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SIDE-SCANNING SEISMIC IMAGING: A PHYSICAL MODELING STUDY

Ye ZHENG aND ROBERT R. STEWART”

ABSTRACT

Off-line seismic cnergy or side-swipe may complicate conven-
tional seismic records and ultimately lead 1o erroneous interprela-
tion. However, if 3-componem (vertical, radial and transverse) scis-
mic¢ data are available, off-line energy may be allenuated to image
below the line or cohanced to image off the line (side-scanning).
Different arrival angles of energy from betow the scismic line and
off-line provide an opportunity to differentiale in-line and off-line
energies by their polarization dircctions. Most previous polarization
analysis relies on the eigenvalue method of analysing the covariance
matrix of the observed data. This is an effective method, but requires
considerable computation. We use a similar but faster direct lcast-
squarcs mcthod. The main procedures for making an off-linc picture
are: 1) apply conventional processing {statics, NMO, deconvolution,
and stacking) lo both vertical and transverse components, 2) apply
the polarization filter to the vertical and transverse stacked sections,
3) migrate the stacked section (if necessary), and output the off-line
section, We tested this processing flow on physical modcling data.
‘The physical model consists of a plexiglas plate with an embedded
“reef”. Ultrasonic transducers in veriical and horizontal directions
surveyed the “reef” from an offset of 200 m scaled distance. A rea-
sonable off-line image was reconstructed.

INTRODUCTION

In 2-D seismic data, we generally assume that the
recorded seismic energy is from directly beneath the seismic
line. Data processing procedures {including NMO correc-
tion, stack and migration) assumec that energy propagates in
the vertical plane through the seismic line. Of course, in real
scismic data there are reflections and scattered energy from
lithologic change or structures away from the line. These
off-line energies can degrade the quality of the image from
directly beneath the line. For example, if there is a reef
beside the scismic line, the line may record both reflections
from the interfaces beneath the line and the reef beside the
linc, On the processed section, there may be a misplaced reef
image. To reduce the ambiguity of conventionally processed
2-D seismic sections, we might separate the in-line and off-
line energics. We use 3-component seismic data to atempt
to: 1} enhance the S/N ratio and improve the quality of the

conventionally processed sections by rejecting the off-line
cnergy; 2) build an image of the off-line reflections to get a
partial 3-D image from a 2-D scismic line by rejecting in-
line enrgy (Zheng and Stewart, 1993; 1994; Zheng, 1995),

Perelberg and Hornbostel (1994) also discussed applica-
tions of polarization analysis. One of these applications is
the removal of off-line encrgy. They built & numerical fault
and dome model and generated 3-component scismic data.
The off-line reflection is removed by a polarization filter
using the covariance matrix method. We extend the applica-
tion of the polarization filter from synthetic data to physical
modeling data in this paper and usc the filtered data to con-
struct an off-line image.

POLARIZATION FILTERING

Most polarization analysis (c.g., Flinn, 1965; Montaibetti
and Kanasewich, 1970; Kanasewich, 1981 Bataille and
Chiu, 1991; Perclberg and Horbostel, 1994) is based on the
etgenvalue problem of the covariance matrix of scismic data
within a time window. The direction of the cigenvector asso-
ciated with the major eigenvalue is the direction of the major
axis of the ellipse of the scismic particle motion. Processing
techniques attempt to find a polarization cllipse which best
fits the data in the time or frequency domain in a least-
squares sensc. This is a good method to solve this problem.
However, if we try to solve the eigenvalue problem directly,
it can be time consuming. The direct least-squares (DLS)
method (DiSiena et al., 1984) is another approach to find the
dircction of the particle motion cllipse and thus the polariza-
tion direction of seismic waves,

The DLS method for 2-D data follows (Figure 1). Within
a time window, we try to find an axis on which the sum of
the squares of the projection is maximum.

+L.
A(B) = liiz_l‘((ux(t)_ X“)COS 8 +(U3(t)— YU)SiHB)A (])
where, u(t) and u,(t) are the seismic data within a time

window. (x,, ¥,) is the geometrical centre of the hodogram
(particle motion trajectory).
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mainly caused by signal and U, is caused by noise.

