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SUNNABY

In multi-component reflection and VSP
surveys, the two horizontal components can be
taken as the real and imaginary parts of a
complex component. This transforms multi-
component data from conventional Cartesian
coordinates to polar coordinates, and allows the
calculation of instantaneous amplitude,
instantaneous phase, and instantaneous frequency.
We call this technique complex component
analysis.

These instantaneous attributes convey
information about both the variation of waveforms
and the variation of polarizations. Thus complex
component analysis can help to evaluate the
effects of anisotropy in in situ rocks in terms
of the polarization of fast split shear-wave and
the delay between two split shear-waves.
Furthermore, complex component analysis of shear-
waves is a natural extension of complex trace
analysis of P-wave data sets, when only the real
part of the complex trace is recorded. By this
extension, complex component analysis can aid
stratigraphic interpretation.

After giving the basic definitions of a
complex component, we present three examples of
field data to demonstrate the use of the
technique in stratigraphic interpretation and
anisotropic interpretation. The results are
colour-coded diagrams, which will be shown at the
meeting but are not included in the abstract.

INTRODUCTION

Over the last decade, the use of multi-
component seismic data to evaluate the effects of
anisotropy has become comparatively common within
the industry. Alford (1986), Winterstein (1986),
Justice et al. (1987), and Thomsen (1988)
evaluate anisotropy from seismic sections.
Crampin (1981, 1985b, and 1987) and co-authors
determine crack orientation and crack density in
the in situ rockmass from analysis of
polarization diagrams.

Seismic sections, displaying three
components separately in time-versus-offset
plots, accentuate the variation of waveforms, and
analysis of such sections is the principal
technique for stratigraphic interpretation.
Polarization diagrams, displaying the data in the
displacement plane over a time window, stress the
variation of particle motion, and are principally
used to analyze shear-wave splitting.

Transformation of seismic data from one
form to another is common in seismic data
processing. Complex component analysis
transforms multi-component data from conventional
Cartesian coordinates to polar coordinates in the
horizontal plane (it can be easily extended to
other planes). Such transform retains the local
significance of both variation of waveforms and

variation of particle motion by calculating the
instantaneous amplitude, instantaneous phase, and
instantaneous frequency. These quantities,
referred to as seismic attributes (following
Taner et al. 1979, although they have quite
different physical meanings), can be presented in
conventional seismic time-versus-offset displays
coded by colour.

Thus complex component analysis can be
used to evaluate the effects of anisotropy in
terms of the polarization of leading shear-wave
and the delay between the two split shear-waves.
Furthermore, complex component analysis of
shear-waves is an extension of complex trace
analysis of P-waves and can assist in
stratigraphic interpretation and possibly in
hydrocarbon determination.

We assume a multi-component shear-wave
data set with the inline,  x(f),  and crossline,
y(r), recording geometry shown in Fig. 1. The
horizontal displacement of a shear-wave, Pt, has
amplitude A( r), and angle e( 1) to the inline
direction, so that:

-4 f) = A( 1) cose( r); and

Y( I) = A( t) sine( t).
(1)
(2)

We take x( r) and y( I) as the
parts of a complex signal:

real and imaginary

Z(f) = 4 1) + i Y( 1); (3)

and solve for A and 8 for any x and y, giving:

A(l) = [x2( 1) + y2(r)]’  = Iz< t>l; and (4)
et f) = arctan[ y( r)/x( r)], defined for *180°;  (5)

where A( I) is the instantaneous amplitude; et 1)
is the instantaneous phase, following Taner et
of. (1979).

The rate of change of the time-dependent
phase gives a time-dependent frequency:

O(I) = &( r)/dt; (6)

where $( t) is the instantaneous frequency.

PHYSICAL s1GNIPICANCB

INSTANTANEOUS AMPLITUDE: The instantaneous
amplitude in equation (4) is a measure of the
distance between the moving particle and its
equilibrium position. Local maxima of
instantaneous amplitude indicate the largest
distance of the particle from its equilibrium
position, and may help in identifying the onset
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of the shear-wave signal and the interference of
split shear-waves.

INSTANTANEOUS PKASE: The instantaneous phase in
equation (5) is a measure of the deviation of the
moving particle from the inline direction. The
variation of the phase represents the variation
of the polarization direction of the split shear-
waves. The first arrival is polarized in a
direction fixed by the path through the
anisotropy, so that the instantaneous phase tends
to remain constant until the arrival of the
slower split shear-wave. The shape of the phase
signal is a combination of rectangular and ‘semi-
triangular’ shapes, which corresponds to the
combination of linear and elliptical motion in
polarization diagrams when shear-wave splitting
occurs. Thus phase display can help to identify
and quantify shear-wave splitting in both seismic
reflection and VSP data sets.

INSTANTANEOUS FREQUENCY: The instantaneous
frequency in equation (6) is a measure of the
rate of change of instantaneous phase. If the
instantaneous phase is constant, the
instantaneous frequency will be zero. Thus at
the time of the shear-wave splitting, the
frequency display is expected to show a low
frequency shadow. This, if observed, may be a
good indicator for a cracked oil reservoir, or
gas accumulation. Since most hydrocarbon
reservoirs contain inclusions and show some form
of shear-vave splitting (Willis et al., 1986),
the frequency display may be of special
significance for hydrocarbon determination.

