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Chapter 7

(a)

(b)

Fig. 7-8. Comparison of LMOS for continuous shot-line geometry (a) and brick-wall geometry (b). For the

same line intervals, LMOS is larger in (a) than in (b).

common-shot gathers (see Figure 7-9). One of the
objectives of 3-D survey design should be to keep the
number of spatial discontinuities in the acquired data to
a minimum. In brick geometry, the character of the in-
line data will be different from the character in the
cross-line direction, as is clearly shown in Figure 7-10,
copied from Moldoveanu et al. (1999). The difference
is mainly due to discontinuities in the recorded noise,
leading to discontinuities in the stacked cross-line
section. These discontinuities will turn into extra
migration smiles after migration.

At the 1992 Shell Geophysical Conference I
presented a paper (with co-author Justus Rozemond)
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with the message "Don't use brick". In the audience
was Paul Wood, then head of acquisition in Shell
Petroleum Development Company (SPDC) in Nigeria.
He felt personally addressed by this message, because a
few years earlier SPDC had changed from narrow
continuous geometry to narrow brick geometry for all
3-D surveys. He gave us the benefit of the doubt, and
decided to acquire a small test geometry across part of
the 3-D survey currently being acquired. At the next
Geophysical Conference in 1993 he showed some
preliminary results of the test. He framed his
presentation between the "Bricklayer's prologue" and
the "Bricklayer's epilogue", here reproduced as Figure
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Fig. 7-9. Comparison of synthetic cross-lines, (a) continuous shot lines, (b) staggered shot lines. For the
purpose of this example the input data have been stacked (2-fold) without NMO correction. The model

consists of three reflectors.
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Fig. 7-10. Comparison of in-line section with cross-line section for brick geometry with coherent noise. Left:
In-line, Right: Cross-line. (from Moldoveanu et al., 1999). Note choppy character of noise in the cross-line

section.

7-11. It took until late 1994 before the data were fully
processed and interpreted. Then the results appeared to
be at least as good as the production data at about 60%
of the cost. As a consequence, SPDC decided to shoot
two production surveys with the "cross-spread
technique", and once these proved to be successful, all
3-D surveys are now being acquired with the
continuous shot-line technique.

In the following I will describe the old and the new
acquisition geometry, followed by some processing
results and the key interpretation results. Some results
were shown earlier in Vermeer (1998).

7.3.2 Acquisition geometry

The survey area is the Niger delta, which is
characterized by mangrove swamp, jungle, and a
multitude of narrower and wider creeks. The creeks
provide for an easy means of transporting material, but
would produce numerous gaps in the survey if these
were considered as obstacles for shot and receiver
placement. Therefore, an airgun array vessel takes care
of the shots in water, and hydrophones replace
geophones locally. The source on land is either deep
single-hole dynamite or a shallow-hole linear dynamite
array.

The conventional acquisition geometry used in
Nigeria in 1992 is described in Figure 7-12a. The
template consists of four 6000 m active receiver lines
spaced at 350 m. The distance between the shot-line
segments is 400 m. Shot and receiver station spacings
are 50 m. The maximum in-line offset of this geometry
is 3000 m, and the maximum cross-line offset is 700 m.
Aspect ratio = 0.23. LMOS = 403 m. In-line fold = 7.5,
cross-line fold = 2.

The main limitation for selecting an alternative
geometry was the availability of only 480 channels.
Fortunately, the target zone started below 1.7 s.
Therefore the distance between the receiver lines could
be doubled to 700 m without affecting the target levels
too much. The selected test geometry is shown in
Figure 7-12b. The maximum in-line offset is reduced to
2000 m, and the maximum cross-line offset is
increased to 2100 m. Aspect ratio = 0.95, LMOS = 806
m, in-line fold = 5, cross-line fold = 3. The test,
consisting of 10 shot lines and 6 receiver lines, was
acquired such that 60 complete cross-spreads were
gathered. It took only ten days to acquire the test.

Figure 2-16 (top) shows a plot of cumulative fold
and trace density for the two geometries. The trace
density plot can be compared with the histograms made
using the actually recorded data shown in Figure 7-13.
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These curves illustrate that fold buildup is much faster
in the narrow production geometry than in the wide test
geometry. The azimuth distribution is very peaked for
the narrow geometry and more evenly spread for the
wide geometry. The peaks in the azimuth distribution
of the wide geometry stem from the corners of each
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Fig. 7-11. The bricklayer’s tale by Paul Wood.

cross-spread. If the midpoint area of the cross-spread
were circular, then the azimuth distribution would be
completely flat.

7.3.3 Some processing results
After some initial processing by SPDC, including

]700 m

(b)

10 shot lines
6 receiver lines
480 channels

-

4

4000 m

Fig. 7-12. Acquisition geometries used in Nigeria. Heavy lines indicate acquisition lines in the template. (a)
Production survey geometry, (b) complete test geometry. Shot and receiver station spacings are 50 m in both

geometries.




Case histories 129

Areal offset histogram

(X ™ 00,9 21080 zann.0 wee. e

Areal azimuth histogram

m "wex
Eed LA R
s s “wor
2 max
' e
. »e e ne e .. .
(a)

Areal offset histogram

20 ——

Areal azimuth histogram

(®)

Fig. 7-13. Histograms describing offset and azimuth distributions for production survey (a) and test

geometry (b).

refraction statics, a copy of the test data was sent to
Shell's research lab in The Netherlands. In the lab, we
tried to apply some cross-spread oriented processing
techniques, whereas SPDC applied their standard
processing sequence to the test data. In the next
section, the final processing results of SPDC are
discussed. As part of the research work, much time was
spent on  surface-consistent residual statics,
deconvolution and on a new algorithm for applying
DMO. Here, I can only show a few of the results.

The quality of the seismic data acquired in this area
is quite good. This is illustrated in Figure 2-14 by some
timeslices taken from one of the cross-spreads. These
timeslices also confirm that up till 1.7 s the geology is
still horizontal with target areas only below that level.

Figure 7-14 (displayed on page 181) shows a
diagnostic display used in the surface-consistent
deconvolution process to check on quality of individual
receivers and shots. Each trace in each one of the 60
cross-spreads produces a pixel of which the color
represents some seismic attribute for that trace. In this
case it is the absolute maximum sample value in a 1000
ms window starting just before the first break. The data
have been arranged such (a clever trick devised by
Justus Rozemond) that all pixels for the same shot
position are arranged along vertical lines, and all pixels
for the same receiver position along horizontal lines.
Note that surface consistency is shown clearly in this
display. Weak receivers show as narrow horizontal
stripes crossing over between neighboring cross-
spreads. Missing shots appear as white vertical stripes.

The type of display shown in Figure 7-14 was also
used for diagnosing the statics. Picking errors become
immediately obvious upon inspection of a display
showing all static corrections.

Figure 7-15 shows the benefit of dual-domain (f, k)-
filtering. The production data did not allow (f; k)-
filtering in the cross-line direction, but the cross-spread
data did. However, the difference between dual-domain
filtering and single-domain filtering was no longer
visible after application of DMO. Apparently, the
DMO process also has a beneficial effect on the same
noise which is tackled by (7, k)-filtering.

7.3.4 Interpretation results

SPDC carried out a careful comparison between the
production survey and the test geometry, both
processed with their standard processing sequence. Not
surprisingly, the results at shallow levels were better
for the production geometry: fold at shallow levels is
higher for the production survey. On the other hand,
the results at target level for the test geometry was at
least as good as for the production survey, even though
no special cross-spread oriented processing had been
attempted. A comparison of some significant results is
shown in Figures 7-16 and 7-17 (both figures displayed
on page 182). In Figure 7-16, an illumination display of
a target horizon is compared for the two geometries.
The main features are the same, but the test geometry
produced a cleaner looking resuit.
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Fig. 7-15. Benefit of dual-domain filtering. (a) No filter applied, (b) After common-receiver (f; k)-filter, (c)
After common-receiver and common-shot (f, k)-filter.
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In Figure 7-17 the amplitudes are compared for the
same horizon. Blue indicates the no-pick areas from the
automatic tracker. In the test geometry the blue areas
are smaller, producing better defined faults than in the
production geometry. The irregularities around the
edges of Figure 7-17b are caused by the edge effects of
the small test survey. Figure 7-17a does not show these
effects as it is just a small part of the larger survey.

