
robust when applied to poststack data, they ignore the wealth of azimuthal and offset
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Figure 19. PS1 to PS2 time difference map for events three and four. (a) Event three:
time differences range from -18 ms to 0 ms, except on principal axes. The average is ~
7.5 ms. (b) Time differences range from -28 ms to 0 ms, with the average at ~17 ms.
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traveltime information contained in prestack data that may be used to enhance both
imaging and fracture characterization.
After prestack layer stripping of modeled HTI and TTI media, several
observations were made and are summarized here. In HTI media:
1) Radial and transverse components exhibit incorrect symmetry and orientation,
and distortions in amplitudes.
2) In the case of PS1 and PS2 components, although symmetry and orientation are
correct, the amplitudes are incorrect.
3) When comparing layer stripped and isotropic time differences resulting from
birefringence, it is observed that they are similar for near offsets and along
fracture strike, but dissimilar at far offsets normal to fracture strike.

This

traveltime-difference anomaly has two planes of symmetry oriented with and
symmetric about the fractures.
For TTI media:
1) Radial and transverse components exhibit incorrect symmetry and orientation,
and distortions in amplitudes.
2) For PS1 and PS2 components incorrect symmetry, orientation, and amplitudes
are incorrect.
3) Time-difference comparisons between a layer stripped TTI model and an
isotropic model are similar to HTI media, however, the time difference anomaly
is asymmetric with only one plane of symmetry normal to the fracture strike
direction. The time difference between the anisotropic model with bulk time
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shift corrections applied and the isotropic model increases down dip and
decreases up dip.
Analysis of the Teal South data has shown that the amplitude maps exhibit traits
associated with either a HTI or shallow-dipping TTI system and that the layer stripping
method behaves similarly on the real data as in the models. Analysis agrees with a
previous Alford rotation analysis in terms of strike direction, as well as an average, zero
offset time difference determination using crosscorrelation.
We recommend the development of a prestack approach that would capitalize on
the azimuthal and offset variations inherent in the S-wave birefringence.

Such a

technique must necessarily avoid the principal axes of the media where no time
difference data is observable but must extrapolate observable data to obtain a time
difference surface map. Once achieved, the offset and azimuthal variations in time
difference may be applied to the data instead of a simple bulk shift. As the inclusion of
information from orthogonal azimuths is needed for four component (Alford) rotation
analysis in prestack PS-wave data, the process may be improved by starting initially with
a four component rotation algorithm applied to near offsets only for determination of
fracture strike or symmetry direction and then utilizing a more simplistic two component
rotation algorithm to rotate from a radial transverse coordinate system to a natural (PS1
and PS2 in this case) coordinate system, and back again as need be.
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Chapter 3: PS-wave rotation analysis compared to S-wave rotation
analysis and sensitivity to acquisition geometry2
ABSTRACT

Comparison of reflected polarizations and reflection amplitudes was conducted
using both directly generated, controlled-source polarization (S-waves) and mode
converted shear waves (PS-waves) in both isotropic and anisotropic media. Results
obtained using a four horizontal component rotation for direct shear waves from 9C data,
and an equivalent method using multi-azimuth PS-wave data, were compared. Observed
changes in S-wave polarization may initially be thought to be solely caused by anisotropy
at a reflecting interface. It is shown that due to differences in SV and SH-wave
reflectivity; however, there is an effective change in polarization of the reflected wave
from the input source polarization in purely isotropic media. Four component rotation
algorithms in isotropic media do not take into account this change in polarization upon
reflection and may result in an erroneous anisotropic interpretation. Despite this error,
which occurs at non normal incidence, application of four component rotation analysis to
both direct S-wave and mode converted PS-wave in multi-layered media yield equivalent
results for both wave forms if analysis is limited to near-zero offset (normal incidence).
As PS-wave 4C rotation analysis relies on multi-azimuth data binned into
multiazimuthal sets of common conversion point (CCP) gathers, a sensitivity analysis
was performed in order to investigate the effect of non-orthogonal acquisition geometry
2

This chapter submitted for publication as: Gumble, J. E., P.E. Murray, E. S. Lyons, and R. H. Tatham,
2006, Extension of Controlled Source Polarization S-wave Analysis (9C) to PS-wave (3C& 4C) Data,
Geophysics, In Review.
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(a pre requisite for PS-wave four component rotation analysis) on anisotropic analysis
and fracture characterization. After comparing results from the PS-wave 4C algorithm to
the direct S-wave case, the angle between source-receiver azimuth pairs used in the
rotation was decremented from 90° (orthogonal) to 15°, in 15° increments. A scaling
factor was used during rotation to account for changes in recorded amplitudes projected
on orthogonal components, with changing source-receiver azimuth. The subsequent error
in amplitude response is documented and presented. It is found that azimuthal anisotropy
may be estimated from PS-wave reflections for maximum differences in source-receiver
azimuth as small as 30°.

INTRODUCTION

As the application of converted shear wave reflection (PS-wave) data for use in
polarization analysis in offshore environments continues, it is important to extend
analysis techniques developed for direct shear wave polarization analysis on land (9C
data) to that of current 3C polarization analysis of PS-wave data where acquisition is
limited to the use of compressional wave sources. Where previous efforts of polarization
analysis have investigated the effects of bulk rotation and layer stripping analysis using
PS-wave prestack data (Gumble and Gaiser, 2004a, 2004b) in HTI and TTI media, this
paper extends these methods to include comparison between direct shear wave (9C) data
and multi-azimuth 3C data.

To facilitate this comparison, a converted wave four

component rotation algorithm was developed, similar to those proposed previously by
Gaiser (1997) and Thomsen (2001).
In order to more fully understand anisotropic analysis in the marine environment
utilizing PS-waves recorded with 4C ocean bottom instruments, we have endeavored to
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compare polarization results to those derived from land based direct S-wave (9C)
analysis. The effects an anisotropic medium, particularly an azimuthally anisotropic
medium, can have on S-wave and PS-wave polarization (Crampin, 1978, Tatham and
McCormack, 1991 and others) through the process of birefringence, is well documented.
An effect that may have been overlooked, or not assigned the importance it demands, is
the effects that variations in source-receiver azimuth can have on the polarization of
reflected direct shear waves, even in an isotropic medium (Gumble et al, 2005). In this
study we extend our investigation to examine limitations on 4C marine acquisition on
polarization analysis and a comparison between the 4C results and those obtained from
controlled polarization 9C data on land.
Most investigators in this field are familiar with the Alford rotation (Alford,
1986), which relies on the generation of a 2X2 matrix whose four components are
comprised of crossline to crossline, crossline to inline, inline to crossline and inline to
inline source receiver pairs. In this investigation of the PS-wave case, the missing source
components of the 2X2 matrix can be replaced by information gathered from two or more
source-receiver pairs chosen at different azimuths. A four component rotation operator is
applied to each component of the matrix, in much the same way as described in the
Alford discussion, and thus the principal polarization angle of the S-wave components
can be defined. This operator can be applied at each time window (or depth interval) in
order to unravel the cumulative effects of anisotropy in layers above the layer of interest.
This is possible using PS-wave data because the conversion point can effectively be
considered the seismic source beneath the anisotropic layer under evaluation, eliminating
the complexities associated with layer stripping of data in which the source lies at the
surface. This one way geometry for the S-wave greatly simplifies the problem to one that
is similar to layer stripping of VSP data, so that the new source effectively lies at depth.
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The common conversion point (CCP) of the reflected PS-wave can be
approximated by the following equation (Chung and Corrigan, 1985):

Xc =

(

X
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where Xc is the offset to the conversion point from the receiver position, X is the total
source to receiver offset, TS and TP are the S-wave and P-wave one-way (vertical) travel
times for the down-going P and up going S-wave reflection travel path, and Vs and Vp
are the S-wave and P-wave rms or NMO velocities, respectively. Once the conversion
point is located, two or more “source” (in this case, the conversion point) and receiver
pairs can be organized into a 2X2 matrix, which we will call S. The solutions can then be
rotated into the natural coordinate system denoted by matrix S’, which has the form:
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where RR and RS are the receiver and source rotation operators respectively, and S is the
2X2 matrix of recorded data. Expanding S’ gives:
⎛ S rr'
⎜ '
⎝ Str

S rt' ⎞ ⎛ cos θ R
⎟=⎜
Stt' ⎠ ⎝ − sin θ R

sin θ R ⎞ ⎛ S rr
⎟⎜
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S rt ⎞⎛ cos θ S
⎟⎜
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− sin θ S ⎞
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(3)

where θR is source rotation angle and θS corresponds to the angle applied to the receiver
(Gaiser, 1997, 1999; Thomsen, 2001). In general these angles are not necessarily equal,
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as the inline and crossline receivers are not assuredly aligned in the direction of the
source line orientation. For the purposes of this study however, as evaluation of the
rotation technique is the subject of analysis, we assume that the angles are equal. Again,
this equation can be solved iteratively by incrementing values of the rotation angle to
minimize the off diagonal components of S’.
Previous work (Krohn, 1988 and Simmons, 2004) in this field of research
discussed the advantages and disadvantages of direct S-waves and mode converted PSwaves for exploration purposes. This includes an account of the total energy recorded at
the surface resulting from various reflection scenarios – and an evaluation of the resulting
resolution (Krohn, 1988).

Simmons (2004) identified the presence of what he has

described as “crossterm” energy, even in isotropic media when simulating or recording a
3D survey, as a result of variable amounts of SVSV and SHSH energy being projected
onto the receiver components due to generalized 3D acquisition and differences in SV
and SH reflectivity.

Our investigation expands on that work exploring issues with

polarization analysis, and amplitude variation with offset and azimuth (AVOA) on
prestack data.
Our objectives now are two fold. Our first goal is to compare the observed
polarization of shear waves at the surface from both S-wave and PS-wave data and to
describe effects of source-receiver azimuth on polarization, even in an isotropic media.
Secondly, to address inherent limitations of the four component, PS-wave rotation
technique imposed by inline acquisition, namely limited azimuthal coverage by
developing a simple trigonometric projection and to then apply the technique to pre-stack
data.
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MODELING

For both the isotropic and anisotropic models, a Fourier frequency-wave number
numerical modeling method (Fryer and Frazer, 1987, Mallick and Frazer, 1987) was used
to produce the seismograms. For the first part of the study, polarization analysis, there
are two sets of models: 1) Direct S-wave and mode converted PS-wave models of an
isotropic medium overlying an isotropic half-space, both models have identical
reflectivity, but different sources (Figure 20) and; 2) Direct S-wave and mode converted
PS-wave models of an isotropic medium overlying an anisotropic half-space (Figure 21).
The data have been rotated from field coordinates, where in the S-wave case the first of
two sources is aligned in the radial direction with receiver components aligned both
radial and transverse (SRRR and SRRT respectively; where S denotes the source and the
subscript the orientation either radial or transverse, and R denotes the receiver and the
subscript the orientation), as shown in Figure 20a and b. The second of the two sources is
aligned in the transverse direction with receiver components aligned in both radial and
transverse directions (STRR and STRT respectively), shown in Figure 20c and d. Since the
medium is isotropic we do not expect any energy on the diagonal components or cross
terms (Figure 20b and c). The corresponding PS-wave source with receiver components
aligned in the radial and transverse direction are shown in Figure 20e and 20f, and again
we have no energy associated with the transverse component in an isotropic medium. In
an anisotropic medium, on the other hand, energy is present on all components (Figure
21) although there is no transmission effect and no birefringence present. Isotropic and
anisotropic Thomsen parameters (Thomsen, 1986) are summarized in table 2 and the
acquisition geometry is described in Figure 22. The fractured models are imbued with
HTI (horizontal transverse isotropy) symmetry.
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Figure 20. 2D shot record of the synthetic seismograms from the isotropic model running
east-west (90°) resulting from SV and SH sources – NMO correction has been applied.
(a) Radial receiver component of the S-wave synthetic seismogram resulting from the
horizontal radial source (SRRR). The zero crossing of the SVSV reflection can be seen at
an offset of approximately 1000 m. The SP-wave event is evident as the over corrected
event above the flattened S-wave event. (b) Transverse receiver component of the Swave resulting from the radial horizontal source (SRRT). There is no coherent signal as
the media is isotropic. (c) Radial receiver component of the S-wave resulting from the
transverse horizontal source (STRR). There is no coherent signal as the media is isotropic.
(d) Transverse receiver component of the S-wave resulting from the transverse
horizontal source (STRT). No zero-crossing is observed because of limited total offset.
(e) Radial component of the corresponding PS-wave synthetic seismogram – resulting
from an impulsive source. (f) Transverse component of the PS-wave.
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Figure 21. 2D shot record of the synthetic seismograms from the anisotropic model
running east-west (90°) resulting from two different sources. NMO correction has been
applied. (a) Radial receiver component of the S-wave synthetic seismogram resulting
from the horizontal radial source (SRRR). The zero crossing of the SVSV reflection can
still be seen although it is not as well defined. The SP-wave event is evident as the over
corrected event above the flattened S-wave event. (b) Transverse receiver component of
the S-wave resulting from the radial horizontal source (SRRT). Registration of this event
on this component is an indicator of anisotropy although there is no birefringence. (c)
Radial receiver component of the S-wave resulting from the transverse horizontal source
(STRR). Registration of this event on this component is an indicator of anisotropy
although there is no birefringence. (d) Transverse receiver component of the S-wave
resulting from the transverse horizontal source (STRT). (e) Radial component of the
corresponding PS-wave synthetic seismogram – resulting from an impulsive source. (f)
Transverse component of the PS-wave.
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Table 2: Model Parameters
Isotropic Model
Vp=4.5 km/s,
Layer 1 Vs=2.4 km/s,
ρ=2.60 g/cm3