After a few mathematical manipulations, we get:

2yin
tan 20 = —— .
Yo - Y @

J+L

v o= 2, (witxe)?

where, =il

j+L

yo = X, (wlthyof
=-L
4L

v = 2, (wi{thxo) (ua{t)yo)
i=)-L

After obtaining 8 from equation (2), we compare A{8) and
A(8+m/2). The direction associated with the larger A is the
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Fig. 1. Schematic diagram of the relationship among the direction of the eigenvector &,, trajectory {hodogram) of the particle over the time window
Nat, and the vector U of displacement at the mid-point of the time window. U can be divided into two vectors, U, and U_. We assume that U, is

direction of the major axis of the ellipse, and the smaller cor-
respondents to the minor axis.

We next want to develop a simple filter from the
hodogram value. Assuming that A =A(8) is greater than
A=A(B+1U2), we define the first filter factor as:

Gy =1-AMA/A . (3)

G varies between 0 and 1. For a rectilinear wave, the
hodogram should be a line. Therefore the projection of the
displacement vector on the line perpendicular to the
hodogram line is 0. At this time, G]receives its maximum, 1.
For a circularly polarized wave, the projection of the dis-
placement vector in any direction is the same. Therefore, A
equals A,. At this time, G, is 0.

The direction vector of the major axis of the ellipse is &, =
{cos B, sin 0)', so we can define the second filter factor as
follows:

G el elei - eleososmol |

December 1997



SIDE-SCANNING SEISMIC IMAGING: A PHYSICAL MODELING STUDY

Receivers and Shots
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b) X-direction cross-section

Fig. 2. The physical model used for the side-scanning study.

where, & = ’ul(j)cos 6 + uylj)sin 9"
The output of the filter is:

W = G163 = (1-Ax/A;) £ (cos 8, sin 8)" . )

For 3-D data, we can follow similar procedures as with 2-D
data. We can project the seismic data to a line and sum up the
squares of the projection. The line with the maximum value
of the sum of the projection is the major axis of the polariza-
tion ellipsoid.

APPLICATION TO PHYSICAL MODELING DATA

The physical model we used to test the polarization filter
is shown in Figure 2. The physical model under considera-
tion here is made of plexiglas (Figure 3). The “reef” anomaly
in the plexiglas plate is simply a milled-out hole. The plate is
supported by a jig apparatus (see Figure 4 for the modeling
system). The top and bottom surfaces of the layer and the
surface of the “reef” are free surfaces. A vertical ultrasonic
transducer is used as a source with vertical and horizontal

CIEG

23

980 m

4 S
Plexiglas Vp=2750m/s
Vs=1375 m/s
. Ree
2120 m 150m
{ | I
- 800m —  w

¢) Y-direction cross-section

transducers used as receivers. A scale factor between the
actual dimension of the model and the field size based on the
ultrasonic and seismic frequency is 10,000. The seismic line
is then a scaled distance of 200m away from the “reef”. The
P-wave velocity of the plexiglas is 2750m/s. An end-on
spread of receivers is used in this seismic survey. The near
offset receiver is 200m and the far offset is 1100m. Both sta-
tion and shot intervals are 100m giving 10 traces per shot. A
total of 12 shots were recorded in the survey. The maximum
fold is 5.

A shot record of the physical modeling data is shown in
Figure 5. We used the same scale to plot both vertical and
transverse components, so the relative amplitude remains
unchanged. On both vertical and transverse components, we
can see some coherence. The strongest event is at time of
about .72s for trace 1. It is the reflection from the flat bot-
tom of the model. The signal at iime 0.62s for trace 1 is the
reflection from the top of the “reef”. There is also some
coherent noise in the record, consisting of multiples and the
reflections from the interfaces between plexiglas layers.

We uscd conventional techniques to process both vertical
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Fig. 3. A photograph of the physical model. We turned the model up
side down in order to show the "reef”. A pan is placed on the model
for scaling.