Based upon the results of this interpretation, it was
decided to shoot one of the next 3-D surveys with the
continuous shot-line geometry. This decision was made
quite easy by the fact that shooting with the new
geometry parameters was considerably cheaper,
because of the wider receiver line spacings and the
straight shot lines.

7.3.5 Discussion
The question remains: is the better quality at target
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Fig. 7-18. Cross-section along diagonal of migrated
cross-spread. The midpoint range of the cross-
spread is to the left of the vertical black line. Note
the updip shift of the deeper data and the edge
effects on both sides. Arrow indicates position of
output point for which timeslices through the
diffraction-flattened gather are shown in Figure 7-
19.

level a result of the continuity of the shot lines, or is it
due to the wider geometry, or both? It is impossible to
give a definite answer to this question. One thing that
may be said is that going from brick to continuous
without changing the width of the geometry would
likely have produced worse results than the original
brick. This may be expected because of the worse stack
response of the narrow geometry (see Figure 3-18),
which is not compensated by the ability for filtering in
the common-receiver gathers. So, the width of the
geometry is definitely a contributing factor.

I am convinced that the improved result is not only
due to the wider geometry, but also to the greater
spatial continuity provided by the continuous shot
lines. Unfortunately, this data comparison cannot prove
this conviction.

An important learning point from this exercise is
that deep targets allow wide line spacings; not always,
but definitely in this case. Basically, the original
geometry was oversampled as far as receiver-line
interval and shot-line interval were concerned. After
this exercise SPDC decided to increase fold from 15 to
30, which only marginally increased the acquisition
cost as compared to the brick geometry.

7.4 Prestack migration of low-fold
data

7.4.1 Introduction

Single-fold well-sampled 3-D data sets (minimal
data sets) are suitable for migration. Although this
property is always exploited when migrating stacked
data, it is not generally appreciated that the property
also applies to prestack data. Of course, the result of
migrating single-fold prestack data might be quite
noisy; multi-fold data is needed to suppress more noise.
However, for imaging it is sufficient that the data set
has been well-sampled, which means that (for each
reflector) there is an illumination area corresponding to
the midpoint area of the data set (see Section 2.5.3).

In the following, I will discuss migration of a single
cross-spread followed by prestack migration of low-
fold data. :

7.4.2 Migration of a single cross-spread

A cross-section along the diagonal of a prestack
time migrated cross-spread is shown in Figure 7-18. It
is immediately clear that a single cross-spread does not
illuminate much of the subsurface; the image extends
across a small range only. Furthermore, this range
becomes smaller and smaller for shallow levels. In the
shallow center of the cross-spread the image suffers
from the presence of ground roll. Apart from that, the
image (where there is one) looks surprisingly good.
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Fig. 7-19. Timeslices through cross-spread after
flattening of diffraction traveltime surfaces for a
position A indicated with an arrow in Figure 7-18.
Time is increasing downward in steps of 4 ms. The
data of each slice is summed to form one output
sample of the trace at A. The zone of stationary
phase is in each timeslice. The strong black leop
around 2 s in Figure 7-18 is composed from the
timeslices at 2008 - 2016 ms with the maximum at
time 2012 ms.

This single cross-spread already shows that the
geology in this area is rather flat up till 1.7 s, with
gradually increasing dips from there to deeper levels.
Of course, the deeper steep events have migrated
updip, away from the midpoint area of the cross-
spread. Along the flanks of the image area, incomplete
images are visible. These incomplete images signify
the edge effects of the cross-spread. Part of these edge
effects may still contribute to the image forming of the
collection of cross-spreads, depending on the shot- and
receiver line intervals. Another part of the edge effects
is just noise, which has to be suppressed by the action
of overlapping cross-spreads.

Each trace in the migration result shown in Figure
7-18 is composed of contributions from all traces in the
original cross-spread. Each output sample is the
summation of the amplitude values that can be found
along the diffraction traveltime surface for the position
(t, x, y). It is instructive to look at those amplitude

values before summation. This can be done by
flattening the diffraction traveltime surface and then
making timeslices. (See also the discussion of
migration as a two-step process in Sections 6.2.4 and
8.3.7, and the discussion of diffraction-flattened
gathers in Section 10.4). Figure 7-19 shows a number
of flattened diffraction traveltime surfaces for the
strong reflection around 2 s. The zone of stationary
phase of the strong reflector is located in the lower left
corner of the cross-spread. This is the position where
reflection and diffraction traveltime surface coincide
and have about the same slope. The timeslice at 2012
ms produces the maximum amplitude of the strong
reflection. There the diffraction traveltime surface cuts
through a large number of positive reflection
amplitudes.

Figure 7-19 illustrates that the zone of stationary
phase with its slowly varying amplitude is competing
with many other amplitude values whose average
amplitude value should be zero for the cleanest result.
A good migration program should taper out the deepest
parts of the diffraction traveltime surfaces to suppress
truncation effects.

Figure 7-19 also illustrates the need for equal shot
and receiver sampling. If the shot interval would be
twice as large as the receiver interval, the near-circular
zones of stationary phase would shrink into ellipses,
whereas spatial aliasing would occur in the common-
receiver gathers (in the direction of the short axis of the
ellipses), leading to less clean results.

7.4.3 Low-fold prestack migration

In this section I will take five cross-spreads with
partially overlapping midpoint areas for a test on low-

8G0 m

1700 m

o

1234567890
Fig. 7-20. Cross-spreads in test geometry used for
migration test. Heavy line in center indicates
position of migration results shown in Figures 7-21
and 7-22.
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Fig. 7-21. Contribution of cross-spreads to the output line indicated in Figure 7-20.

fold migration. Figure 7-20 shows the arrangement of
the input data. Along the diagonal through the five
cross-spreads, the fold-of-coverage varies between 1

Fig. 7-22. Comparison migration result with
stacked data. (a) Migration result from 5 partially
overlapping cross-spreads indicated in Figure 7-20.
(b) Corresponding stack (mostly 2-fold).

and 3. The migration result is computed along the
heavy black line in Figure 7-20 for each of the five
cross-spreads. The individual contributions of the five
cross-spreads are shown side-by-side in Figure 7-21.
Similar to the migration of a single cross-spread in the
previous section, all traces of each cross-spread can
potentially contribute to the migration result, i.c.,
Figure 7-21 shows the result of 3-D migration.

Inspection of these results shows that cross-spread
5 hardly contributes, whereas cross-spreads 2 and 4 fill
up the edges of the result for cross-spread 3. Cross-
spread 1 contributes some images of steeply dipping
events around 3 s. In other words, when these results
are stacked the image fold is never more than 2. Figure
7-22a shows the stack of the five migration results. Tt
can be compared with the straight stack in Figure 7-
22b. The stacking fold varies between 2 and 3. Below
about 1.6 s, the migration result starts to look like real
geology, which is quite remarkable for this very low-
fold data. Above 1.6 s, edge effects and ground-roll
effects disrupt the continuity of the result.