Layer 2

Vp=4.8 km/s,
Vs=2.5 km/s,
ρ=2.70 g/cm3

Anisotropic Model
Vp=4.5 km/s,
Vs = 2.4 km/s,
ρ=2.60 g/cm3
Vp(0)=4.8 km/s
Vs(0)=2.5 km/s,
ε(v)=.4019,
δ(v)=.0763,
γ(v)=.1193
Fracture Strike: N45E
ρ=2.70 g/cm3

Table 2. Properties of the isotropic and anisotropic synthetic media, where Vp is the
compressional wave velocity, Vs is the shear wave velocity. Vp(0) and Vs(0) are the
vertical p-wave and s-wave velocities in the anisotropic media, respectively. ε(v), δ(v), and
γ(v) are the exact Thomsen parameters of the equivalent VTI media.
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Figure 22. Acquisition geometry of the synthetic models. Receivers are positioned every
100 m in both X and Y directions with the source located at (0,0). The black arrows
indicate receiver orientations and the red arrows indicate source orientations.
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Effective media theory (Helbig, 1958; Schoenberg and Douma 1988, Bakulin, et.
al. 2000) was employed to generate accurate compliance matrices for a single fractured
medium using the method described by Bakulin (2000). The anisotropy of the lower
media is ~11% and fracture strike direction is at 45°. The PS-wave model is generated
with an impulsive source located in the top isotropic layer, to avoid the generation of
direct shear energy. Direct waves, surface waves, and interbed multiples were also
omitted. The direct S-wave model is similar but includes a full set of vector sources,
generating a full 9C data set.
Processing of the data was limited to rotation from field coordinates to radial and
transverse coordinates, normal moveout (NMO) and higher order move-out corrections
(Alikahlifah and Tsvankin, 1990 and Gumble and Gaiser, 2006). Radial and transverse
rms amplitudes were extracted from the reflection in question for both the direct shear
and PS-wave data sets. Figure 21 shows both the S-wave and PS-wave radial and
transverse components for the anisotropic model. For the second part of the study, the
sensitivity of rotation analysis of PS-waves to acquisition geometry, the PS-wave,
anisotropic model used for the polarization analysis is again employed – although the
fracture strike in this model is at 90°.

COMPARING DIRECT S-WAVE AND PS-WAVE ANISOTROPY ANALYSIS

Polarization
The use of converted shear waves for anisotropy analysis, and ultimately fracture
characterization, may prove advantageous over direct shear waves in many
circumstances. Polarization is defined upon conversion of the P-wave at depth at a
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reflection point, thereby eliminating anisotropic effects of the medium on the downward
travel path compared with apparent polarization effects of the reflection process that
direct shear waves experience (Gumble et al, 2005, and Lyons et al, 2006). Another
potential advantage of PS-waves over direct shear waves is four component rotation of
PS-waves does not require the dynamic comparison of both SV and SH reflection energy.
A nearly universal phenomena of direct S-wave AVO is that at an offset
corresponding to a relatively small and remarkably constant (~20° - 25°) incident angle,
SV reflectivity vanishes at a zero crossing (Figure 23). Current research (Lyons, et al.
2006) suggests this happens for commonly observed impedance models.
This effect may not be a significant issue for inline and crossline azimuths or zero
offset, but will be significant in wide azimuth 3D acquisition. Where the SV component
vanishes, and only SH energy is reflected, the apparent polarization is entirely controlled
by source receiver geometry. Using a two component rotation on such data at an oblique
source-receiver azimuth and particular incident angle will result in unaccounted for
polarization effects of the reflection process being preserved during a traditional rotation
analysis and possibly, miss-interpretation of anisotropic effects. The S-wave polarization
at each receiver location, due to reflection, in a two layer isotropic model, is shown in
Figure 24a. The S-wave polarizations shown are calculated at each receiver location in
field coordinates, and result from a single shear source polarization oriented in the
positive x direction. Our goal is to address what polarizations are used for calculation in
rotation algorithms, which are inherently 1D, and how these resultant polarizations vary
with offset and azimuth. The polarization of the reflected direct S-waves at each receiver
location is indicated by the orientation of the arrows in Figure 24a. The polarization
arrows overlay a colored rms of total amplitude contour plot. The Zoeppritz reflectivity
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Figure 23. (a) SVSV reflectivity is shown in red and SHSH reflectivity is shown in
black. At approximately 24° incidence angle the SVSV reflectivity is null. (b) Black
arrows show receiver orientation as noted. The green arrows indicate the source
polarization. Description of source to receiver geometry in plan view, φ is the source
receiver azimuth, ψ is the source polarization angle measured from x, and P is the
polarization of the reflected wave at the receiver position. This demonstrates how the
contribution of SVSV and SHSH energy to either receiver component will vary with
azimuth. (c) The length of the red arrows represents the offset at which SVSV
reflectivity is null (here approximately 24º incidence angle). The contribution of SVSV
energy to either receiver component will be zero. At this point, the reflected shear wave
is polarized transverse to the source-receiver azimuth (adapted from Lyons, 2006).
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Figure 24. (a) Apparent S-wave polarization resulting from a single isotropic layer for a
single shear source aligned in the positive x direction, located at (0,0). The colors
represent are the rms amplitudes extracted from the reflection. The inner (red) circle
indicates the offset at which the SVSV reflectivity crosses zero (see Figure 20.). Note
that at this offset the effective polarization of the reflection at the receiver position, is
transverse to the source receiver azimuth. This is because all energy recorded at this
offset is exclusively the result of SHSH reflectivity. The blue circle indicates the offset
corresponding to the first critical angle (sin-1(Vs1/Vp2)). The outer circle, (black circle)
indicates the point at which SHSH reflectivity crosses zero, note that at this offset the
effective polarization is inline with the source receiver azimuth because all energy
recorded at these locations is strictly the result of SVSV reflectivity. (b) S-wave
polarization resulting from reflection from the top of a single anisotropic layer for a
single shear source aligned in the positive x direction, located at (0,0). The inner (red)
ellipse indicates the offset at which the SVSV reflectivity crosses zero. In the anisotropic
case, at an offset corresponding to the 24° angle of incidence the effective polarization of
the reflected shear wave is still transverse to the source receiver azimuth for many
azimuths. The effect is not as great, however, as the anisotropy of the medium begins to
take effect on the polarization. The outer ellipse (in black) indicates the point at which
SHSH reflectivity crosses zero. Note that at this offset the effective polarization varies
depending on azimuth, it is neither consistently inline with the source-receiver direction,
nor consistently inline with the symmetry of anisotropy.
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is shown (Figure 23) for the isotropic model. The incidence angle for this model at
which the SVSV reflectivity is null is approximately 24°, resulting in an offset of 1000
m. It can be observed in Figure 24a that at a 1000m offset (inner circle) the effective
polarization of the reflection is transverse to the source–receiver azimuth (no SV
reflectivity), whereas at an offset corresponding to a null in the SHSH reflectivity (outer
circle), the effective polarization is inline with the source-receiver azimuth (no SH
reflectivity). Figure 24b shows the counterpart to the example with an anisotropic lower
layer.

Polarizations at each receiver location again overlay the color-coded rms

amplitude. This is an HTI medium with fractures oriented at N45°E and anisotropy of
γ(v) ~11% where γ(v) is the Thomsen HTI anisotropy parameter (Thomsen, 1986)
defined with respect to the vertical as describe by Rueger (2002). Many of the same
observations can be made, including the offset at which SVSV reflectivity is zero. At
approximately 25° incidence angle (the SVSV zero crossing) the reflected S-wave is
transverse to the source-receiver azimuth for most azimuths. The effect is not as
pronounced as in the isotropic example because the anisotropy of the medium is now
superimposed on the polarization of the S-wave reflection process. The point at which
SHSH reflectivity is zero is shown in Figure 24b as a black ellipse. Unlike the isotropic
example the effective polarization of the S-wave is no longer consistently inline with the
source-receiver azimuth as a result of being solely SV energy, but neither is it
consistently inline with the fracture symmetry of 45°.
Figure 25a shows the same isotropic model shown in Figure 24a, after a two term
correction has been used to correct individual SV and SH reflection amplitudes (Lyons, et
al, 2006). The correction is defined by the point of zero crossing on both the SVSV and
SHSH components, and on the geometry of the problem, by scaling the amount of
contribution of each S-wave component (SV and SH) onto the x and y components of the
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Figure 25. S-wave polarization, after correction, resulting from a single isotropic layer
for a single shear source aligned in the positive x direction, located at (0,0). The inner
(red) circle indicates the offset at which the SVSV reflectivity crosses zero (see Figure
20). In the area within the red circle polarizations are inline with the source direction.
Beyond this region some variation in polarization is evident and possibly due to phase
changes (beyond the first critical angle) with increasing offset. After correction, however,
the polarization remains relatively constant in comparison.
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receivers.

Within the area delimited by the red circle (SVSV zero crossing) the

amplitudes are now in line with the original source polarization. Outside of this area the
observed polarization at each receiver varies to some degree, perhaps as a result of
changing phase with offset, but is still approximately inline with the original source
polarization. No correction is applied near where the SV reflectivity vanishes. The
region encompassed by the red circle itself delimits an area in which the amplitudes are
necessarily set to zero, as the application of the correction to a null value on the SVSV
component, or the associated null value on the SHSH component results in a division by
zero.
The correction used in the anisotropic case is less stable because the amplitudes of
the corrected components reach the threshold determined experimentally in the isotropic
experiment much more rapidly – resulting in the large number of null values (Lyons,
2006) delimited by the red zone in Figure 25b. Where data has been preserved at nearoffset, the polarization is now in line with the anisotropic symmetry of the lower medium.
Outside the first region of null values, at intermediate offsets, the correction has been
generally as effective as in the isotropic experiment. In line with the fracture strike,
however, the results are not as encouraging as there is a larger amount of variation with
decreasing proximity to the symmetry axis. Further experimentation suggests that at
levels of anisotropy generally considered “weak”, less then 5%, the polarization induced
by the acquisition geometry dominates the signal. For this particular model, it is not until
anisotropy reaches strengths above 7% that the anisotropy begins to dominate the
polarization (Lyons, 2006).
In the PS-wave case (Figure 26) we again examine the polarization of the
reflection at each receiver location in field coordinates, which overlay the color-coded
rms amplitude of the reflection. Figure 26a shows the effective PS-wave reflection
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Figure 26. (a) Polarization of PS-wave reflections from an isotropic layer over another
isotropic layer resulting from an impulsive P-wave source located at (0,0). Other than the
difference in source, the model and geometry of the experiment are identical to that of the
direct shear example. None of the azimuthal variation observed in the direct shear
example is evidenced. This results from the lack of SH reflectivity; the observed
polarization at the receiver is therefore SV, as defined by the source-receiver azimuth.
There is some apparent variation of polarization noted near the source - this is attributed
to numerical error where reflectivity is near zero. For reference, the white circle indicates
the offset corresponding to the first critical angle (sin-1(Vs1/Vp2) – shown for reference
only). (b) Polarization of PS-wave reflections from an isotropic layer over an anisotropic
layer resulting from an impulsive source located at (0,0). Observed polarization at the
receivers will not necessarily be SV, and are dictated by the source-receiver azimuth as
well SH reflectivity. Amplitudes at a given offset are greater for source-receiver
azimuths perpendicular to fracture strike. Again there is variation of polarization noted
near the source as well as at far offsets perpendicular to the fracture strike. This is due to
numerical error where reflectivity is near zero. For reference, the white circle indicates
the offset corresponding to the first critical angle (sin-1(Vs1/Vp2)).
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polarization resulting from an impulsive (P-wave) source in the upper isotropic media.
Aside from some numerical error associated with small reflection amplitudes near zerooffset (there is no converted wave associated with zero-offset), the polarization at each
receiver location is always SV (radial), consistent with the reflection mode-conversion
process.

In HTI media (Figure 26b), with the symmetry axis at 45°, the effective

polarization at each receiver location is predominantly oriented towards the source.
Perpendicular to the symmetry axis (e.g. 135° or 315°), the polarizations are oriented
exactly in the source receiver direction (or perpendicular to fracture strike) but as we
rotate our observations towards the fracture strike (e.g. from 315°, clockwise towards
45°) polarizations vary with azimuth as if they increasingly polarized towards in a
direction perpendicular to fracture strike and are no longer inline with the source-receiver
azimuth. The S-wave window is indicated by the dashed line on Figure 25a and b for
reference.