and transverse components of the physical modeling data.
The stacked sections are shown in Figure 6. In both sections,
we can see the image of the 1Tat botiom of the model and the
“reel™ The 1at interface s at 0.72s, The “reel™ imuge s in
the middle part of the ling and at the time ot 10,62 5. We also
can see clearly the ditfraction at the edge of the “reef™. There
is also an interesting amplitude and the phase change in the
flat reflection. In the middle part of the line. the reflection is
weaker than that at the ends of the line, The wavelet is
changing from zero phase on the ends o mixed phase in the
central part. We notice that this anomaly appears al the same
location of the “reef™ reflection. The lateral distance {from
point A in Figure 2 to the scismic line is about 2000 m. The
two-way travel time from point A 1o the seisnie line is aboul
I5ms lTonger than the two-way (ravel time I'rom the flal bot-
tom to the line, The dominant frequency of the seismic wave

here is about 300 Hz, That means the reflection from point A
is delayed about a halt ceyvele compared with the reflection
from the ttat bottom. Therefore, the energy from the flat boi-
tom 1s likely deereased by the refllections around point A,

We applicd the polarization filter to the physical modeling
data. When we use a direction window of 507 - 85°, there is
little energy left in the final stacked section (Figure 7). If we
use o direetion window of 83% - 937 the “reel™ reflection is
successtully removed from the stacked scetion (Figure 8),
largely leaving the reflection from the tlat bottom of the
maodel. When we change the direction window (o 957 - [05°,
we remove the reflection from the flat bottom (Figure 9). In
this stacked section, there is a clearer picture of the “reef”
and other coherent signals are atlenuated. When we use the
direetion window of 105° - 507 the vertical signals arc
removed from the stacked section and much of the “reef”™
energy (Figure 10). We also can calculate the approximate
focation of the “reet™. The two-way travel time of the “rect”
reflection measured from Figure 9 s 0.615s. Therefore, the
main distance from the imaged part of the “reef™ o the seis-
mic line is (referto Figure 1) D =0.615 % 2750/ 2 = 846m.
The nunimum lateral distance from the seismic line is: 8
= 1 cos93" = -74m. The maximum lateral distance is: S, =
D cos103% = -219m. Similar to the above calculation, the
minimum depth of the “reef™ is: D= 13 sinl05% = §17m,
The maximum depth of the “reef™ is: D = D sin95° =
842m.

These Digures are close 1o the values measured from the
model (Figure 2): the distance from the “reef™ 1o the seismic
line is 200m and the angle of the raypath from the “reef™ is
about 103.57 The actually depth of the “reef™ is about 840m.

matx

POLARIZATION PROCESSING PROCEDURES

From three-component seismic data. we can take the verti-
cal and transverse components to enhance the in-line image

Fig. 4. The ultrasonic physical modeling system. The source {5} and receiver (R} on the plexiglas are indicated.
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Fig. 5. A shot record of physical modeling data.

and build an off-line image. The polarization filter can be
applied on the raw data, if the data have a reasonably high S/N
ratio to separate the in-line and off-line energy. Then we can
use the filtered in-line data to create a better stacked section
and the filtered off-line data to build an off-line image using
conventional processing flow. If the data have low S§/N ratio,
an alternative way is to process the vertical and transverse
compenents separately using conventional processing tech-
niques (but not altering their relative amplitude), then to apply
the polarization filter to the stacked sections of the vertical and
transverse components to enhance the in-linc image and build
an off-line image. Because stacking does not change the polar-
ization direction of the seismic data, we should still be able to
obtain the correct polarization direction.
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CONCLUSIONS

The direct least-squares (DLS) method is used to build a
polarization filier. This filter was applied to a physical mod-
eling data set. We successfully removed the off-line cnergy
tor a better in-line picture and built an off-line image.
Polarization filtering can be used to detect and separate seis-
mic waves from different directions. If we have three-com-
ponent seismic data, we can use the polarization filter to: 1)
attenuate the in-line energy and extract the off-line energy to
build #n off-line image; 2) altcnuate the off-line energy to
enhance the signal-to-noise (S/N) ratio of the conventionally
processed scctions. If the data have a low signal-to-noise
ratio, some techniques like CMP stacking should be used to
enhance signal before polarization filtering.
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Fig. 8. Polarization filtered stack (85° - 93°). The image of the flat layer is on the stack and the off-line “reef” is removed. The event at the time 0.8 s

is the reflection from point A in Figure 3.
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Fig. 9. The polarization filtered stack (95° - 105°}. This is an off-line image. Most of the in-line reflection is removed.
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Fig. 10. The polarization filtered stack (105° - 150°). There is some “reef” energy on the stack but most energy from directly beneath the line has

been removed.
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Fig. 11. Definition of direction.
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