7.4.4 Discussion

In the previous two sections it is shown that 3-D
prestack migration of low-fold data may produce quite
reasonable results. Of course, it should be granted that
the quality of the input data was very good.
Nevertheless, this is not a unique situation, as shown
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Fig. 7-23. Comparison of two data sets, (a)
Conventional 2-D data, (b) Low-fold 3-D data (from
Lee et al., 1994).

by Figure 7-23, which is reproduced from a paper by
Lee et al. (1994). Figure 7-23b shows the result of a
test carried out by Mobil. The test consisted of a single
shot line, intersected by a number of perpendicular
receiver lines. According to the authors, the 3-D result
is even cleaner than the high-fold 2-D result shown in
Figure 7-23a. This is attributed to the absence of side-
swipe energy in the 3-D result.

It may be concluded that in good data quality areas,
low-fold 3-D data may be adequate for certain
purposes, e.g, for reconnaissance 3-D. Low-fold 3-D
may give an interpretable 3-D result at a cost
comparable to a grid of 2-D lines, in particular for deep
targets. It should be realized, that sparse acquisition
should not be achieved by increasing shot station
intervals, but by increasing shot and receiver line

spacings while keeping the station spacings of shots
and receivers the same (and adequate for purpose).

Very often, the quality at shallow levels is much
better than at deeper levels. Again, this may mean that
the required fold for shallow levels is much smaller
than for deeper levels, and in some cases, 4-fold data
may be adequate for mapping high-quality shallow
data.
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8 FACTORS AFFECTING SPATIAL RESOLUTION

8.1 Introduction’

The theory of spatial resolution has been dealt with
in great detail by various authors on prestack migration
and inversion (e.g. Berkhout, 1984; Beylkin, 1985;
Beylkin et al., 1985; Cohen et al.,, 1986; Bleistein,
1987), and on diffraction tomography (e.g., Wu and
Toks6z, 1987). Despite all this work, the practical
consequences of the theory are still open to much
debate.

Von Seggern (1994) discusses resolution for
various 3-D geometries, and concludes: “Uniform 3-D
patterns, asymmetric patterns, and both narrow and
wide swath 3-D patterns all produce nearly equivalent
images of a point scatterer, without significantly better
resolution in one or the other horizontal direction.”
These results were obtained using quite a coarse
measurement technique; moreover, fold varied across
the midpoint range. As a consequence, the considerable
differences in resolution that do occur between
different geometries were overlooked.

Neidell (1994) submitted that coarse sampling, if
compensated by high fold (24-fold or higher), does not
sacrifice resolution. His conjecture led to a flurry of
reactions (Vermeer, 1995; Neidell, 1995; Ebrom et al.,
1995b; Markley et al., 1996; Shin et al., 1997).

Ebrom et al. (1995b) and Markley et al. (1996)
investigate resolution using a tank model consisting of
a number of vertical rods. The timeslices at the level of
the top of the rods are compared for various sampling
intervals and folds of coverage. Whereas Ebrom et al.
(1995b) showed that the resolution in the timeslice
could be finer than the acquisition common midpoint
(CMP) binning, Markley et al. (1996) conclude that
finer CMP binning improves the image significantly

compared to coarse binning with the same number of -

traces, thus contradicting Neidell’s conjecture. Shin et
al. (1997) illustrate that fold can partially compensate
for coarse sampling.

The issue of sampling is expanded further with the
introduction of quasi-random sampling (Zhou and
Schuster, 1995; Sun et al., 1997; Zhou et al., 1999).
Zhou and Schuster (1995) and Zhou et al. (1999)

! This chapter modified after Vermeer (1999).

demonstrate that quasi-random coarse sampling may
lead to less migration artifacts than regular coarse
sampling. Sun et al. (1997) conclude that migration of
data sampled with the quasi-Monte Carlo technique can
reduce the computational work load by a factor of 4 or
more. These results might be interpreted as “random
sampling is superior to regular acquisition for purposes
of noise reduction” (Bednar, 1996), a statement which
assumes that the (coherent) noise is coarsely sampled.
Sun et al.'s (1997) conclusion is questioned in Vermeer
(1998b).

Apart from the authors mentioned in the first
paragraph, none of the above authors mentioned
Beylkin’s formula for spatial resolution, even though it
had already been published in 1985 (Beylkin, 1985).
The present chapter uses Beylkin’s formula to derive
resolution formulas for simple cases, and to explain
results obtained for various configurations. Lavely et
al. (1997) and Gibson et al. (1998) also use Beylkin's
formula as a starting point for resolution analysis.

Levin (1998) provides a lucid narrative of the
resolution of dipping reflectors. The present chapter -
although not dealing explicitly with reflectors -
confirms many insights offered in that paper, which is
recommended for further reading.

In conventional seismic  acquisition the
measurements are carried out at or close to the surface,
basically in one horizontal plane. This measurement
configuration leads to quite a difference between the
resolution in the vertical direction and the resolution in
a plane parallel to the measurement plane. This chapter
deals only with such configurations; hence, it does not
discuss the resolution of measurements at various depth
levels, such as made with vertical seismic profiling
(VSPs).

Resolution is about the resolvability of two close
events. This resolvability is determined by the width of
the main lobe of the wavelet, and by the strength of the
side lobes relative to the main lobe. In this discussion, I
will leave the effect of side lobes mostly aside and
concentratc on measurements of the width of the
wavelet after migration. [For a detailed discussion of
the effect of side-lobes, see Berkhout (1984). In
particular if two events have different strengths, side
lobes of the strong event may mask the main peak of
the weak event.] The wider the wavelet, the larger the
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distance between two events needs to be for their
resolvability. The smallest distance for which two
events can still be distinguished is called the minimum
resolvable distance.

The theory of resolution leads to a potential
resolution (i.e., the best possible resolution for a given
source wavelet), velocity model, shot/receiver
configuration and some position of the output point.
The potential resolution can only be achieved if the
wavefield is properly sampled. Next to potential
resolution, this chapter also uses achievable resolution,
which is defined as the best possible resolution that can
be achieved in practice. Events which do not satisfy the
velocity model, migration noise caused by coarse
sampling, and other types of noise all affect
resolvability, hence the achievable resolution is not as
good as the potential resolution.

How to measure temporal resolution has been the
subject of various papers. In a classic paper Kallweit
and Wood (1982) discuss how various criteria
(Rayleigh, Ricker, Widess criteria) can be used to
describe the width of a wavelet as a measure of
temporal resolution. They conclude that (potential)
resolution is proportional to maximum frequency
(strictly speaking, to frequency bandwidth; Knapp,
1990). In this chapter their results are extended into the
realm of spatial resolution, i.e., spatial resolution is
proportional to maximum wavenumber, and the
minimum resolvable distance is inversely proportional
to maximum wavenumber.

This chapter starts with a summary of the main
points on spatial resolution as made in Beylkin et al.
(1985) and applies this theory to a constant-velocity
medium. This leads naturally to similar resolution
formulas (for 2-D data) as given in Ebrom et al.
(1995a) with an extension to offset data. In the next
part, I will illustrate various aspects of spatial
resolution (aperture, offset, acquisition geometry) using
a single diffractor in a constant-velocity medium (the
same model as used in von Seggern, 1994). The width
of the spatial wavelet after migration is used as a
measure in the resolution comparisons. Finally, I will
discuss why sampling is important, even though the
sampling interval does not appear in the resolution
formulas, and I will discuss the influence of fold. A
poster version of this chapter was published in
Vermeer (1998a).

8.2 Spatial resolution formulas

8.21 Spatial resolution - the link with

migration/inversion
In the literature true-amplitude prestack migration
formulas have been derived for single-fold 3-D data
sets with two spatial coordinates & and &, and

traveltime ¢ or frequency f as the third coordinate. The
coordinates & and & describe the shot/receiver
configuration. That is, for fixed X and fixed Y, x, = (X,
Y, 0) and x, = (&, &, 0) describe a 3-D common-shot
gather, and x, = (£, Y, 0) and x, = (X, &, 0) describe a
cross-spread. Note that these data sets are the same data
sets encountered earlier as subsets of various 3-D
geometries in Chapter 2, and which are also called
minimal data sets (Padhi and Holley, 1997).