Amplitudes and rotation analysis
S-wave (4C rotation) and PS-wave (2C rotation) data from both models were
trigonometrically rotated to a radial-transverse coordinate system, and NMO corrected.
Total reflection amplitudes (rms) were then extracted for analysis of the fracture strike
direction and comparison of relative reflectivity, between modes. Rotation of both 9C
and 4C data to a radial transverse coordinate system allows comparison of relative
responses to isotropic and anisotropic media. The response to an isotropic media was
recorded as a baseline (Figure 27a and b) and shows an expected circular amplitude
response. The models shown in 27a and 27b correspond to the isotropic polarity maps
shown in figures 24a and 26a and are derived from the same model. As expected, the S74

Figure 27. Direct S-wave and PS-wave reflection amplitudes (rms) resulting from a
single isotropic layer over an isotropic half space. (a) The amplitude of the S-wave
reflection from a horizontal (radial) source. (b) The amplitude of the PS-wave reflection
generated by an impulsive source. Note the circular symmetry in amplitude distributions
for the two different sources.
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Figure 28. Direct S-wave and PS-wave reflection amplitudes (rms) resulting from a
single anisotropic half space overlain by an isotropic layer. The anisotropy, as defined by
the Thomsen parameter γ(v), of the half space is ~.11, oriented at 45°. (a) The radial
component from a radial, horizontal direct shear source (SRRR). The long axis of the
ellipse is inline with the fracture strike of the medium, and the shear wave impedance
contrast is negative. (b) The transverse component from a horizontal, radial direct shear
source (SRRT). The nulls, in amplitude, of the quadrapole distribution are inline normal to
the fracture strike and identical to: (c) The radial component from a horizontal, transverse
direct shear source (STRR). The nulls of the quadrapole are inline with the fracture strike.
(d) The transverse component from a horizontal, transverse direct shear source (STRT).
Most of the energy is found perpendicular to the fracture strike with low amplitudes
inline with the fracture strike, as this component of the S-wave is polarized perpendicular
to the fractures. (e) The radial component of a PS-wave generated by an impulsive
source. The short axis of the ellipse is inline with the fracture strike. (f) The transverse
component from an impulsive source, the nulls of the quadrapole are inline and normal to
the fracture strike.
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wave and PS-wave reflection amplitude distribution in isotropic media share the same
basic radial pattern.
In the anisotropic scenario, for the direct S-wave (Figure 28a – d), the amplitude
of the radial component has an hourglass response; with the long axis in the direction of
the fracture strike (Figure 28a). On both the radial to transverse and transverse to radial
components (SRRT and STRR – Figure 28b and c), quadrapole geometry is observed
where the null of the quadrapole is inline with the fracture strike, and maximum
reflectivity is at 45° angles to the axis of symmetry. On the transverse to transverse
component, Figure 28d, energy is predominantly aligned perpendicular to the fracture
strike, and contained within two quadrants, with little energy present inline with the
fractures. PS-wave reflectivity generates an ellipse on the radial component with the long
axis perpendicular to the direction of fracture strike (Figure 28e). Note that within a
small offset range, SRRR and STRT are equal, but opposite. Examination of the PS-wave
Zoeppritz reflectivity indicates a steeper gradient parallel to the fracture strike than
perpendicular to the fracture strike (Gumble et al., 2005). The amplitude distribution of
the PS-wave transverse component (Figure 28f), is similar to that of the direct shear wave
diagonal components (SRRT and STRR), as the geometry of the quadrapole is identical to
that of the direct shear case.

SENSITIVITY TO NON-ORTHOGONAL SOURCE-RECEIVER PAIRS

The sensitivity of the response of PS-wave data to non-orthogonal sets of sourcereceiver pairs was examined to give some insight into what kinds of information can still
be used if acquisition geometry does not allow for orthogonal source-receiver sets (figure
29). For PS-wave 4C rotation, a correction factor is used to account for the non78

Figure 29. Projecting non-orthogonal source-receiver pairs onto orthogonal axes for
analysis. (a) An orthogonal “source” represented by the conversion point and receiver
sets, where two receivers share the same conversion point but form source-receiver
azimuthal angles orthogonal to each other. (b) Acquisition geometry without orthogonal
source-receiver sets, separated by angle θ. (c) Projection of the data from the nonorthogonal receiver in b, to an equivalent orthogonal position.
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sets of source and receiver azimuths used in the sensitivity analysis. Essentially, data
from a neighboring azimuthal bin are trigonometrically projected into the azimuthal bin
where data are missing during the rotation process. The data are then corrected prior
rotation to a radial-transverse coordinate system for display.
Figure 30a and 30b show radial and transverse components when in the ideal case
of full azimuthal coverage where no correction is needed. The reflection amplitude of the
radial component is an ellipse with the short axis oriented towards the fracture strike.
The reflection amplitude of the transverse component demonstrates nulls oriented parallel
and perpendicular to the fracture strike. In the first corrected example (Figure 30c and d),
when the source-receiver sets are at 75°, the amplitudes of both the radial and transverse
components are comparable to that of the ideal situation of source-receiver sets that are
perfectly orthogonal. It can be seen that the amplitude response of the radial component
has become somewhat elongated perpendicular to the direction of fracture strike (Figure
30c), a trend that continues with each successive decrease in angle between source and
receiver sets. The transverse component, on the other hand, (Figure 30d), experiences
some distortion in geometry, but does increase in amplitude from the orthogonal case.
The interpreted fracture strike is 40° - 50° depending on which quadrant the null of the
transverse component lies in that are used to make the measurements, i.e., the error from
deriving the symmetry axis from the transverse component varies with quadrant – an
average measurement from two quadrants (or four) yields a more accurate measurement.
This trend also continues with each successive decrease in angle between source and
receiver sets (Figures 30f-30l).

The interpreted fracture strike is 40°-75°.

With

increasing deviation from 90° source-receiver pairs, symmetry axis degrades as
amplitudes distort with an increase amount of error in the interpreted fracture strike.
Energy on the transverse component continually increases with deviation from
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Figure 30. PS-wave reflection amplitudes (rms) for radial and transverse components
after simulated 4C rotation resulting from incrementally less orthogonal source-receiver
pairs. Missing components from the 90° azimuth bin have been replaced by data
projected from a neighboring azimuth bin. Angles between the source and receiver pairs
used in the projection during the rotation of the PS-wave data range from 90°
(orthogonal) to 15°, in 15° increments. (a,b) Radial and transverse reflection amplitudes
from an ideal case where 90° source-receiver pairs are available. (c,d) The associated
reflection amplitudes after trigonometric projection of the data from the 75° azimuth bin
to the 90° azimuth bin for one set of components during rotation. (e,f) The associated
reflection amplitudes after trigonometric projection of the data from the 60° azimuth bin
to the 90° azimuth bin during rotation. (g,h) The associated reflection amplitudes after
trigonometric projection of the data from the 45° azimuth bin to the 90° azimuth bin
during rotation. (i,j) The associated reflection amplitudes after trigonometric projection
of the data from the 30° azimuth bin to the 90° azimuth bin during rotation. (k,l) The
associated reflection amplitudes after trigonometric projection of the data from the 15°
azimuth bin to the 90° azimuth bin during rotation.
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Table 3. Principal direction measurements, error and
confidence.
Angle
between
sourcereceiver
pairs

Error Radial

Symmetry
measurements
from transverse
component in
quadrant 1

Error in
Transverse
in Q1

47

2

49

4

50

5

50

5

51

6

51

6

Symmetry
measurements
from radial
component

75
60
45

Symmetry
measurements
from transverse
component in
quadrant 4

Error in
Transverse
in Q4

Avg. Sym
from
both T1
and T4

Avg.
Error T1
and T4

Trusted
Offset

37

8

43

2

1000

36

9

43

2

950

30

15

40.5

4.5

815

30

60

15

64

19

16

29

40

5

800

15

67

22

75

30

10

35

42.5

2.5

750

Table 3. Symmetry measurements, error and confidence. The symmetry is measured
first from the radial component alone and the error calculated. Next, the symmetry is
measured from the transverse component, from quadrant one of the rms amplitude map,
then from quadrant four and then the error is calculated for each of the measurements.
Finally an average of the two measurements from each quadrant is made and the error
calculated. The last column shows what offsets were considered trustworthy in this
exercise.
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orthogonal source-receiver pairs. When averaging the nulls of the transverse component
however – the symmetry axis can always be determined to within a few degrees error;
measurements are summarized in table 3. When the angle between source-receiver pairs
becomes less than 75°, the radial component amplitudes takes on an hour glass distortion
in the geometry which increases as amplitudes become progressively inaccurate.
Amplitudes grow on the transverse component until they are quite significant relative to
the radial component. In practice, numerous source-receiver sets will be combined,
enhancing the result and ideally only small angle corrections would be necessary.
These results are consistent with those in Ikelle and Amundsen (2001) and Hall and
Kendall (2001).

Ikelle and Amundsen used linear approximations of anisotropic

reflectivity functions to investigate the variations of reflectivity of seismic waves in
anisotropic media. A similar study was made by Hall and Kendall, although based on a
more in depth modeling routine (Fryer and Frazer, 1987, Guest and Kendall, 1993). For
models used by Hall and Kendall, results showed that at an approximately 30° incidence
angle, the reflection coefficient for all waves (PP, PSV and PSH) diverges with variation
in azimuth. In applying the same analysis to our model it was found that the divergence,
with azimuth was at approximately the same magnitude of variation was also at an
approximately 30° incidence angle.
Table 3 summarizes the results of the anisotropic symmetry axis measurement for
the different cases illustrated in Figure 30. Estimates of the symmetry axis are made
using the radial component with each decrement of angle between source and receiver
pair, and the associated error and offset limitation are also calculated. For the transverse
component, estimates are first made individually using one null trend in the Northeast
(labeled quadrant 1 in table 2) by measuring the strike of the null, and again individually
with the null trend in the Northwest (labeled quadrant 4 in table 2). The associated error
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for each is also calculated. An average of both of these measurements is then made, as
the direction of error is complimentary between the two (or four) quadrants, resulting in a
very close approximation to the fracture strike. Inconsistencies may exist as the result of
interpreter error, and one must be aware that these measurements are not made in the
presence of noise. A conservative estimate would place the minimum angle between
source and receiver sets at 30°, with a trusted offset at 800 m. Although noise would
degrade results, the use of an SVD as described by Kanasewich (1981), or similar
technique, would considerably improve the amplitude measurements upon which the
angle estimates are made, and thus reduce noise induced error.
In an effort to apply a more rigorous method utilizing all offsets the following
procedure was developed. Azimuth of the symmetry of anisotropy is determined by
measuring the location of the minimum rms amplitude or null value from the transverse
component after the projection factor has been applied. For the example of sourcereceiver pairs aligned at a 75° (Figure 30a), azimuths were measured at every 100 m
offset bin. If measuring the null value at a 500 m offset – there would be four azimuth
measurements made (one in each quadrant). These measurements could be statistically
averaged in a variety of ways. Taking advantage of the observation that there is a
complimentary error in the nulls, for example between quadrants 1 and 4, we can separate
our measurements into two trends (although two orthogonal quadrants would be
sufficient) and take the average measured azimuth to be our axis of symmetry (Figure
31.) For each of the amplitude distributions from the transverse component shown in
Figure 30, two trends were measured, one in a NE-SW direction (as indicated by the
black dots in Figure 31a-e) and one in the SE-NW direction (as indicated by the red
circles). The average azimuth is shown as blue crosses with an associated polynomial fit.
For the first case (Figure 31a), a first order trend is shown and the mean of the average
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Figure 31. Azimuth measurements versus offset. The series represented by the black
dots are measurements of the azimuth made in a NE-SW direction. The red dots
represent azimuths measured in a SE-NW direction. The blue crosses are an average of
the two trends at each offset location. The blue line is a polynomial best fit line, of
varying order to the average.
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values is 43°.

With source-receiver pairs aligned at 60° and 45°, a fourth order

polynomial is used (Figure 31b and c). Finally, for source-receiver pairs aligned at 30°
and 15° a second order polynomial was fit to the data (Figure 31d and e). Remarkably,
the mean of the average value of the azimuth is in all cases ~45° +/- 2°. Any uncertainty
in determination of the axis of symmetry can therefore be alleviated using statistical
analysis of the null trend on the transverse component, provided there is adequate
azimuthal coverage to populate the statistics. Although all offsets and azimuths were
included here, near offset stacks could be generated to determine azimuth as the
distortion effect in the amplitudes is less of a concern at incidence angles less than ~33°.
To investigate, identical models to the one used in this analysis were generated with
symmetry axes at 0°, 30° and 90°. I found that with a 30° symmetry axis a much similar
error is incurred, with estimates of the symmetry after application of the geometrical
compensation factor ranging from 30° to 45° depending on the magnitude of the angle of
projection.