SEEAB-WAVE  SPLITTING

Shear-wave splitting is almost universally
observed in the Earth’s crust (Crampin 1985a;
Crampin  and Atkinson 1985, etc.). To study this
phenomenon, not only multi-component receivers
but also multi-component sources have been used
to generate four-component (Alford,  1986; and
Thomsen, 1988) and nine-component data sets
(Squires et al. 1989).

Equations (1) to (6) are defined for
two-component shear-wave data. We use two
techniques to apply complex component analysis to
four-component data:

(1) Calculating the complex components of SH- and
SKsources separately. Features which diagnose
shear-wave splitting or stratigraphic variation
usually occur in some consistent, systematic way.
Thus the two data sets are expected to give
similar features, which will enhance
interpretation.

(2) Calculating the transformed complex component
of SH- and SV-sources. Following Thomsen (1988),
the four components can be written as:

SJ I) = sl( rl)cos20  + s2( lz)sin28; (7)

s**( 1) = sl( rl)sin29 + s2( ~2)cos26;  and (8)
S12( 1) = S*p) = [ sl( 11)  + s2( tz)]si&cose; (9)

where s1 ( tl ) and s2 ( r2) are, respectively the
fast and slower split shear-wave signals, and 8
is the crack strike measured from the inline
direction. Linear transforms of:

F( r> = sll( 11 - sz2( 11; and (12)
n( 1) = SJ 1) + SZl( 1); (13)

can be used to transform four-component data to
two-component data. Equations (7), (8) and (9)
give:

tan28 = O( 1)/U 1); (14)

which implies the instantaneous phase of the two
component data &( r) and n( t) is a measure of the
crack (or fracture) strike in the media. Thus we
call it an orientation log.

CDLDUR  DISPLAY

The use of colour in displaying seismic
data is extremely effective in improving the
perceptibility of subsurface features, as
demonstrated by Taner ef al. (1979). Colour
codes used for complex component analysis need to
be different from those used for complex trace
analysis. The basic scheme for display in
complex component analysis superimposes a
wiggle-trace of amplitude on the colour-coded
phase, where the colours  repeat every 180°.
Thus, phase values with a difference of 180°  or
-180°  will be coded with the same colour, since
the linear motion is independent of the
orientation of the anisotropy.

EXAHPLJB

LOST HILLS VSP: The Lost Hills VSP is a total
wavefield nine-component data set of high quality
(Squires el al. 1989). The initial linear-
motion can be observed in polarization diagrams
of the primary shear-waves at most geophone
depths, and the shape of the phase is a
combination of rectangular shapes and semi-
triangular shapes (Fig. 2b). The colour-section
of two horizontal components of SV and SHsources
are both presented. The sections are colour-
coded phases superimposed by wiggle-traces of
amplitude (Fig. 3 with grey shading for
correspondence). Corresponding to the onset of
the shear-waves, there is a rectangle of constant
colour from which the polarization of the leading
shear-wave can be determined, and delay can be
determined from the duration of this rectangle.
The two source orientations show consistent
results. The orientation logs will be also
presented.
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PARIS BASIN VSP - S offset (Bush et al 1987):
The quality of this’data  is not as good as the
previous one, but shear-wave splitting can be
recognized from two orthogonal elliptical motions
on the polarization diagrams. On the colour
section of complex component, two orthogonal
effective polarization angles (the phase angle at
the time when instantaneous amplitude has a local
maximum) can be clearly identified from the
changing of colour. This first effective angle
is not the polarization angle of the leading
shear-wave. The difficulty, in this case, is that
the signals are elliptical and are difficult to
evaluate except by fullwave  synthetic modelling
(Bush ef al.  1987)

LOST BILLS REFLECTION SURVEY: Two colour
sections of a CMP gather are presented. These
displays can be used, not only to identify
shear-wave splitting at near-offset traces, but
also to examine the variation of angle of
polarization along the hyperbola. The shear-wave
window at the surface for each hyperbola can also
be determined. This is important for stacking
CHP gathers, because stacking traces, which do
not show similar polarizations will distort the
characteristics of the shear-wave splitting.
Orientation logs are also presented.

DISCUSSION

The attributes calculated from the complex
component are values associated with time at a
point. Thus both variation of waveforms and
variation of polarizations can be followed
continuously either along time direction, or
along offset direction (Figs. 2(a, b)). The use
of colour improves the identification and
quantification of such variations, and makes it
possible to carry out stratigraphic and
anisotropic interpretation on displays of complex
attributes(Fig,  3 ) . Orientation log offers
another way to determine polarization angle of
the leading shear-wave.

CONCLUSIONS

We conclude from our study that the
treatment of the two horizontal components in
multi-component shear-wave data as a complex
component allows the calculation of instantaneous
attributes of amplitude, phase, and frequency.
Four-component data can be transformed to two-
component data using linear transforms, which
allows the calculation of orientation logs. This
technique of complex component analysis can aid
stratigraphic interpretation and identification
and estimation of shear-wave splitting from
seismic sections, and may aid hydrocarbon
determination.
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Figure 1. Coordinate system
used for complex component
analysis.
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Figure 3. Colour display of Figure 2 (with grey
shading for correspondence). Wiggle-traces of
amplitude are superimposed on colour-coded phase
signals.
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Figure 2. Complex component of SH-source  from Lost Hills VSP:
(a) instantaneous amplitude , and (b) instantaneous phase.
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