Beylkin (1985) and Beylkin et al. (1985) derive
formulas to compute ("reconstruct”) acoustic
impedance contrast as a function of position x = (x, y,
z) from seismic measurements with limited aperture.
The limited aperture is defined by the range of § = (&,
&). They show that in this process, the observed data
are transformed into reconstructed data using a
mapping of (&, &, /) (the coordinates of the observed
data) to (k, &y, k,) (the coordinates of the reconstructed
data). The mapping is given by

k =/ V. 4(x5), @.1)

in which k = (k, k,, k) is the wavenumber vector in
the reconstructed (migration) domain, and ¢(x, &) is the
traveltime surface (also called migration operator) of a
diffractor in x for shot/receiver pairs described by E.
V.#(x, &) represents the derivative of #(x, E) with
respect to the point of reconstruction (output point) x;
#(x, &) has to be computed from the background model
(velocity model).

Equation (8.1) maps the 5-D traveltime surface
#(x, &) to 3-D wavenumber. This mapping corresponds
to the fact that in prestack migration, each input trace
described by & is used in the reconstruction of a volume
of output points (x, y, z). Equation (8.1) determines the
region of coverage D, in the spatial wavenumber
domain (the 3-D spatial bandwidth). Beylkin et al.
(1985) state: “the description of D, is, in fact, the
estimate of spatial resolution.” The larger the region of
coverage in K, the better the potential resolution.

To further explain the meaning of equation (8.1), it
is worthwhile quoting Beylkin et al. (1985) (with minor
modifications to reflect the notation used in this
chapter):

The mapping equation (8.1) is of fundamental
importance with respect to inversion algorithms. It
shows how the total domain of integration (&, &, /)
on which our data are defined is related to region of
coverage in the domain of spatial frequencies.

To summarize, the spatial resolution at a given
point x defined by the region D, depends on
i) the total domain of integration, which is
determined by the configuration of sources and
receivers and the frequency band of the signal, and
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i) the mapping equation (8.1) of this domain into
the domain of spatial frequencies, which is
determined by the background model and can be
obtained numerically by raytracing. This mapping
is different for each point of reconstruction.

Together i) and ii) determine the limits on
spatial resolution at each point of reconstruction
given the configuration of experiment and the
background model.

Beylkin's formula [equation (8.1)] makes analysis
of potential resolution quite simple: It should be
possible to explain many resolution tests by analyzing
the spatial gradients of the diffraction traveltime
surfaces @(x, €) in the given experiment configuration.

It is not (always) necessary to analyze the full
coverage in k. As follows from Kallweit and Wood
(1982), the maximum wavenumber [corresponding to
maximum gradients of ¢(x,E)] can give a fair
indication of resolution, provided k= 0 is part of the
wavenumber range.

The diffraction traveltime ¢(x, &) can be described
as

HxE) = XX + UXX) = T + Ty (8.2)

where 7(X, y) is the traveltime from surface position y
to subsurface position x. Similarly, k can be written as
the vectorial sum

k=k +k, (8.3)

where Kk, k, are the contributions of shot and receiver,
respectively, to the wavenumber vector k. It can be
shown that the directional derivatives of the traveltimes
T, and 1, with respect to x are in fact the directions of

s M R

Fig. 8-1. Nlumination of diffractor D by
shot/receiver pair S/R. The directions of the
raypaths at D determine the shot and receiver
wavenumber components of total wavenumber k.
SD and RD are also the reflection raypaths for a
reflector through D with dip angle 8= (6, + 6,)/2.
The raypaths make an angle i = (8, - 8,)/2 with k.

the corresponding raypaths in x. Hence k, and Kk, point
in the direction of the raypaths at x (see Figure 8-1).
Each shot/receiver pair in the geometry corresponds to
a point k in wavenumber space. Taking all
shot/receiver pairs of a configuration and all
frequencies leads to a collection of points which
determines the region of coverage D, in wavenumber
space.

This mapping of a geometry configuration to
wavenumber space is also the subject of many papers
dealing in particular with VSP- and crosswell
resolution analysis (Devaney, 1984; Wu and Tokséz,
1987; Goulty, 1997; Lavely et al., 1997). Goulty
(1997) provides a very readable description of this
approach. Beylkin’s formula describes this mapping in
a concise way.

In zero-offset data Kk, and Kk, coincide so that for this
configuration |k| has the largest value. As a
consequence, zero-offset data can produce potentially
the highest resolution.

Before taking the next step, | want to mention that
sampling considerations do not appear at all in above
discussion. Beylkin et al. (1985) assume, in fact,
continuous variables & and &. In other words, because
in practice sampling is inevitable, sampling should be
dense enough to allow accurate evaluation of the
integrals involved in migration. The resolution that can
be obtained in that case is the potential resolution as
introduced earlier.

8.2.2 Spatial resolution formulas for
constant velocity

It is illuminating to investigate D, for a medium
with constant velocity v and zero-offset geometry.

For a point x; = x, = (§,, &, 0), substitution of
equation (8.2) into equation (8.1) leads to

X6 Y8 z 8.4

k =2( T ,d)f/v, (8.4)
where d is the distance from the coinciding shot and
receiver to the subsurface point x. The vector in the
parentheses is the unit vector pointing from x, to x. The
left side of Figure 8-9 depicts equation (8.4)
graphically.

Now consider a 2-D zero-offset geometry laid out
along the x-axis (see Figure 8-2). Then the maximum
values for &, and &, can be written as

kx,max = 2fmax sin ex,max v,
kz,max =2f ax Vs (8.5)

where 6, .« 1s the angle between the vertical and the
raypath from the output point to the farthest
shot/receiver pair and f,,, is maximum frequency.
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kz, max kz

Fig. 8-2. 2-D zero-offset geometry (heavy line) laid
out along x-axis with wavenumber space in
subsurface point x. For each frequency a circle arc
with radius |k| = f/v forms the mapping of surface
geometry to wavenumber space. Arcs are drawn for
{K| = fmax/v and for |k| = Y%ifi.,/v. Maximum
wavenumber in vertical direction & jay = finax/Vs
whereas maximum wavenumber in x-direction X, .,
is limited by 6, pa;.

Note the difference between horizontal and vertical
resolution: k. reaches its maximum for the maximum
value of d in the x-direction, i.e., for a shot/receiver
pair at maximum distance from x, whereas k, reaches
its maximum for the minimum value of d, i.e., for a
shot/receiver pair at zero lateral distance from x, then d
= z. A corollary of these observations is that horizontal
resolution can be improved by using a larger migration
aperture (migration radius), thus including a steeper
part of the diffraction traveltime curves, whereas
vertical resolution does not depend on aperture.

Kallweit and Wood (1982) show that a practical
limit for temporal resolution, i.e., the minimum
resolvable time interval R, is given by the tuning
thickness of.a zero-phase wavelet, which is the distance
between peak and first trough (Rayleigh criterion). For
a Ricker wavelet they show that

-1  (8.6a)
267,

where f; is the peak frequency of the Ricker wavelet.
For a sinc wavelet Kallweit and Wood (1982) show
that

t

1 c
Re=tar—=7
'fmax fmax

where f,,x is the maximum frequency, and the
proportionality factor ¢ = 0.71.