CONCLUSION

There is potentially a significant error associated with the application of four
horizontal (4C) component rotation of uncorrected direct shear wave data, even in an
isotropic media as a result of varying polarization with azimuth and offset. The effect of
this error in past 9C land acquisition and processing may have been nullified by the
predominance of short offsets and alignment of source-receiver azimuths during
acquisition. It is important, however, to be aware of this problem in future surveys where
greater offsets are used.

Distortion of the polarization of direct shear waves upon
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reflection is not only caused by anisotropy, and if left unaccounted for, may complicate
identification, and characterization of anisotropic media.
It is also shown that equivalent results from polarization analysis using PS-waves
are not only obtainable, but avoid some potential complications associated with direct
shear data. A first order correction for isotropic polarization is offered here that if
expanded upon could conceivably produce a rotation algorithm capable of handling far
offset data.

Further, the limitation of only one S-wave leg of the reflection path

responding to anisotropy greatly simplifies the analysis of anisotropic media.
Although similar results are achieved using both 9C direct shear wave and 3C PSwave data, care must be taken when interpreting amplitude responses of converted waves
as the reflectivity is completely different than that of direct shear waves. These
differences in reflectivity are strong enough that the azimuthal distributions of observed
amplitudes may actually be the opposite of that expected if one is accustomed to
interpreting direct shear waves. This difference, however, can readily be reasoned out by
paying close attention to the Zoeppritz reflectivity of the different reflections and mode
conversions. Careful attention to the basics of reflectivity variations with offset should
minimize any potential confusion.
Four-component rotation, in practice, may be complicated by the inability to
obtain data acquired in a perfectly orthogonal acquisition scheme, particularly in the
marine environment where limited azimuthal coverage is the norm. Through use of a
weighting factor, this limitation can be overcome to some degree, and it can be shown
that the symmetry of an anisotropic media can still be identified using data acquired with
oblique source-receiver azimuth pairs and that for modest decreases in angle from
orthogonal, the reflectivity response remains accurate relative to the ideal case. Beyond
reasonable decreases in angle from orthogonal for source-receiver pairs, i.e. ~60°,
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distortions in amplitudes occur both inline and perpendicular to the direction of fracture
strike in an anisotropic medium.
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Chapter 4: Layer stripping and anisotropic analysis of 3C data in the
Weyburn Field, Saskatchewan, Canada
ABSTRACT
Layer stripping of birefringence effects in an anisotropic overburden was
performed and fracture characterization was completed using both prestack and limited
azimuthal analysis techniques on a 3C land seismic survey. Well logs and other borehole
and geologic data were utilized to develop an accurate synthetic seismic model that was
processed in parallel to the seismic data. Prestack analysis of amplitudes derived from
NMO corrected detector gathers were used to find the symmetry axis of the anisotropy,
data were then rotated to fast (PS1) and slow (PS2) polarizations to identify the
birefringence, a bulk shift was applied to the PS2 component, and receiver, and where
appropriate, common conversion point (CCP) gathers were rotated back to radial and
transverse coordinates for further analysis. As these data are coarsely sampled spatially,
limited azimuth stacks of both receiver gathers, and CCP gathers were simultaneously
analyzed to verify the results obtained from prestack gathers. Identical processing was
applied to the synthetic seismic data and these results served as a guide for interpretive
aspects of the field data. The prestack method availed itself in only limited fashion, as
few receiver gathers were found to contain suitable shot fold to support the method. It
did, however, serve as another quality assurance tool throughout analysis, and the model
provided invaluable insights into the character of the seismic anisotropy in terms of
amplitudes, symmetries, time differences and the effects subsequent processing had on
them. Lastly, we utilize a zero-offset, linear transform technique on a subset of the data,
as well as the model for comparison and with few exceptions, find acceptable agreement.
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The oil field under scrutiny is found to have anisotropic overburden, orthorhombic with
fractures in VTI media striking approximately east-west in the area of study.

INTRODUCTION
Prior investigation of the Weyburn Oil Field, Saskatchewan, Canada, has been
made utilizing 9C data, acquired in multiple phases enabling the use of time-lapse
methodology. Focus has been on the processing and analysis of the direct S-wave data,
and the calibration of seismic data to geology through a rock physics model to validate
the use of amplitudes to estimate shear splitting as an analog for fracture intensity
(Reasnor, 2001; Terrel, 2001, 2006). The next step in terms of S-wave analysis would be
to implement both a temporally and spatially variant rotation algorithm (Cardona, 2001).
Preliminary estimates of anisotropy have been qualitatively consistent with P-wave
anisotropy (Terrell, 2001). The working model of anisotropy is a subject of some debate
at Weyburn, but it is agreed that there exists a complex system of fractures based on core
analysis (Bunge, 2000). No less than three open fracture systems, and two closed, were
identified from a combination of core, thin section and borehole formation micro imaging
(FMI) analysis. Analyses of vertical seismic profile (VSP) surveys at the Weyburn have
yielded an array of results. Reasnor (2001) reported a fracture strike determined from
VSP’s at N53°E, while a more recent VSP analysis identified anisotropic overburden in
detail, but was unable to image the reservoir. The reservoir, however, was not the
primary objective of this particular study (Belefleur, et. al., and Adam and Mattocks,
2002).
Analysis of birefringence (splitting) of stacked S-wave data is typically made
through the use of the Alford rotation (Alford, 1986). Traditional Alford processing
involves the scanning through different angles in order to minimize energy in the off
92

diagonal components of the four component matrix. This process can be computationally
intensive, which was a motivation for development of the linear transform technique (Li
and Crampin, 1993). The first application of these techniques was to VSP surveys, but
the technique has been generalized to numerous cases including surface seismic surveys
and vector fidelity issues (Zeng and MacBeth, 1993), (MacBeth and Li, 1994) as well as
to that of marine, PS-wave data (Li and MacBeth, 1999). Alford rotation was extended to
PS-wave applications (Gaiser, 1997, 1999 and Thomsen, 2001) through the use of
orthogonal source-receiver pairs sharing a common conversion point (CCP).

This

technique has been modified for a case where limited azimuthal coverage exists (Gumble
et. al., 2006 and chapter 3) to include certain cases of non-orthogonal source and receiver
pairs. False indicators of anisotropy in 3C data (Carey, 2002), as well as complications to
analysis induced by the presence of statics (Carey, 2006) have also been reviewed, and
may very well play a role in the analysis of 3C data at Weyburn.
The present study is meant to test the limits of prestack analysis originally applied
to high spatial density, full azimuth offshore data from the Teal South Data, Gulf of
Mexico, and to compare its results to that of alternative methods, e.g. linear transform
techniques and analysis of limited azimuth stacks.

This helps determine both the

applicability to subsampled data, as well as help guide the design of the next generation
of high density wide azimuth land surveys.
MODELING AND PROCESSING
Two models were considered, one with an isotropic overburden, and one with an
anisotropic overburden. Rock properties were derived from well logs, borehole imaging
(FMI) and core information (Bunge, 2000). Effective media theory was employed to
generate accurate compliance matrices for a single fractured medium using the method
described by Bakulin (Bakulin, 2000). Processing of the data was limited to rotation
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from field coordinates to radial and transverse coordinates and NMO corrections,
including higher order effects. Radial and transverse rms amplitudes were extracted from
the top of the reservoir layer (figure 32) for both the direct, controlled source S-wave and
PS-wave data sets.
In both cases the symmetry of anisotropy is apparent (N53°E); however the PSwave results appear to demonstrate a symmetry 90º to that of the direct shear wave. This
is not the case, however, as the rate of change of amplitude with offset is consistent with
linear approximations of PS-wave amplitude variation with offset and azimuth (AVOAZ)
as developed by Hall and Kendall (2001), and the apparent difference is merely an
aberration of contouring in the display method. From these results it appears that at a
grossly qualitative level the direct S-wave is more sensitive to the anisotropy.
Parameters were derived from well logs taken at location within the study area
(the approximate center of the area indicated on figure 33b). Each interval corresponded
to the following:
Interval 1: corresponds to all of the overburden down to and including the 'Upper'
Cretaceous, to the Viking.
Interval 2: corresponds to the 'Lower' Cretaceous to the Jurassic
Interval 3: includes Jurassic/Triassic
Interval 4: includes 'Upper' Mississippian excl. the Vuggy and Marley
Interval 5: includes the Vuggy and Marley reservoir zones
Interval 6: includes the 'Lower' Mississippian
Interval 7: corresponds to the Bakken shale
Figure 34 shows a more detailed stratigraphic column. In the reservoir interval, the
fracture density was taken to equal = 0.07; the porosity = 10%; and the crack porosity =
0.01%. Zero offset parameters derived for each layer are detailed in table 4.
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Figure 32. The rms reflection amplitude of a common receiver gather from a two layer
synthetic data set resulting from a single anisotropic layer, overlain by an isotropic layer.
The anisotropy of the second layer is ~3.4%. (a) The radial component from a direct
shear source, the long axis of the ellipse is inline with the fracture strike of the medium,
and the shear wave impedance contrast is negative, (b) The transverse component from a
direct shear source, the nulls of the quadrapole are inline with the fracture strike. (c) The
radial component of a PS-wave generated by an impulsive source, the short axis of the
ellipse appears to be inline with the fracture strike. (d) The transverse component from an
impulsive source, the nulls of the quadrapole are in line with the fracture strike.
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Figure 33. Acquisition geometry of the Weyburn 1999 3C survey. (a) The entire survey
made public. (b) Area of study focus.
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Figure 34. Type stratigraphic column (after Reasnor, 2001). Left hand column is taken
from Dietrich and Magnusson (1998), the right hand from Wegelin (1984).
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The second model consists of three layers generated for analysis of both prestack
azimuthal amplitude and time difference variations, as well as for use in limited azimuth
stack analysis. Originally derived from the same parameters (Table 4) generated from
analog well logs, this model has one layer of anisotropic overburden, a thin (30 m) layer
of anisotropy, and an isotropic basement.
There is an array of 42X42 receivers with a single source at the center of the
model. Figure 35 shows a cross line of the synthetic data just 300 m north of the source.
NMO and higher order correction have been applied as well as some automatic amplitude
scaling for display. Radial and transverse, figure 35a and 35b, and fast and slow, figures
35c and 35d are shown prior to layer stripping. Figures 35e-f show the same events after
layer stripping. For this particular line, one can see that the layer stripping has indeed
minimized the amplitude on the transverse component. Figure 36 shows the amplitude
extraction for an event just above the reservoir. In this model the anisotropic overburden
is simulated with a fracture direction at N90°E. In contrast to the model results shown
for the Cymric Field (Gumble and Gaiser, 2006), interpretation is somewhat more
complex. This stems from two main differences, the anisotropy is much weaker (< 5%),
and the compliance matrix has not been diagonalized as in the Cymric model, allowing
for a more realistic P-wave impedance contrast. Figure 36a and 36b show the radial and
transverse components for the reflection off the top of the reservoir. Icons are included in
the lower left of each diagram to instruct the reader as to which event is in discussion.
The transverse component makes it easy to identify the strike of the symmetry axis in the
upper layer (N90°E), but also shows an increase in amplitude in the direction of fracture
strike beneath (N53°E). The radial component may be under some influence of the
anisotropy of the layer beneath as, judging by star shaped feature elongated in the
direction perpendicular to the lower layer’s fracture strike.
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Table 4: Vertical properties of the synthetic model derived from analog well logs.