(8.6b)

Analogously, for spatial frequencies, the minimum
resolvable distance in a particular direction « follows
from Ry = ¢/komax- Using equation (8.5), this yields
R, = —CV__ , (8.7a)

2f max S10 gx,max

and
R, =—2 (8.7b)
2fmax

These two equations may be rewritten to provide a
relation between horizontal and vertical resolution as
__ R (8.7¢)

sin 6 max

P

This relation is also given in Denham and Sheriff
(1980). With ¢ = !4, equations (8.7a) and (8.7b) lead to
the same formulas for horizontal and vertical resolution
as given in Ebrom et al. (1995a). For measurements
based solely on peak-to-peak or peak-to-trough
distances, ¢ = ' is too optimistic. However, "below the
tuning thickness limit, amplitude information encodes
thickness variations provided the entire amplitude
variation is caused by tuning effects, and amplitude
calibration then permits ... thickness calculations for
arbitrarily thin beds" (Kallweit and Wood, 1982).

[A different, but questionable formula for
resolution, is presented in Safar (1985) and quoted in
Neidell (1995). Using the same notation as above,
equation (7) in Safar (1985) reads

_ 1.4v (8.8)

* 4f max tanax,max

which means that unlimited resolution would be
achievable with unlimited aperture.]

Using similar reasoning as for the 2-D zero-offset
gather above, it follows that for a 2-D common-offset
gather (acquired along the x-axis) the minimum
horizontally resolvable distance becomes

_ cv , (8.9)
fmax (sin es,max +sin gr,max )

X

where 6, ;. and 6, ., are the angles of the vertical with
the raypaths as indicated in Figure 8-1 for the
shot/receiver pair with the largest distance of its
midpoint to the output point. Note that equation (8.9)
also applies to a 2-D common-offset gather acquired
along a line parallel to the x-axis. In that case, the
angles are measured in the plane through acquisition
line and output point.
Equation (8.9) can also be written as (see Figure 8-
1))
R, = : v , (8.10)
2 finax SIN O yax COSI
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where 6, max = (Gemax T Gmax)/2 (i.€., the maximum dip
angle illuminated by the shot/receiver pairs), and i =
(G max - G max)/2 (the angle of incidence of the raypaths
for the maximum dip angle).

Note the similarity between equations (8.7a) and
(8.10): for i = 0, equation (8.10) reduces to equation
(8.7a). Both equations show that the maximum
horizontal resolution is closely coupled to the
maximum dip angle that can be illuminated.

The vertical resolution that can be reached with a
COV gather can be written as
R = v 8.11)

© 2 fmax COSI

where i is now the angle for the shot/receiver pair with
6, = - 6 (i.e., for constant velocity, this shot/receiver
pair has its midpoint located vertically above the output
point). Cos / in equations (8.10) and (8.11) describes
the NMO stretch effect, which reduces fux tO fuax €OS i
As a consequence, for a given midpoint range the
minimum resolvable distance achievable by offset data
is larger than for zero-offset data (i.e., resolution is best
for zero-offset data).

Equations (8.5) till (8.11) are also valid for media
with v = v(x, y, z), not just for constant velocity. The
geometry of the raypaths at the subsurface point x fully
determines the orientation of k; and k.. In the formulas
v is the local velocity in x. Raytracing is necessary to
link the geometry of the raypaths in x to the acquisition
geometry at the surface.

Comparison of equation (8.10) with equation (8.11)
shows that vertical resolution is better than horizontal
resolution. Potential horizontal resolution also depends
on the maximum illumination angle 6 y.x, Which in its
turn depends on the choice of migration radius.

Before discussing spatial resolution measurements,
I would like to make a link with discussions on
migration stretch (Tygel et al., 1994; Levin, 1998).
Figure 8-1 illustrates that each shot/receiver pair
corresponds to a wavenumber vector k, which is
normal to the plane illuminated by the shot/receiver
pair. For a plane dipping in the x-direction with angle
6, k = (ky, ky, k;) = 2f/ v (sin @cos i, 0, cos Gcos i),
where i is the angle of incidence. The factor 1/
(cos @cos i) is sometimes called the migration stretch
factor, or vertical pulse distortion (Tygel et al., 1994).
Similarly, the factor 1/ (sin 8 cos i) might be called the
horizontal pulse distortion. The larger @ the larger k,,
hence the better the horizontal resolution. & ., is
determined by the range of input data, or, what is about
the same, the migration radius. As argued in Levin
(1998), the pulse distortion as a function of @ is only an
apparent distortion, because the magnitude of k in the 8
direction is not affected by it. Only the cos i factor
(NMO stretch factor) affects all components of k, and

means a reduction in resolution in all directions. An
extensive discussion of these insights is given in Levin
(1998).

A corollary of the discussion in the previous
paragraph is that the vertical pulse distortion is not a
good measure on which to base any migration stretch
limitation. A distinction must be made between the sin
6 cffect and the sin i effect. The migration stretch limit
should only depend on the NMO stretch factor and
should not include the dip stretch effect.

8.3 Spatial resolution measurements

8.3.1 Procedure for resolution analysis

Next, I will illustrate various issues relating to
resolution based on a model consisting of a single
diffractor d = (0, 0, 500) in a constant-velocity medium
with velocity = 2500 m/s. The source wavelet is a
Ricker wavelet with peak frequency f, = 50 Hz. The
same model and isotropic source wavelet was used in
von Seggern (1994). The starting point is a modified
version of von Seggern’s equation (1), which was
derived from equation (21) of Cohen et al. (1986)

f(x) =& d&,h(x,E)plo(x.§) - 9(d,8)], (8.12)

where f(x) is image in x, p[f] is source wavelet, and
h(x,E) is Jacobian of coordinate transformation
corresponding to equation (8.1). ¢ (d,&) is the
traveltime surface [Equation (8.2)] of the actual
diffractor, the data, whereas ¢ (x, §) is the traveltime
surface of a diffractor in the output point, i.e., the
integration path. p[¢ (x, ) - ¢ (d, &)] picks the value of
the wavefield at the correct point in the source wavelet.
Amplitude factors normally occurring in the migration
formulas cancel in this case as the output point is close
to the actual diffractor (von Seggern, 1994).

In von Seggern (1991), it was shown that, for a
point scatterer, migration of surface data recorded with
a Ricker wavelet as a source pulse produces a Gaussian
spatial wavelet in the horizontal directions, but
maintains the Ricker wavelet in the vertical direction.
Figure 8-3 displays the source wavelet and the
corresponding Gaussian along the same scale. The
Gaussian represents the ideal horizontal wavelet.

In the following I will concentrate on
measurements of the width of the spatial wavelet in the
horizontal direction, this width being representative of
the minimum resolvable distance in that direction.

8.3.2 2-D resolution in the zero-offset model

For a varying line length, a constant sampling
interval of 25m, and using coinciding shots and
receivers along the x-axis, Figure 8-4 displays the
amplitude of a horizontal trace at the depth of the
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width in m

0.5 0.6 0.7 08
sing

Fig. 8-5. Widths of spatial wavelets shown in Figure
8-4 plotted against sin 6, with @being the maximum
angle between diffractor and shot/receiver pairs.
Each square is labelled with its corresponding
aperture width. The drawn curve corresponds to
equation (8.13).

aperture width in m

10 20 30
distance inm

Fig. 8-4. Horizontal resolution in a 2-D zero-offset
geometry for various apertures and a diffractor in
(0, 0, 500). Starting with the widest, the wavelets
correspond successively to aperture widths 600,
1000, 1500, 3000, and 6000 m. The horizontal line in
the center of the figure indicates the level at which
widths have been measured for Figures 8-5 and 8-6
(width of ideal wavelet is 12.5 m).

diffractor (500 m). The maximum amplitude of all
traces has been normalized to 1. The ideal spatial
wavelet is also displayed. It virtually coincides with the
wavelet found for a line length of 6000 m. Figure 8-4
shows that limiting the line length (migration aperture
width) leads to wider spatial wavelets. This wavelet
stretch is an expression of the horizontal pulse
distortion introduced earlier. ‘

I will now introduce a measure of width of the
various wavelets by defining the width of the ideal
wavelet as 12.5 m (horizontal line in Figure 8-4).
Figure 8-5 tests the hypothesis that this width is
representative of maximum wavenumber and of spatial
resolution. The squares indicate the measured widths of
the wavelets shown in Figure 8-4, whereas the drawn
line represents predicted widths according to

-30

distance in m

Fig. 8-3. The basic spatial wavelets used in this
chapter. The Ricker wavelet and the Gaussian
wavelet have been drawn for a peak frequency of 50
Hz and a velocity of 2500 m/s. The Gaussian wavelet
is the narrowest achievable bell in prestack
migration for the horizontal coordinates.

we— Y (8.13)
4f, SN0, oy

The choice of proportionality factor ' ensures w =
12.5 m for siné, ,,, = 1. According to Equation (8.7a)
the right-hand side of equation (8.13) is proportional to
minimum resolvable distance (fnax is proportional to
Jfp)- The near-perfect agreement between measured
width and predicted width confirms the hypothesis.

8.3.3 2-D resolution in offset model

In Figure 8-6, the results of different offset
experiments have been brought together. As in Figure
8-5, the widths of the spatial wavelets are measured at
the same normalized value (squares), and also
computed on basis of a modification of equation (8.9)
(solid curves)

e v (8.14)
2f,(sinf; +sin6,)’

Each curve represents the results for a single

aperture width inm
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Fig. 8-6. Widths of spatial wavelets as a function of
offset for line lengths 1000 (top), 1300, 1700 and
2500 m. The drawn curves correspond to equation
(8.14).
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midpoint range. In this case, the agreement between
predicted value and measured value is not as good as
for the zero-offset data in Figure 8-5. However, the
main trends are caught reasonably well, with increasing
discrepancies for increasing line lengths.

For line length 2500 m the width of the spatial
wavelet tends to decrease with increasing offset. For
even wider apertures, the width becomes even smaller
than the ideal width (12.5 m) corresponding to the
input wavelet. I suspect that this is caused by non-
linear effects for large apertures. Line lengths of 2500
m and more are unrealistically long compared to the
depth of the diffractor at 500 m. This causes distortion
of the wavelet.

8.3.4 Asymmetric aperture

In the previous sections, the diffractor was placed at
the center of the midpoint range. It is of interest to
investigate what happens for an asymmetric
configuration, which may occur along the edge of a
survey. Also, in single-fold 3-D data sets with limited
extent (such as the cross-spread or a 3-D common-shot
gather), the resolution may depend on the position of
the output point with respect to the center of the data
set.

line of observations
< —»
500 m *

500 m

1 2 3 L 4 5
. .............. . ............... @ “...‘....u.u...........

position of diffractors

Fig. 8-7. Geometry for the asymmetry test.

Figure 8-7 describes a series of zero-offset
experiments with constant midpoint range (500 m) and
varying position of the diffractor. Figure 8-8 shows the
resulting spatial wavelets for these experiments. The
ideal spatial wavelet is also shown. The widest wavelet
is obtained for the symmetric aperture (diffractor 1),
whereas diffractors 2 and 3 lead to the "better
resolution" represented by the next two wavelets.
(Actually, resolution is better for reflectors dipping
toward the left, but reflectors dipping toward the right
are less well resolved.) The spatial wavelet for
diffractor 3 is virtually the same as for a symmetric
experiment with line length 1000 m (cf. Figure 8-4).
With diffractor 3 we deal with a perfect one-sided

distance in m

Fig. 8-8. Asymmetry test results. The spatial
wavelets have been computed for the five diffractors
shown in Figure 8-7, but have been plotted on top of
each other for easier comparison. The width of the
central loop becomes progressively smaller for
diffractors 1 - 5. All curves are virtually
symmetrical. The ideal spatial wavelet is drawn as a
dashed line for reference.

operator producing a response, which — at least in the
actual diffraction point — is identical in shape (but half
its true amplitude) to the response that would have
been obtained had the line extended also 500 m in the
other direction.

For even larger aperture angles (diffractors 4 and 5)
the central lobe continues to become smaller, at the
expense of developing side lobes. For these diffractors,
k. = 0 does not occur in the wavenumber range
anymore, leading to incomplete spatial wavelets.

These results reveal a limitation of the resolution
analysis using the spatial wavelet of a diffractor only as
measured along the horizontal through the diffractor.
Analysis of the full image would show its asymmetry
for asymmetric input (Margrave, 1997). Mapping the
configuration in the wavenumber domain would also
show the asymmetry.

8.3.5 3-D spatial resolution

Up to this point, I have discussed spatial resolution
results for 2-D input only. Next, I will compare
resolution of different minimal data sets. For a fair
comparison, the midpoint areas of the different
configurations are equal to 1000 x 1000 m in all
experiments. The diffractor is chosen in the center of
the configuration at a depth of 500 m. Figure 8-9 shows
the wavenumber spectra (computed from Beylkin’s
formula) for four different minimal data sets for two
different input frequencies. The four boxes all have the
same scale and, for ease of comparison, the positions of
two corresponding points are indicated. The zero-offset
wavenumber spectrum lies on a sphere with radius |k| =
2f/ v [c.f. equation (8.4)]. For the wavenumber spectra
of the other minimal data sets, |k| < 2f/ v, because of
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Fig. 8-9. Wavenumber spectra for four minimal data sets. All data sets have the same 1000 x 1000 m
midpoint area with the diffractor in the center. The surfaces correspond to two constant input frequencies.
From left to right: zero-offset gather, 1000-m COV gather, cross-spread, and 3-D shot.

the NMO stretch effect. The 1000-m offset spectrum is
strongly asymmetric; it is much wider in the cross-line
direction than in the in-line direction.

It is interesting to note that a single input frequency
gives rise to a wide range of horizontal wavenumbers,
including k, = 0 and k, = 0. This should not be taken to
mean that a single frequency is sufficient for optimal
horizontal resolution (Vermeer, 1998a). It just means
that the given midpoint range allows resolution in a
wide range of directions (cf. Figure 8-1). For good
resolution, it is still necessary to have a broad input
spectrum, leading to a broad range of wavenumbers in
all those directions which have been illuminated by the
range of input data. In other words, it is necessary that
a volume of wavenumbers is generated by the
measurement configuration, rather than only a surface
as is the case with a single frequency.

The maximum vertical wavenumber k,p., of the
zero-offset data, the cross-spread data, and the
common-shot data is reached in the center of the plot:

0,03 - -

cross-spread
3-D shot

| (k)= (0.0

(. ) = (300,0)
(hes hy) = (500,0)

Fig. 8-10. Coverage in the horizontal wavenumber
domain by five different minimal data sets with the
same 1000 x 1000 midpoint area. The largest
wavenumbers are reached for the zero-offset
section; hence, this section has the best spatial
resolution.

kimax = 2f | v. For f = fi., this value gives an upper
limit to the potential vertical resolution of any data set.
Note, however, that the cross-spread and the 3-D shot
reach this high value only for an output point right
below the center of the data set. For output points away
from the center, the maximum vertical wavenumber
will be smaller, with correspondingly smaller potential
resolution. The value at the center for the 1000-m
offset data can be derived from equation (8.11) (and R;
= ¢/2k,ma), and equals 2f/(w2). The maximum
value of k, is somewhat larger in this case and is
reached some distance from the center (see Figure 8-9).