Interval
1
2
3
4
5
6

Thickness
(meters)
870
200
320
20
25
325

Density
(cm/m^3)
2.30
2.35
2.45
2.79
2.50
2.60

Vp
(m/s)
2380
3100
3500
5100
4900
5400

Vs
(m/s)
1190
1550
1750
2550
2600
2600

μ (Gpa)
3.26
5.65
7.50
18.14
16.90
17.24

κ (GPa)
8.69
15.06
20.01
48.38
37.49
51.37

Table 4. Vertical properties of the medium derived from analog well logs. Properties
displayed are thickness, density, P-wave velocity, S-wave velocity, shear modulus and
bulk modulus.
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Table 5: Anisotropic Model Parameters
Vp(0)
Vs(0)
ε(v)
(m/s)
(m/s)
5100
2550
0.2699
Overburden
4900
2600
0.0744
Reservoir

δ (v)

γ(v)

0.0470
0.1066

0.0719
0.0345

Table 5. Properties of the anisotropic synthetic media, where Vp(0) and Vs(0) are the
vertical P-wave and S-wave velocities in the anisotropic media, respectively and ε(v), δ(v),
and γ(v) are the exact Thomsen parameters of the equivalent VTI media.
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Figure 35. Crossline through the three layer model with anisotropic overburden atop a
thin anisotropic layer. (a) Radial component – the P-wave can be seen above the NMO
corrected PS-wave, and a multimode is visible beneath the PS-wave event with
approximate S-wave velocity moveout. (b) Transverse component. (c) PS1 component
aligned at 90°. (c) PS2 component. (e) Radial component after layer stripping,
amplitudes are slightly greater. (f) Transverse component after layer stripping,
amplitudes are minimized. (g) PS1 showed for reference. (h) PS2 after layer stripping.
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Figure 36. The rms reflection amplitude time slices taken from the reflection off the top
of the simulated reservoir. The icons indicate the reflection boundary. (a) Radial
component rms reflection amplitude with the fracture strike of the upper layer indicated
in black, the lower layer in red. (b) Transverse component rms reflection amplitudes. (c)
PS1 rms reflection amplitude. (d) PS2 rms reflection amplitude.
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Figure 36 (continued). The rms reflection amplitude time slices taken from the reflection
off the top of the simulated reservoir. The icons indicate the reflection boundary. (e)
Radial rms reflection amplitude after layer stripping. Icons show dashed lines in the
upper layer to indicate partial removal of birefringence due to fractures. (f) Transverse
rms reflection amplitude after layer stripping. (g) Radial rms reflection amplitude after
layer stripping using the full azimuth time shift. (h) Transverse rms reflection amplitude
after layer stripping.
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Amplitudes perpendicular to the fractures in the upper layer consistently demonstrate
higher amplitudes than those inline with the fracture strike. Both the PS1 and PS2 waves
(figures 36c and d) show the expected null perpendicular and inline with the fractures,
but amplitudes are elongated in the direction of the lower layers fracture strike. After a
constant time shift (figure 37a) of the fast and slow components a bulk shift of 34 ms is
applied to PS2 and the system is rotated back to radial and transverse for comparison
(figures 36e and f).

Amplitudes have increased on the radial, and amplitudes are

minimized on the transverse.
Crosscorrelation was performed to determine the time difference between fast and
slow polarizations, with careful attention paid to the polarity in each quadrant relative to
the fracture strike to ensure accurate results. Changes in polarity if unaccounted for will
lead to devious misinterpretation, or misidentification of anisotropy (Carey, 2002). The
time difference map for the constant time shift is shown in figure 37a. An ellipse
consistent with the HTI media used is visible with the short axis of the ellipse in line with
the fracture strike. An average value of 34 ms was picked as the bulk time shift for the
slow wave. Figure 37b shows the same time shift map after smoothing of the function.
Having smoothed the function it is now possible to apply it to all azimuths and all
offsets. Figures 36g and h show radial and transverse components after layer stripping.
Despite a certain amount of noise predominantly aligned in a North-South direction, seen
on the radial component, there is a marked improvement over the application of a
constant shift. This is best expressed on the transverse component where at near to mid
offsets (~800 m) there is no residual amplitude.
Figures 38a-h show the effects of layer stripping on the reflection amplitudes
from the base of the modeled reservoir. Prior to layer stripping the radial component,
figure 38a, has relatively weak reflection amplitude. The transverse component on the
104

Figure 37. (a) Time difference map derived from crosscorrelation of the PS1 and PS2
components from the layer just above the reservoir. Fracture strike is East-West. (b)
Time shift map after smoothing.
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Figure 38. The rms amplitudes of the reflection from the base of the modeled reservoir.
(a) Radial component reflection amplitude prior to layer stripping is relatively weak. (b)
Transverse reflection amplitude nulls demonstrate the symmetry of the layer above.
Amplitudes of the quadrapoles are greater in the direction of the lower level fracture
strike. (c) PS1 reflection amplitude has a quadrapolar aspect to it. (d) PS2 reflection
amplitude. Amplitude is greater in the direction of the lower layer fracture strike.
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Figure 38 (continued). The rms amplitudes of the reflection from the base of the modeled
reservoir. (e) Radial component reflection amplitude after layer stripping. (f) Transverse
reflection amplitude nulls continue to demonstrate the symmetry of the layer above. (g)
PS1 reflection amplitude has gained a dipole appearance. (h) PS2 reflection amplitude.
Amplitude is now greater in perpendicular to that of the lower layer fracture strike.

107

Figure 38 (continued). The rms amplitudes of the reflection from the base of the modeled
reservoir after application of the azimuthal and offset variant time shift function. (i)
Radial component reflection amplitude after layer stripping. (j) Transverse reflection
amplitude nulls continue to demonstrate the symmetry of the layer above. (k) PS1
reflection amplitude has gained a dipole appearance. (l) PS2 reflection amplitude.
Amplitude is now greater in perpendicular to that of the lower layer fracture strike.
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other hand has unusually high reflection amplitude, particularly in the direction of the
lower layer’s fracture strike (N53°E), but still maintains the nulls in the direction inline
and perpendicular to the upper levels fracture strike. It must be pointed out that the
window used to extract the amplitudes must necessarily be larger than the thickness in
time of the lower, thinner event, so interference between the top and bottom of the
reflection may compromise the analysis. PS1 and PS2 of the lower level reflection
amplitudes are shown in figures 38c and d. Few familiar traits appear, with the exception
of the ellipse elongated inline with the fractures on the PS1 component. Unexpectedly,
the greater amplitudes are now inline with the fracture strike as opposed to perpendicular,
as seen on PS2 (figure 38d). The orientations of Figure 38 e-f show the reflection
amplitudes of the same events after layer stripping. The radial component takes on some
typical traits reminiscent of the Cymric model, with amplitudes increased but still
exhibiting the symmetry of the layer above it. The transverse component reflection
amplitudes are likewise familiar. PS1 and PS2, after layer stripping (figure 38g and f)
have regained some of their expected appearance however it is difficult to judge the
relative strength of the amplitudes. After applying the azimuthal and time variant
function (figures 38i through l) a more familiar trait appears on the radial component
(figure 38i), namely, the ellipsoidal nature of the extracted amplitudes. The amplitude on
the transverse component (figure 38j) has been nullified for near to mid offset (out to
~800 m), yet energy remains at far offsets – indicating that the higher order moveout
correction or NMO corrections were not sufficient. The fast and slow components
(figures 38j and k – respectively) show their energy distributed inline and crossline to the
fractures, with a relatively constant null separating the lobes of the dipoles. Figure 39
shows the alternative method of limited azimuth bin stacking for determination of
fracture strike and time difference. All offsets were binned into 10° azimuth bins for
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analysis. In Figures 39a and 39b the sinusoidal variation expected on such gathers is
witnessed, with an apparent time shift of roughly 30 ms interpretable from the variations
in arrival time. The strike of the upper layer (N90°E) is evident from the polarity change
on the transverse component. Figures 39c and d show the fast and slow components
where the time difference (~34 ms) is also evident. Figures 39e-h show the same gathers
after layer stripping, most importantly the relative minimization of the amplitudes on the
transverse component.
FIELD DATA ANALYSIS
3C-3D Data Acquisition for a portion of the Weyburn 1999 3C survey is shown in
figure 33. There are roughly 1000 sources and 1000 receivers in 160 m grid spacing.
This plot shows the location of the receivers as a ‘+’ sign. The black indicate the entire
set of receivers where as the red ‘+’ signs indicate the portion used in this study. The
location of multiple VSP surveys is approximately in the center of the subset. The blue
squares indicated the surface expression of the CCP’s. An isotropic static (static derived
for both components of the PS-wave) was applied to the data prior to birefringence
analysis, as well as NMO, higher order moveout correction, various ground roll filters
and deconvolution. Radial and transverse components from a representative CCP gather
are shown in figure 40. The events described in the upper portion of the section are those
shown in figure 41 as reference points prior to the beginning of the layer stripping
process. The Mississippian unconformity and the Weyburn field are indicated on the
gathers as well. A representative receiver gather determined to have a high enough shot
density to support a prestack, azimuthal AVO and birefringence analysis is the subject of
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Figure 39. Limited azimuth stacks of the model for each component. (a) Radial
component prior to layer stripping (b) Transverse component prior to layer stripping, the
polarity change across the 90° fracture strike is visible. (c-d) PS1 and PS2 components
prior to layer stripping. (e-f) Radial and transverse after layer stripping. Energy on the
transverse component is minimized. (g-h) PS1 and PS2 components after layer
stripping.
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Figure 40. Radial and transverse components of a representative CCP gather.
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Figure 41. The rms reflection amplitudes of early events interpreted as isotropic partially
based on amplitudes. (a-b) Radial and transverse reflection amplitudes of event one (see
Figure 39) and (c-d) Radial and transverse components of event two.
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the following analysis, identical to that shown for the modeled data. Figure 41a and b
shows rms reflection amplitudes from two shallow events (noted on figure 40). These
events are interpreted as isotropic partially based on their amplitudes. Interpretation is
difficult, however, owing to residual ground roll not compensated for by either adaptive
subtraction or f-x coherent noise reduction. Being able to discriminate statics from
birefringence early on is critical and facilitated by the identification of a reference event
near the surface.
Figure 42 shows reflection amplitudes of event three (at ~1600 ms) interpreted as
an anisotropic layer overlying another anisotropic layer. This receiver demonstrates the
most clarity of a quadrapolar image obtained on a receiver stack in this data set. This is
attributed to the fact that it has relatively high shot fold (369 shots), that is well
distributed in azimuth and offset. The average receiver gather has approximately 280
shot fold. Figure 42a shows clear quadrapolar shape of the reflection amplitudes, the
symmetry is confirmed later in limited azimuthal stacks. Figure 42b shows the transverse
component with nulls inline and perpendicular to the interpreted fracture strike (N90°E)
VSP analysis revealed a predominantly North-South fracture strike (Belefleur, et. al., and
Adam and Mattocks, 2002), and this was the original interpretation as the amplitudes
themselves may be ambiguous. The VSP results, however, do not rule out an East-West
fracture strike at this location. Figure 42c and d show the final interpreted PS1 and PS2
reflection amplitudes which behave as predicted. The results of the layer stripping are
also encouraging (Figure 42e and f).
Crosscorrelation of the PS1 and PS2 waves at the reflection yield the time difference map
shown in Figure 43. The average time shift is approximately 28 ms. A comparison to
10° azimuth stacks for this receiver is shown on figure 44. Figure 44a and b show the
radial and transverse components prior to layer stripping. The radial
114
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Figure 42. The rms reflection amplitudes of a receiver gather from the Weyburn field
data for reflection event three. (a) A quadrapole indicative of an anisotropic over
anisotropic layer is oriented East-West. (b) Transverse component reflection amplitudes
also demonstrate a quadrapole in with nulls in line and perpendicular to the interpreted
East-West fracture strike. (c) PS1 reflection amplitude. The shape is roughly elliptical
oriented with the fracture strike. (d) PS2 reflection amplitude. The shape is roughly
elliptical perpendicular to fracture strike. (e) Radial amplitude after layer stripping. The
quadrapole appears to have collapsed into a dipole. (d) Reflection amplitude of the
transverse component has been minimized.
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Figure 43. Time difference map derived from crosscorrelation of the PS1 and PS2
components of a single receiver gather for reflection event three. Fracture strike is EastWest.
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Figure 44. Limited azimuth stacks of a receiver gather for each component. (a) Radial
component prior to layer stripping (b) Transverse component prior to layer stripping, the
polarity change across the 90° fracture strike is visible. (c-d) PS1 and PS2 components
prior to layer stripping. (e-f) Radial and transverse after layer stripping. Energy on the
transverse component is minimized.
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component demonstrates a roughly sinusoidal variation with azimuth and the transverse
component changes polarity at the same azimuth as the model data, at N90°E. An
approximate time shift of 30 ms can be interpreted from the varying arrivals on the radial
component. Rotation to PS1 and PS2 (Figure 44c and d) yields a relatively flat, coherent
PS1 that changes polarity across the 180° azimuth, and a more mounded shape on PS2.
After layer stripping the Radial component takes on characteristics of the PS1 wave,
albeit without the change in polarization at 180°, and increases in amplitude.

The

transverse component is noticeably minimized.
For comparison, limited azimuthal stacks for a CCP gather were made and a
similar analysis, without the benefit of the prestack analysis and cross correlation for
determination of time shifts. In other words the time shift for the slow component was
picked from the limited azimuth stacks and applied directly to the poststack data. Before
layer stripping the radial component seems relatively erratic with change in azimuth
(figure 45a) and the transverse component is difficult to interpret (figure 45b). The
associated PS1 and PS2 components are shown in figure 45c and d. After layer stripping,
the radial component is much better behaved, nearly flat with changing azimuth, and
energy is much lower on the transverse component.