The projections on the horizontal wavenumber
plane of the wavenumber spectra shown in Figure 8-9
are drawn in Figure 8-10. The spectrum for 600-m
offset is included as well. Figure 8-10 allows the
prediction of the outcome of resolution tests for the
five minimal data sets. The zero-offset section shows
the broadest wavenumber range, followed by the 600-
m offset data. Note the strong asymmetry of the
spectrum for the 1000-m offset data. The 1000-m
offset, the cross-spread, and the 3-D shot all have the
same maximum wavenumber along the k,-axis. This
does not mean that these three data sets all have the
same resolution in x. The maximum wavenumber as a
function of k, also plays a role. Maximum &, does not
vary as a function of k, for the cross-spread, but it
becomes smaller for the 1000-m offset gather and the
3-D shot; smallest for the 3-D shot.

Figure 8-11 shows the results of the numerical
computation of the spatial wavelets for the five
minimal data sets discussed in Figure 8-10. For ease of
comparison, the wavelets are not shown in an areal
sense; only the wavelets for the x-coordinate are
shown. The wavelet for the 1000-m offset data
acquired in the y-direction [(h,, A,) = (0, 500)] nearly
coincides with the wavelet for the in-line 600-m offset.
This confirms once more that the resolution of the
COV gather is better in the cross-line direction than in
the in-line direction. The sequence of wavelet widths
shown in Figure 8-11 is predicted by the wavenumber
ranges shown in Figure 8-10.
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~{h hy)=(0.0)
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Fig. 8-11. Spatial wavelets for various minimal data
sets. The zero-offset gather produces the narrowest
wavelet, the 3-D common-shot gather the widest.
The curves for 600-m in-line common offset and
1000-m cross-line common offset nearly coincide.
The relative widths of the wavelets confirm
predictions based on Figure 8-10.

The worst potential resolution is obtained for the
3-D shot. At first sight, this might be surprising
because the diffraction traveltime surfaces as we know
them are steeper for a common shot than for a zero-
offset gather. However, this is the behavior of the
diffraction traveltime curves on input, as a function of
midpoint (x, y), whereas Beylkin's formula says that
spatial resolution depends on the steepness of the
traveltime curves as a function of the output
coordinates.

The results of Figure 8-11 confirm that the
maximum wavenumber is not sufficient to predict the
resolving power of a 3-D data set. Rather than the
maximum wavenumber, it is the average maximum
wavenumber taken for all &, that turns out to determine
the resolution in x. This can be understood by realizing
that the result of the 3-D experiment can be considered
as the average of the results of many 2-D experiments,
each 2-D experiment consisting of data with constant y.
The 2-D data with the largest y have a maximum #k,
which is (usually) smaller than the data with y = 0 and
hence produce a wider spatial wavelet. Mathematically,
the spatial wavelet of the whole 3-D data set is the
normalized sum of the spatial wavelets of the
contributing 2-D data sets,

The spatial wavelets shown thus far have all been
normalized to the same maximum value to allow
comparison of their relative widths. However, the
discrimination against noise is also important. To get
an idea about resolving power in the presence of noise,
Figure 8-12 shows the “true amplitude” spatial
wavelets for which no normalization has taken place.
The small peak value and the relatively large tail value
of the 3-D shot suggest that this configuration also
scores worst as far as noise suppression is concerned.
This aspect of geometry comparison is not further
pursued here.

0.03 - - (hx hy)=(0.0)
" b h,)=(300,0
//,/ / ¥ ( }

cross-spread

3-D shot
(hx h,)=(500,0)
{h. hy)=(0, 500)

-30 -20 -10 ) 10 20 30
Fig. 8-12. “True amplitude” spatial wavelets for
same configurations as in Figure 8-11. The two solid
curves with the same maximum at 0.01 correspond
to the in-line and the cross-line resolution of the
1000-m offset gather.

8.3.6 Sampling and spatial resolution

The formulas for spatial resolution do not contain
the sampling interval, because these formulas have
been derived for a continuous wavefield. If sampling
takes place (which is inevitable, regardless whether we
carry out modeling or field experiments), we will
sample the integrands of the migration formulas such
as equation (8.12). If sampling is not rapid enough to
keep up with the variations of the integrand (i.e., the
integrand is aliased), unreliable results are produced,
and resolution will suffer (see also the next section).

Despite the obvious importance of adequate
sampling, there has been much discussion on the
relation between sampling and resolution (Neidell,
1994, 1995; von Seggern, 1994; Ebrom et al., 1995a, b;
etc.). Some of the results even seem to indicate that
resolution is not significantly impaired by coarse
sampling.

Coarse sampling does not influence the resolution
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Fig. 8-13. Independence of spatial wavelet from
spatial sampling. The two nearly coinciding outer
wavelets correspond to 5 samples at 200 m and to 80
samples at 12.5 m. The narrow dotted curve is the
ideal spatial wavelet. 6 rather than 5 samples at 200
m (von Seggern, 1994) would give a narrower
wavelet.
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Fig. 8-14. Migration as a two-step process illustrated with 2-D zero-offset section. (a) Input showing
diffraction (heavy curve) and two dipping events (thin curves). (b) In the first step, the input data are
realigned according to the diffraction traveltimes in the output point. Shown is the realignment for the output
point at x = 0, which is the position of the diffractor. (c) In the second step, the realigned data are summed
(stacked) to form one output trace. The response of the second step depends on the sampling of the input data

and is illustrated in Figure 8-15.

of some model experiments, because of the simplicity
of the model. This can be illustrated with another
simple experiment. In Figure 8-13, the spatial wavelets
are shown for two 2-D geometries with the same line
length of 1000 m, but different sampling intervals of
12.5 and 200 m. The wavelets are virtually identical
except for the far end. The reason for this seemingly
odd result is that the model only consists of the single
diffractor. In output points close to the diffractor, the
integrand in equation (8.12) varies only slowly as a
function of & [the difference ¢(x, E) - ¢(d, &) is a slowly
varying function of & the other elements in the
integrand vary slowly as well]. Hence, in this case, the
large sampling interval of 200 m is dense enough to
follow the variations of the integrand.

A similar reasoning can be applied to the results in
von Seggem, (1994, Figures 4 and 5). Those results
seem to indicate even better resolution for the coarser
sampling intervals, but that effect can be attributed to
the fact that in that paper the effective spread length
(the product of number of samples and sampling
interval) of the experiments increases with increasing
sampling interval.

8.3.7 Sampling and migration noise

In the previous section it was shown that coarse
sampling does not have much effect on resolution as
measured with a single scatterer. However, migration
of coarsely sampled input data produces so-called
migration noise. In this section, the relation between
sampling and migration noise is investigated.

To understand the effect of sampling on the
migration result (and hence on spatial resolution), it is
useful to describe the migration process as a two-step

procedure (see Figure 8-14). First, the data along the
diffraction traveltime curves corresponding to the
output point are flattened. This process converts all
data contributing to that output point into a new data
set, the diffraction-flattened gather, in which the
diffraction produced by a diffractor in the output point
is turned into a horizontal event (Figure 8-14b). A
dipping event is turned into a bowl-shaped event with
its apex at the position that has illuminated the output
point, and with flanks that may be steeper than the dip
in the input. The second step is to stack all this data
into a single trace at the output point (Figure 8-14c).
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Fig. 8-15. 2-D stack responses of regular dense
sampling (sampling interval 25 m, first alias band at
k = 0.04, thin line), regular coarse sampling
(sampling interval 50 m, first alias band at k = 0.02,
dotted line), and random coarse sampling (sampling
interval 50 m on average, average of 50 realizations,
no passbands, heavy line). Horizontal line indicates
level of random noise suppression. Note that
random sampling removes strong peak(s), but
cannot match rejection of regular dense sampling in
central part of wavenumber axis.
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The response of this second step can be described
as a stack operator that depends on sampling (see
Figure 8-15). For regular sampling, this operator has a
passband around k = 1/d, d being the spatial sampling
interval. If the input data is coarsely sampled, it will
contain energy above ky = 1/2d. Then the migration
operator moves some of this energy to higher
wavenumbers and also to the passband at k = 1/d,
allowing that energy to enter in the output. The stack
operator of irregularly sampled data only shows a
passband at £ = 0 (d is not constant), hence may better
suppress energy above k=0 than regularly sampled
data. Therefore, random coarse sampling can be better
than regular coarse sampling because it avoids the large
peak in the response. On the other hand, if the input
data is well-sampled, there will not be any energy
moving all the way to the passband at k = 1/d. Instead,
with regular sampling, suppression of energy in the
flanks of the operator benefits from the very low
response around k = 1/2d, whereas the reward for
doubling the sampling density in random sampling is
only a reduction of 3 dB in the overall response.
Hence, regular dense sampling gives much better
suppression above k = 0 than random dense sampling.