The associated PS1 and PS2

components are shown in figure 44e and f. and are also much more coherent.
After layer stripping the CCP gather, it was observed that the reservoir interval, located
just below the Mississippian unconformity (Figure 40) had no observable energy on the
transverse component, and a weak, but relatively flat event on the radial component.
Neither the radial nor the transverse component on the receiver gather had any coherent
event at the reservoir interval. Experimentation with rotation to a “fast” and “slow”
direction yielded relatively (relative to the anisotropic events in the overburden) flat,
equal distribution of energy on both the components. No splitting is observed, this is
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Figure 45. Limited azimuth stacks of a CCP gather for each component. (a) Radial
component after layer stripping the CCP directly (b) Transverse component after layer
stripping, amplitudes have been minimized. (c-d) PS1 and PS2 components used for
layer stripping. (e-f) Radial and transverse after layer stripping each detector gather
associated with the CCP individually. Energy on the transverse component is minimized.
(g-h) PS1 and PS2 components used for layer stripping.
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Table 6. Comparison to Linear Transform Technique
Angle from

4C/2C LTT

Actual model input or

amplitudes

Analysis

independent method

Cymric

60° +/-

57°

60°

Weyburn

53° +/-

50°

53°

Generic

90° +/-

87.3°

90°

Teal South (data)

115° +/-

109°

~115°

Weyburn (data)

90° +/-

340°

~90°

Model or Data Set

Table 6. Comparison to Linear Transform Technique. Symmetry measurements from
amplitudes are compared to the actual symmetry orientations if known – or compared to
an independent method. In the case of the Teal South Field data, the independent method
is a poststack Gaiser-Alford analysis. For the Weyburn Field data, the independent
method is the use of limited azimuth stacks for determination of fracture strike.
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not surprising however as the reservoir interval is reported to be between 8 and 12 m
thick (Reasnor, 2001), and with the expected velocity (table 4) no observable splitting is
expected. An approximation to the splitting factor or Thomsen’s γ, could be made using
the direct shear wave amplitude approximation (Thomsen, 1988),
1
RS1 − RS 2 = Δγ
2

(5)

where RS1 and RS2 are the reflectivity at the interface from the S1 and S2 data,
respectively and Δγ = (γ2 – γ1). Although this is originally intended for direct S-waves,
evidence shows (Gumble and Gaiser, 2006) that a similar approach could be taken with
PS1 and PS2-waves as amplitudes are consistently greater on the PS2-waves in a
fractured medium. Unfortunately, however, the PS-wave reflection is weak due to only a
slight impedance contrast, and results in PS-wave reflection ranging from 0 ms to 30 ms
(Fuck, 2002 and 2003).
Lastly, fracture orientations were compared to yet another approach, an automated
technique utilizing the aforementioned formulations by Gaiser (1997) combined with a
well known linear transform technique (Li and Macbeth, 1998). Results are summarized
in table 6. As mentioned previously the advantage of this technique is speed. When
faced with large data volumes it is perhaps the best choice, but as noted in the table there
are concerns. Cary (Cary, 2006) points out that those techniques that rely on polarization
changes on the transverse component, as the LTT does, may become confused when
faced with large statics or large birefringence which can degrade the periodicity of
polarity reversal on the transverse component. A least squares alternative has also been
developed (Bale, et al., 2005). More can be found on the LTT in the appendix.
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CONCLUSION

Evaluation of azimuthal variations of amplitudes in prestack reflection data and
time differences between fast and slow shear waves combined with limited azimuthal
stacks are an effective method for layer stripping analysis of anisotropic media and
estimation of anisotropic parameters. The thin bed model overlain by an anisotropic
overburden generated for comparison indicates that further amplitude analysis could be
performed in order to estimate the splitting parameter. However, the prestack analytical
technique was nearly intractable in all but a few cases due to limited shot fold of receiver
gathers. A large increase in spatial sampling (relative to the field data used in this study)
is required before this method can be of value. A ten fold increase in spatial resolution
would be ideal – as has been demonstrated with the Teal South Field data set in chapter
two. As with many techniques the analysis is hampered by the presence of ground roll
and statics. Limited azimuth stacks of detector gathers suffered from the same problems,
in many cases there was simply not enough fold to warrant an analysis, even on the
azimuthal stacks and zero offset techniques had to be used, or CCP binning. Some of the
benefits offered by increased spatial sampling and prestack analysis are the derivation of
a spatially variant time shift that can further minimize signal on the transverse component
during iterative layer stripping analysis. In the end multiple tools were required for a
thorough analysis. Incorporating AVOA analysis and inversion into current practices
may help resolve in finer detail the birefringence correction, or simply aid the quality
control of other methods traditionally used for anisotropic analysis. This demonstrates
the need for PS-wave AVOA analysis for fine scale inversion.
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Chapter 5: Summary and Conclusions

For full characterization of a reservoir by surface seismic methods,
multicomponent seismic data are required. Previous research and applications conducted
on land have demonstrated the successful use of controlled source (9C) shear-waves for
the interpretation of open fracture directions and characterization of compartmentalized
fractured reservoirs. Conventional P-waves serve the traditional purpose of structural
mapping and, to some degree, the identification of gas saturation and overpressured
zones.
As exploration and production moves toward the marine environment, we must
focus on the evolution of seismic technologies, including those operationally limited to
onshore environments. We endeavor to determine necessary acquisition adaptations and
processing steps needed to derive maximum benefit from marine 4C data. In particular,
the application of techniques developed for land S-wave seismic from controlled
polarization 9C data to the 4C marine environment where direct shear sources are
operationally not feasible. This is crucial for addressing fracture analysis and reservoir
properties from seismic anisotropy observations.

Consequently, a method must be

developed that utilizes a 3D 3C surface seismic data set (as a proxy for 3D 4C marine
data), to arrive at concurring seismic attributes and interpretations that may be extracted
from the PS-wave data and P-wave data alone.
This project was originally proposed as a means to migrate lessons learned from
years of land multicomponent (9C) data analysis to the marine environment where more
limited 3C and 4C data are required if we are to capitalize on the vital anisotropy
information contained in shear waves. In reality this project has grown into something
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much more comprehensive – a sharing of lessons learned in both environments. The
original hypothesis was to develop a complete method of polarization and azimuthal
distribution analysis of PS-wave data to replicate information available in 9C data. The
proposed method was to include layer stripping rotational analysis, utilizing a matrix
rotation algorithm designed specifically for multi-azimuthal 3-D PS-wave data, tested on
a simulated anisotropic data set, and ultimately applied to one or more industry-acquired
data sets. Indeed multiple methods of layer-stripping analysis were developed, they
include: 1) the originally proposed algorithm; 2) a method of limited azimuth stack
analysis, which provides quality assurance and visualization, and 3) a prestack method
that contributes information about azimuthal and offset variations in amplitudes and
birefringence of reflected PS-wave data. In investigating polarization of both controlled
source polarization S-wave data and mode converted PS-wave data I found that there is
much to be learned and studied in the prestack, wide azimuth long offset data being
acquired today, which led to research beyond the original scope of the project. The
techniques mentioned above were indeed applied to land, and offshore data sets, as well
as a variety of numeric models. More detailed reviews of each study follow below.
CYMRIC AND TEAL SOUTH FIELDS
Results

The study began with a borehole investigated in the Cymric Field located in the
San Joaquin Basin, Southern California. A familiar zero offset model originally used to
study shear wave splitting of VSP data was adapted to a land, PS-wave model to examine
the azimuthal and offset variations of amplitude variation and birefringence. It was
concluded that a wealth of information remains to be exploited in prestack shear wave
data. Anisotropic earth symmetries can be directly imaged given a high enough spatial
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sampling (small spatial increment), generally manifested as seismic source density, and
concluded with the specification of a minimum shot spacing of 25 m for most situations.
The effects of layer stripping analysis using bulk rotation and time shift operators,
common techniques employed on CCP stacked data, were investigated and analyzed for
overall performance, and error in results. This was done by building a series of models,
one set to be analyzed with layer stripping techniques and another set that contained
isotropic proxies to the anisotropic layers. By comparing the “layer stripped” models to
their proxies, a reasonable estimate of the layer stripping performance was realized.
After application of a constant time shift for shallow anisotropy, residual energy left on
the transverse component of a shear recording leads to distortion in the anisotropic
measurements of deeper layers. This distortion is relatively minimal if a simple HTI
medium with vertical fractures is investigated – but is of unacceptable magnitude when
fractures are dipping, rather than vertical, as in tilted transverse isotropic media (TTI). A
similar analysis was performed on a portion of a 4C OBC data set from the Teal South
Field, Gulf of Mexico. The technique performed admirably on a single receiver gather,
although ideally a CCP gather would be the subject of analysis. The results compared
favorably to a zero offset, Alford-Gaiser analysis performed previously. Not only were
similar orientations and zero-offset time measurements identified but the full offset and
azimuth response showed that there is a wealth of information currently not being utilized
with current practice.
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Recommendations

Recommendations that resulted from the Cymric and Teal South Fields study are
to use the temporally variant time shift function resulting from crosscorrelation analysis
and apply it to the slow shear wave component instead of a bulk time shift. Although this
time shift surface is found to contain noise in the fast and slow directions, its use was
engineered by exporting data to a standard 2D horizon-mapping package for smoothing
the time shift surface with a cubic spline or similar function combined with geologically
guided interpretation. Azimuthally variant time shift functions may also be inverted for
using an elliptical analytic function, for both HTI and TTI symmetry. Since these time
surfaces define not only a temporally variant (vertical) function, but also an offset and
azimuth variant function, they must be applied to s-wave reflections from deeper
horizons at offsets that have the same horizontal slowness. Note that in a 1D application,
horizontal slowness is zero for vertical propagation when reflections are stacked to zero
offset.
Application of time shifts can be accomplished in one of many ways depending
on offset and azimuth sampling/resolution.

For example, in data sets with sparse

sampling, the horizontal slowness associated with each time shift must be determined at
the offset and azimuth of the reflection. This can be computed simply from the PS-wave
NMO function slope. These shifts can then be applied to deeper slow shear-wave
reflections that have the same azimuth and horizontal slowness. In data sets with dense
sampling, a tau-p transform could be computed to simplify the application of the time
shift, where a bulk or constant shift would be applied to a given horizontal slowness
trace.
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POLARIZATION UPON REFLECTION OF DIRECT SHEAR WAVES AND CONVERTED
SHEAR WAVES IN ISOTROPIC AND ANISOTROPIC MEDIA

The second phase of this research, and the originally proposed hypothesis, was to
examine differences and similarities in direct shear wave analysis, versus modeconverted shear waves. Numerical simulation became the preliminary medium for this
early aspect of the research. Based on observations made in the initial phase of modeling
in an isotropic media, the radial component of the direct shear wave became a focus of
investigation. With increasing offset, and at a relatively predictable angle of reflection
(~22°) the amplitude of the radial (or SV) component fades to zero and reemerges with
opposite polarity. The same phenomena occurs on the transverse, or SH component at
greater incidence angle in a similar fashion, although not quite as predictably.
Polarizations were mapped for a controlled polarization source shot in one direction and
observed in a dense grid of receivers.

The effective polarization of the reflection,

resulting from the interplay of SV and SH reflectivities with varying offset and azimuth,
results in a complicated system of apparent polarizations. In addition to the polarity
reversal at the zero crossing, the lack of SV energy near this offset results in an apparent
SH polarization at all source-receiver azimuths – for offsets associated with the angle of
incidence at the zero-crossing. Concurrently, the converse is true at the SH zero crossing
where all apparent polarizations are observed to be SV. This observation led to a
proposed correction that has been pursued by another student, Eric Lyons, as a Master’s
Thesis, and the reader is encouraged to peruse those results. It was also observed that a
relatively high degree of anisotropy is needed to overcome the apparent polarization
induced by isotropy and the geometry of the problem. In contrast, the PS-wave does not
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suffer from the variation in pattern as there is no mixing of SV and SH energy in the
reflection process.

COMPENSATION OF LIMITED AZIMUTH ACQUISITION OF CONVERTED SHEAR
WAVES

In addition to the above, a modeling experiment involving limited azimuth OBC
data and the effect on azimuthal variations in amplitudes were investigated in anisotropic
media, and a procedure for compensating for limited azimuth acquisition was developed.
Tested on a wide range of symmetries the correction proved most useful when the angle
between the symmetry of the anisotropic media and the receiver orientation is
maximized. If the media is no more complex than HTI, robust analysis for fracture strike
or symmetry azimuth is achievable even when interpreting prestack data, and is expected
to be robust when using limited azimuth stacks.
A correction to the aforementioned polarization upon reflection has been
developed concurrently with this research, using a two-term approximation similar to that
used in AVO. Further refinement of the correction may be achieved through calculation
and correction of the emergence angle, and an investigation into the phase variation with
offset and azimuth. In ideal data, a range of source-receiver azimuths of 30° in PS-wave
data, per quadrant, is sufficient to define the anisotropic symmetries and S-wave splitting
observed with direct-source S-wave data.

APPLICATION AT THE WEYBURN FIELD
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Back on land, the concluding study brought techniques developed for prestack
PS-wave data to an under-sampled land seismic data set, complete with all the issues that
land seismic acquisition has to offer – including surface statics and ground roll. It was
found that prestack analysis offered some guidance in the use of more traditional stack
and limited azimuth stack approaches, but only in the rare instance that full offset and
azimuth data are present. To fully realize the added benefit of prestack anisotropic
analysis (e.g. the visualization of anisotropic symmetries using amplitudes, and the
realization of a spatially variant time shift function) traditional shot and receiver density
must be increased significantly, ideally by ten fold compared to traditional acquisition.
This realization is reflected in the current trends of industry today, as new technologies
such as MEMS (micro-electromechanical seismometers) create a low-cost, low foot print
alternative to cable based acquisition. Many service companies are now attempting to
balance the cost versus signal issue with a new range of products, resulting in higher
bandwidth, wider azimuth and greater offset data and a new paradigm of wide azimuth,
densely populated 3C-3D seismic acquisition is on the frontier.

Many shear wave

surveys today still suffer, however, from having been added as an addition to a larger Pwave survey, and as a result limited CCP bin distribution is a problem, as it may have
been in the concluding study.

FUTURE WORK

Further interests in this area of research include the application of analysis
contained in this report to the area of effective stress and pore pressure prediction.
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Seismic velocities have long been a tool used for the prediction of pore pressure in over
pressured media, where drilling hazards may occur.

Today, seismic exploration in

deepwater Gulf of Mexico in areas of large salt bodies is plagued by overpressure, and
anisotropic stresses driven by salt tectonics that make oil exploration costly and in some
cases dangerous. Added difficulties include the inability to image coherently beneath
salt, where some of most dramatic changes in pressure occur. Multicomponent, lookahead VSP’s acquired prior to drilling exiting salt bodies have the potential to not only
image events beneath salt, but may provide a crucial estimation of anisotropic effective
stress through the analysis of Purnell-mode converted wave anisotropy when combined
with ahead of the bit predictions of tectonic stresses based on finite element modeling of
salt geometries constructed from surface seismic data. Although it may seem a far stretch
for the exploration environment, analysis of the Teal South data set shows that surface
seismic may be used in the development and appraisal arena of oil production where
wells are highly deviated and subject to tenuous drilling windows (pressure between pore
pressure and fracture gradient). OBS or OBC data, along with 3D multicomponent
VSP’s are becoming more common, with the data typically analyzed for time lapse AVO
differences induced by oil production, or for subsalt illumination in the case of VSP’s. If
these data were acquired ahead of the bit, and incorporated into pore pressure and
fracture gradient predictions along the well path, costly drilling down time, side tracks,
and dangerous circumstances brought on by anisotropic stresses may be avoided. The
cost of a survey one already plans to acquire is relatively small compared to that of a lost
hole, or a lost drilling rig.
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Appendix A
WEAK ANISOTROPY

Leon Thomsen (1986) introduced the concept of “weak” anisotropy as a means of
simplifying the somewhat daunting equations involved with the determination of general
anisotropy.

This simplification is particularly useful in reflection seismology for

exploration applications, where incident angles are typically on the order of < 35º.
Thomsen’s motivation(s) for developing this theory included: 1) the inadequacy of
measurements of horizontal and vertical velocities for use in problems utilizing near
vertical P-wave anisotropy, 2) the lack of experimentally derived results for δ (Thomsen,
1986), 3) the inadequacy of the elliptical approximation for P- and SV-waves, and 4) the
error incurred from using Poisson’s ratio from vertical velocities to estimate the
horizontal stress field. Thomsen’s weak anisotropy pertains predominantly to anisotropy
incurred from a set of preferentially oriented cracks, vertical cracks w/ no orientation or
the common canonical anisotropy problem; a series of isotropic horizontal beds. The
derivation was carried out with azimuthal anisotropy in mind, but most results are said to
be applicable to any symmetry case.
Starting with the idea that in the presence of anisotropy there can be derived the
solutions to three plane waves (quasi-longitudinal, transverse and quasi-transverse)
Thomsen derived three parameters, each based on coefficients of the elastic modulus
tensor. These parameters were initially:
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ε≡

C11 − C33
,
2C33

(6)

γ≡

C66 − C44
and
2C44

(7)

δ≡

1 ⎡
2
2 C + C44 ) − ( C33 − C44 )( C11 + C33 − 2C44 ) ⎤
2 ⎣ ( 13
⎦
2C33

(8)

Vp, Vsv and Vsh, can now be defined as functions of these parameters and the
quadratic D*, where,
1
⎧⎡
2
⎤ 2 ⎫
⎛
⎞
β
⎪⎢
⎪
4 ⎜1 − 0 2 + ε ⎟ ε
⎥
α0
⎪
1 ⎛ β 02 ⎞ ⎪ ⎢
4δ *
⎝
⎠
2
2
4 ⎥
− 1⎬ , (9)
D * (θ ) = ⎜1 − 2 ⎟ ⎨ 1 +
sin θ cos θ +
sin θ
2
2
⎥
2 ⎝ α0 ⎠ ⎪⎢ ⎛ β 2 ⎞
⎛ β 02 ⎞
⎪
0
−
−
1
1
⎢
⎥
2
2
⎜
⎪ ⎢⎣ ⎜⎝
⎪
α 0 ⎟⎠
α 0 ⎟⎠
⎥⎦
⎝
⎩
⎭

where, β0 and α0 are the vertical shear and compressional wave velocities respectively.
By re-writing laboratory test results for seismic parameters of rocks into the
Thomsen parameters and observing the low values occurring at low angles of incidence, a
Taylor expansion of equation (9) can be justified.

This expansion leads to the

approximation:
D * (θ ) ≈

δ*
sin 2 θ cos 2 θ + ε sin 4 θ .
⎛ β 02 ⎞
⎜1 − α 2 ⎟
0 ⎠
⎝

(10)

A re-examination of the equations of the velocities yields the conclusion that each
successive term makes a smaller contribution, due to the trigonometric effect of the small
angle approximation. The third Thomsen parameter can therefore be simplified into the
following form:
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⎡
⎤
2
2
⎢
1
δ * ⎥ ( C13 + C44 ) − ( C33 − C44 )
δ ≡ ⎢ε +
⎥=
2 ⎢ 1 − α 02 ⎥
2C33 ( C33 − C44 )
2
β 0 ⎥⎦
⎢⎣

(11)

This is a much simpler form, utilizing algebraically tractable coefficients of the elastic
modulus tensor.
The applications of weak anisotropy to exploration geophysics include the ability
to find both the phase and group angle for P, SH and SV waves. It has also been
demonstrated that it is possible to determine δ from a single set of measurement (where θ
= 0, 45º and 90º). This is a useful parameter for characterizing near vertical, anisotropic
P-wave propagation. Horizontal stress estimates made with the Thomsen parameters are
also more accurate than estimates made utilizing Poisson’s ratio derived from vertical
velocities.

The stress parameters σ33 and σ11 can be expressed as functions of ε

(Thomsen, 1986).
In the case of S-waves, Thomsen describes ways of overcoming the difficulty of
analyzing S-wave attributes negatively affected by the free surface, as described by
Crampin (1985). A shear-wave incident at an angle greater than the first critical angle
induces complex phase and amplitude effects on the reflected wave. For the most part
these effects can be avoided in reflection seismology as most data is acquired within the
“shear-wave window”, i.e. within 35º. The second complication foreseen by Crampin
was the SV-P mode convergence that can also complicate the analysis, of limited concern
at zero and near zero offset (Thomsen 1986).
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Although useful, many of Thomsen’s results are limited to transversely isotropic
medium. Some results are also restricted to the subclass of HTI where anisotropy is
limited to a single set of vertically aligned, circular cracks (figure 2).
Thomsen visualizes three methods of determining anisotropy, P-wave velocity
and amplitude variations with azimuth, time difference between events in the fast and
slow shear wave seismic data and amplitude differences between the fast and slow shear
wave seismic data. In reflection seismology when dealing with thin, fractured reservoirs,
it is imperative to have a high vertical resolution anisotropy tool. Shear wave amplitudes
have been demonstrated to be that tool.
Utilizing amplitude measurements of fast and slow S-waves (S1 and S2) it is
possible to detect anisotropy of a medium, when it is greater than 1%, and relate it to
fracture intensity (Thomsen, 1988).
One thing to be aware of when analyzing shear-waves for anisotropy is the
imperfection of the seismic “pulse” that propagates through the subsurface.

The

propagation and subsequent polarization of a shear-wave can be thought of in two
extremes, either as a corkscrew that changes polarizations incrementally throughout the
medium, or as impulses that change polarize discretely when encountering anisotropic
media. It is important to recognize that in reality S-waves are neither of these two
extremes. The difficulty arises when the impulse, or duration of the wavelet, is longer
than the time separation between S1 and S2. Obviously there will be interference if this
is the case, resulting in poor imaging. This complication will be dependent upon travel
time to the reflector in question. Thomsen also warns against repeated splitting of Swaves, although rarely documented there are instances of multiple fracture orientations
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that have resulted from paleo-stress fields that have been preserved due to diagenetic
effects, fractures that have been partially filled by quartz and preserved in the wake of a
secondary stress field (Thomsen, 1988).
If we are assuming angular variation in the subsurface, then we must be prepared
to deal with abnormal moveout. In an ideal scenario, a survey would be conducted with
one axis in parallel to the natural fracture orientation of the anisotropic medium under
scrutiny. Receivers oriented in this direction would record waves that exhibit normal
moveout, and the velocity of such a wave would be equivalent to the velocity of the
fracture-less matrix. Waves recorded by receivers oriented perpendicular to the survey,
would however, exhibit abnormal moveout. The equation for which is:
2
mo

V

⎡ d ( x2 ) ⎤
⎥,
≡ lim ⎢
x →0 d t 2
⎢⎣ ( ) ⎥⎦

(12)

where x is the offset and t is travel time (Thomsen, 1988). This equation is valid of each
wave type, and can be re-written in terms of Thomsen’s parameters (Thomsen, 1986) in
the following way:
Vmo ( P ) = V po (1 − δ ) ;

(13a)

2
⎡
⎤
⎛ V po ⎞
ε
Vmo ( SV ) = V|| ⎢1 − γ + ⎜
− δ )⎥ ;
(
⎟
⎝ V|| ⎠
⎢⎣
⎥⎦

(13b)

and
Vmo ( SH ) = V⊥ = V& (1 − γ ) .

(13c)

From these equations can be constructed the inequalities:
Vmo ( SH ) = V⊥ < Vmo ( SV ) ≈ V& ;

(14)
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and
Vvert ( SV ) = V⊥ < Vvert ( SH ) ≈ V& .

(15)

From examination of equations 9 and 10 it can be concluded that for SH waves (from
receivers in line with the fracture orientation) the moveout is slower, compared to the
vertical velocities where the opposite is the case. In short, “the SV reflection comes in
later (at vertical incidence) but moves out faster” (Thomsen, 1988). Thomsen submits
that this is always true when anisotropy is derived from a single set of vertical fractures,
and “plausible” for multiple sets. If this relationship is the exception rather than the rule
in the later case, then perhaps the comparison of the relationship of these velocities in real
data can help determine if there is more than one fracture set in the medium being
imaged.
Complications arise when dealing with real data in that surveys are generally not
acquired in same coordinate system as that of the natural axes of anisotropic symmetry.
While it is somewhat trivial to rotate a vector, or tensor, including a recorded wave field
to a new coordinate system, the problem arises in that when rotating the elastic modulus
tensor, there develop non-zero values for C1132 and C2313 in the natural coordinate system.
This imposes a coupling of the six equations for reflected and transmitted waves that
complicate the solving of these equations. However, it is still tractable to solve for the
reflectivity of each wave, which lead to the following results:
RS 1 − Rs 2 =

1
Δγ ;
2

(16)

where RS1 and RS2 are the reflection amplitudes of the fast and slow shear-waves,
respectively and γ is the shear splitting parameter defined in Thomsen, 1986, and
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Δγ = γ 2 − γ 1 .

(17)

It can then be stated that measured amplitude differences between fast and slow shearwaves are a reliable, relatively high-resolution method of characterizing anisotropy due to
fractures and therefore fracture intensity and orientation.
In the past, theoretical expressions relating saturated, aligned fracture systems to
anisotropy have been severely impaired for exploration purposes, because of three major
assumptions.
1)

The assumption that pore fluids are stiff, in other words, that they are under
extreme pressure and provide help to actually bear some of the load. In the
upper crust however, where reflection seismology is generally undertaken, the
bulk modulus of the pore fluid, e.g. brine, is in general: K f ≈

Ks

20

; where Kf

is the fluid incompressibility and Ks is the solid incompressibility. Not only is
the fluid not bearing any portion of the load, but also it is mobile, and its
mobility can be excited by the propagation of seismic waves.
2)

Another common assumption is the absence of equant porosity within the
medium. This is equivalent to saying that there is no porosity, or at least that
there is no fluid interaction between the fractures and the pore space. Equant
porosity in the Earth’s upper crust, in sedimentary rock, is generally greater
than 10%. In fact, there is fluid interaction between the fractures and pore
space resulting in the dependency of anisotropic parameters on frequency.
The porosity itself has no effect on anisotropy, as there is generally no
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preferential orientation of the porosity; it is the movement of pore fluid in
response to the seismic pulse that augments the anisotropic signal.
3)

Many theory relating fractures and anisotropy also assume that we are
working with high bandwidth and in general ignore the implications.
Obviously we need to be cautious and be ready to modify our analysis for the
frequency dependence when using various techniques for characterization of
anisotropy, be they borehole (ultra sonic freq. range) or surface seismic (sonic
freq. range) techniques.

Bearing these limitations in mind, we can see that the general findings for shear-wave
splitting as an analysis tool will still hold for the most part, but assumptions made
about P-wave anisotropy and the relationship to crack density and orientation are in
error. The properties of the fluid outlined above can greatly effect the propagation of
compressional waves. The non-linear fluid interaction between pores and fractures
also negates the use of Schoenberg and Muir’s (1989) linear calculus, for reflection
seismic purposes (Thomsen, 1995).
Thomsen redefines anisotropic theory, and his own anisotropic parameters
bearing these considerations in mind.

The results are a set of equations and

parameters in which anisotropy is dependent upon angle, “crack” or fracture density,
“crack” or fracture shape, the stiffness of the pore fluid, the presence of equant “nonflat” porosity and frequency. Examining the limiting case of low crack density and
thin cracks results in the following relationship and assuming penny shaped circular
ellipsoid porosity and vertically aligned fractures (figure 2), Thomsen’s new
parameters are:
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⎛ 8 ⎞⎛ K
ε = ⎜ ⎟ ⎜1 − f
Ks
⎝ 3 ⎠⎝

⎡ (1 −ν *2 ) E ⎤
⎞
⎥ ηc ,
⎟ Dci ⎢
2
⎢⎣ (1 − ν ) E * ⎥⎦
⎠

(18)

*
⎛ 8 ⎞ ⎛ 1 −ν ⎞
γ = ⎜ ⎟⎜
η,
* ⎟ c
⎝ 3 ⎠ ⎝ 2 −ν ⎠

(19)

and
⎛ 1 − 2ν
⎝ 1 −ν

δ = 2 (1 − ν ) ε − 2 ⎜

⎞
⎟γ ,
⎠

(20)

where ν is Poisson’s ratio of the isotropic fracture-less, rock, E is Young’s modulus, ν*
and E* are the Poisson’s ratio and Young’s modulus of the dry isotropic porous rock
(Thomsen, 1995).
All of these parameters are linear in terms of the number density of cracks and their mean
cubed diameter, which can be expressed as fracture density:

ηc =

3φc
;
4π c a

(21)

where ηc is the fracture density, φ is porosity and c/a is the aspect ratio of the fracture
(Thomsen, 1995).

Due to the linear relationship, the relative sizes of Thomsen’s

parameters depend only on the Poisson’s ratio of the isotropic (fracture-less) medium and
the fluid parameters.
For surface seismic reflection methods, the low frequency approximation has
been shown to be adequate. A frequency is low, if it is low relative to the squirt
frequency.

Beneath the squirt frequency the fluid has adequate time to equilibrate

between the fractures and pores prior to the arrival of the next seismic perturbation. In
general, the squirt frequency lies somewhere between the sonic and ultrasonic
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bandwidths (Thomsen, 1995).

Thomsen also re-derives his parameters in a similar

fashion, in the case of equant porosity less than 10% and demonstrates that in this
limiting case it matches previous results.
Special considerations regarding C-wave surveys when analyzing for anisotropy
must be taken into account. Shear-waves do not polarize strictly in a vertical plane, but
rather split into two directions. In C-wave data, these directions are not determined by
the source, the source merely determines relative excitation of each natural polarization.
The directions of the s-wave polarizations are determined entirely by the medium and ray
direction. In regards to recommendations for C-wave processing made by Thomsen in
the context of isotropy are still valid concerning moveout and conversion points
(Thomsen, 1999). However there is still the added complication of dealing with two
arrivals, from one reflector, in the event that we have no control over the source
polarization. Thomsen states that one can rely on his past work to analyze anisotropy in
an offshore setting, with the added complication that geophone coupling is questionable
when using ocean bottom cable (OBC). If geophone coupling is unreliable than vector
fidelity becomes an issue, all theory, equations and applications have been developed
under the assumptions that we are dealing with true vector components, an assumption
not to be taken lightly, as OBC recording may exhibit aberrations in amplitude and phase
responses comparatively between vector components. This includes the crucial rotation
step needed to rotate split shear waves. As there is no source polarization control, one
must rely on vector rotation analysis in the 2D case. In the 3D case the rotation analysis
becomes akin to the Alford, or tensor rotation problem, as the missing components of the
tensor typically filled by the source orientation may be filled with crossline receiver
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information. This is favorable as tensor rotation is more robust than vector rotation. A
more detailed discussion of rotation algorithms follows.
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Appendix B
ALFORD ROTATION

The fundamental solutions, or the matrix of post-rotated seismic data, are given
by the following equation:
U = R (θ ) V (θ ) R (θ ) ;
T

(22)

where
⎡ cos θ
R (θ ) = ⎢
⎣ − sin θ

sin θ ⎤
;
cos θ ⎥⎦

(23)

and
⎡( cos 2 θ u11 + sin 2 θ u22 )
V (θ ) = ⎢
⎢ .5sin 2θ ( u11 − u22 )
⎣

.5sin 2θ ( u11 − u22 ) ⎤
⎥;
2
2
⎥
θ
u
θ
u
sin
cos
+
(
11
22 ) ⎦

(24)

where uxx represents the solutions of the shear components in the natural coordinate
system. Combining these terms:
⎡⎛ cos 2 θν 11 + sin 2 θν 22 ⎞
⎢⎜⎜
⎟
⎢⎝ + 1 2 sin 2θ (ν 21 −ν 12 ) ⎟⎠
U (θ ) = ⎢
2
2
⎢⎛ cos θν 21 + sin θν 12 ⎞
⎢⎜⎜ + 1 sin 2θ (ν −ν ) ⎟⎟
⎢⎣⎝ 2
22
11 ⎠

⎛ cos 2 θν 12 + sin 2 θν 21 ⎞ ⎤
⎜⎜ 1
⎟⎟ ⎥
⎝ + 2 sin 2θ (ν 22 −ν 11 ) ⎠ ⎥
⎥;
⎛ cos 2 θν 22 + sin 2 θν 11 ⎞ ⎥
⎜⎜ 1
⎟⎟ ⎥
⎝ + 2 sin 2θ (ν 21 −ν 12 ) ⎠ ⎥⎦

(25)

where νxx are the solutions of the recorded shear components.
The determination of the angle of rotation (and hence the principal axis of anisotropy)
can be implemented in a variety of ways, for example; 1) through iteratively running the
rotational algorithm while incrementing the rotation angle and visually inspecting the
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data to find the maxima of the diagonal components and minima of the off diagonal
components of the matrix; 2) through the same aforementioned iteration technique, whilst
solving mathematically for either, the maxima and minima; or; 3) as described in
example 2, but by maximizing the ratio between diagonal and off diagonal, potentially a
more robust method. The ideal method would consist of a combination of mathematical
analysis and visual confirmation. Approximation, and hence verification, can also be
made by collecting the original radial and transverse components into prestack azimuth
gathers in bins sorted by a practical set of azimuth i.e., 10 degree bins, and observing
changes in polarity, as the azimuth of polarity change is typically associated with the
principal axis of the anisotropic medium (Gaiser, 1999). A key point to make is that
where 3C data is concerned, data will be missing from the source component of the
rotation matrix, the key obstacle towards realizing the project. Also, Alford rotation as
defined is only valid for normal incidence; modifications may need to be made to account
for large offsets.
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Appendix C
LINEAR TRANSFORM TECHNIQUE

Linear transform techniques are an alternative to the techniques previously
discussed and compared in this study, although their application in this project was
limited. For application of transform techniques, the four component data matrix is
originally formed in an identical fashion as in that of the Alford procedure. Zeng and
Macbeth (1993) provide the needed background of the vector convolutional model, and
the subsequent assumptions behind it. The assumptions are that of a linearly elastic earth
response, and a seismic source exciting linear motion in a particular direction. Typically
the application of transform techniques requires normal incidence, although some
generalization beyond this restriction are found, this method specifically assumes that the
ray-paths of the propagating shear waves do not pass through singularities where qs1 and
qs2 waves will have the same phase velocity.
In general the displacement vector is expressed by the following equation:
dJG p ( t ) = Λ p ( t ) ∗ {C (θ ) Gs ( t )} ,
T

(26)

where;
⎛ Λ (t )
0 ⎞
Λ p (t ) = ⎜ f
⎟,
Λ s (t ) ⎠
⎝ 0

(27)

⎛ sx ( t ) ⎞
Ms ( t ) = ⎜⎜
⎟⎟ ,
⎝ sy (t ) ⎠

(28)

and,
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⎛ cos (θ ) sin (θ ) ⎞
C (θ ) = ⎜
⎟,
⎝ − sin (θ ) cos (θ ) ⎠

(29)

The subscripts f and s correspond to that of the fast and slow arrivals, respectively. S(t)
is the source wavelet and C is the rotation matrix.
Then, lambda fast and lambda slow convolve with the source wavelet to produce the
amplitude, time-shift and attenuation. This is the general case, following the work of
Zeng and MacBeth, (1993); we will concentrate on the simplest and most common
experiment, for a symmetric medium response, where our recorded data matrix is:
⎛ mxx ( t ) mxy ( t ) ⎞
M ( t ) = ⎜⎜
⎟⎟ .
⎝ m yx ( t ) m yy ( t ) ⎠

(30)

The minimum off-diagonal energy is determined algebraically, which will enable us to
invert for theta. If:
dJG 0 ( t ) ∗ Λ ( t ,θ , Δτ , ΔA) ∗ Ms ( t ) = C (θ ) M ( t ) C (θ ) ,
T

(31)

where A is the amplitude and delta A the difference in amplitude between fast and slow
S-waves. The right hand side can then be written in component form as:

1 ⎛ A + B cos 2θ − C sin 2θ B sin 2θ + C cos 2θ + D ⎞
⎜
⎟,
2 ⎝ B sin 2θ + C cos 2θ − D A − B cos 2θ + C sin 2θ ⎠

(32)

where;

A ( t ) = m xx ( t ) + m yy ( t ) , B ( t ) = m xx ( t ) − m yy ( t ) ,

(33)

C ( t ) = mxy ( t ) + m yx ( t ) , D ( t ) = mxy ( t ) − m yx ( t ) ,

(34)

To minimize the elements in the off-diagonal elements of (32) we may use a least-squares
solution:
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{

E (θ ) = ∑ ( Bi sin 2θ + Ci cos 2θ − Di ) + ( Bi sin 2θ + Ci cos 2θ + Di )
2

2

}

(35)

where; the subscript (i) refers to each time sample. A stationary point occurs in E(θ)
when;

(

)

1 ⎧⎪
4⎪
⎩

⎡

4∑ [ Bi2 − Ci2 sin 4θ + 2 Bi Ci cos 4θ ] = 0 ,

(36)

or

θ k = ⎨arctan ⎢ ∑

2Ci2 Bi2

⎣⎢

∑(

⎫⎪
⎤
⎥ + kπ ⎬ ,
C − B ⎦⎥
⎭⎪
2
i

2
i

(37)

)

where k represents an integer value of 1,2,3 or 4. These solutions are distributed at 45°
intervals in a range from 0° to 180°. Each point can be evaluated as a minimum point by
determining the sign of the second derivative:

(

E ′′ (θ1 ) = −16∑ ⎡ Ci2 − Bi2
⎣⎢

) + ( 2C B ) ⎤⎦⎥ cos 4θ / ∑ ( C
2

2

i

i

k

2
i

− Bi2

)

(38)

the solutions must be selected so that the cos(4θk) and the summation of C2 – B2 have the
same signs. This will give the best estimate of the polarization azimuth theta which is
then substituted back into either equation (31) (Zeng and MacBeth, 1993) or, in the case
of PS-waves, a more efficient 2C rotation algorithm to obtain estimates of the principal
diagonal traces. Cross-correlation can then be used as with the previous method to
determine time differences and amplitude differences between the qs1 and qs2
components for anisotropy characterization.
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Glossary
3C data: Seismic reflection data acquired with a conventional seismic source, threecomponent geophone receiver.

4C data (Marine): Seismic reflection data acquired offshore using an airgun source, threecomponent geophone and one hydrophone receiver.

4C rotation:

A four component rotation algorithm utilizing the four horizontal

components (source x and y and receiver x and y) to arrive at the principal axes of an
anisotropic medium.

9C data: Seismic reflection data acquired on land using three components of source
(controlled polarization) and three-component geophone receiver.

C-wave: see PS-wave.

PS-wave: A wave converted from compressional to shear wave energy at a reflection
boundary (the energy is generated as a P-wave, reflects – and undergoes mode conversion
– and is recorded as an S-wave by multicomponent receivers).

S-wave: A reflected wave generated by a controlled polarization source, such as multiaxis vibroseis.
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