This reasoning is put to the test with the
experiments described in Figure 8-16 for a horizontal
event recorded by a 2-D zero-offset configuration. It
shows vertical spatial wavelets with maximum
amplitude normalized to 1. [Equation (8.12) does not
include a phase-shift correction, therefore the reflection
at 500 m is no longer zero phase.] The three leftmost
wavelets have been produced by migrating input data
sampled at 12.5 m, 25 m, and 33.3 m. The sampling
interval of the other two wavelets was 33.3 m on
average with random shifts of maximally 11.1 m on
either side of the target sample points (the random
shifts were generated using a uniform distribution).
The figure illustrates that the event itself is
(reasonably) well imaged in all cases, but that coarse
sampling leads to migration noise above the event. The
two rightmost wavelets illustrate the findings in Zhou
and Schuster (1995) and in Zhou et al. (1999) that
quasi-random sampling may reduce migration noise.

In practice (assuming that quasi-random sampling
is a practical proposition, which I doubt), apparent
velocities in the wavefield made up of reflections and
diffractions may be larger than those of coherent
ground roll events. In that case, the desired signal may
be properly sampled by using a dense sampling,
whereas the coherent noise is still undersampled.
Under these conditions, the coherent noise would be
better suppressed by quasi-random dense sampling,
whereas the desired signal would be best served with
regular dense sampling. This dilemma is not solved
here.
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Fig. 8-16. Effect of sampling interval on migration
noise for horizontal reflection. Input spatial
sampling intervals are (from left to right): 12.5 m,
25 m, 33.3 m, and two random samplings with 33.3
m interval on average. The two rightmost curves
(random sampling of input) show somewhat less
migration noise than the central curve for which the
input data were regularly sampled at 33.3 m. Note
that regular sampling with a smaller sampling
interval of 25 m (second curve from the left)
produces less migration noise than the random
input.

The suppression of random noise, of course, is
independent of the sampling regime; it would only
depend on the number of samples contributing to each
output sample.

8.3.8 Bin fractionation

Bin fractionation and flexi-bin are acquisition
techniques for orthogonal geometries which achieve
finer midpoint spacing than the natural binsize
following from the shot and receiver station intervals.
Figure 8-17 illustrates the bin-fractionation technique
(GRI, 1994; Flentge, 1996). In the flexi-bin technique,
a finer distribution of midpoints is achieved by
choosing line intervals which are a noninteger multiple
of the station intervals (Cordsen, 1993; Flentge, 1996).
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Fig. 8-17. Sampling schemes in orthogonal
geometry. Left: conventional, right: bin fractiona-
tion. Squares and triangles represent shotpoint- and
receiver locations, respectively. Diamonds represent
the midpoint positions. The distance between
midpoints with bin fractionation is one quarter of
the distance between the stations (in this example).
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Fig. 8-18. Migration noise for different acquisition
strategies, measured on a dipping event. The thin
curves represent coarsely sampled configurations
with sampling interval of 33 m. From left to right:
four zero-offset data sets, four regularly sampled
cross-spreads, and four cross-spreads sampled as
indicated in Figure 8-17 on the right. The heavy
curves are the averaged results of each group of
four coarsely sampled data sets. The rightmost
curve is the result for a single cross-spread with
16.5-m shot and receiver station spacings. Note that
bin fractionation does not lead to a significant
reduction of migration noise.

The question is: will the finer midpoint spacing lead to
better resolution?

With the bin-fractionation technique, the same
cross-spreads are acquired as with conventional
acquisition with shot and receiver locations not
staggered. The only difference are the sample
positions. From the discussion in this chapter, it should
be clear that potential resolution (being independent of
sampling) cannot be improved with the bin-
fractionation technique. If an improvement in
resolution is to be achieved, it should be the result of
less sensitivity to coarse sampling, ie., bin
fractionation should produce less migration noise for

the same coarse sampling intervals.

- The interleaving of cross-spreads using the bin-
fractionation technique may be compared with the
interleaving of zero-offset data sets. Two or more
coarsely sampled but interleaved zero-offset data sets
form a new zero-offset data set with finer sampling.
The migration result of the combined data set will
show less migration noise than each of the original
zero-offset data sets, because their migration noises are
largely in antiphase. However, overlapping and
interleaved cross-spreads do not form a new and better
sampled single cross-spread. Therefore, the migration
noises of the cross-spreads will in general not be in
antiphase with each other, and just reduce each other
according to rules of fold. Even though the midpoint
sampling has improved, the sampling of the subsurface
(illumination) has not in general improved.

This reasoning is tested in Figure 8-18. It shows
that coarsely sampled interleaved zero-offset sections
lead to a significant reduction in migration noise when
merged (leftimost curves). Also, a densely sampled
cross-spread does not produce much migration noise
(rightmost curve). On the other hand, regular coarse
sampling of cross-spreads and staggered coarse
sampling of cross-spreads produce similar amounts of
migration noise, also after merging (central curves).

Claims (Cordsen, 1993; GRI, 1994; Flentge, 1996)
that the finer midpoint sampling would lead to better
resolution can be dismissed. Likewise, using a larger
station spacing on basis of bin fractionation would
produce more migration noise, hence, reduce
achievable resolution. These conclusions apply as
much to flexi-bin acquisition as to bin fractionation.

8.3.9 Fold and spatial resolution

The analysis of spatial resolution as given in
Beylkin et al. (1985) deals with single-fold 3-D data.
As discussed above, it assumes implicitly that the
temporal and two spatial coordinates have been
sampled properly. If N-fold data are used, ideally the
data can be split into N such well-sampled single-fold
subsets (cf. Section 2.5). For each subset, the potential
resolution can be analyzed. The resolution of the stack
of the N migration results will be some average of the
resolutions of the contributing subsets (in the absence
of any noise that does not satisfy the velocity model;
otherwise, such noises would influence the
resolvability of close events). As the best possible
resolution for a given midpoint range can be obtained
with a 3-D single-fold zero-offset gather, the resolution
of the stack will be less good than the resolution of that
zero-offset gather. More on this subject can be found in
Levin (1998), where minimal data sets are called
"nonredundant data subsets".

In case each contributing subset of an N-fold data
set is undersampled, giving rise to migration noise for
each subset, then the stack of the N single-fold
migration results would reduce the noise. Now the
achievable resolution (in any direction) of the stack of
the N migration results should be better than the
achievable resolutions of the contributing subsets. Yet,
even with very large N, resolution cannot become
better than the limit imposed by the maximum
frequency in the input data. In an interesting physical
modeling experiment, Markley et al., (1996) show that
fold improves resolution of coarsely sampled data, but
that the result cannot match the resolution of well-
sampled single-fold data.

8.4 Discussion

All observations and conclusions in this chapter
have been derived for a simple constant-velocity
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model. As such they provide valuable insight into
various factors affecting spatial resolution, but what
about more complex models? In my opinion, the results
of this chapter can be used as a first-order
approximation to more complex situations. In case of
doubt about the applicability to more complex models,
it is recommended to apply Beylkin’s formula to those
models. The main requirement is that the diffraction
traveltimes can be computed for the given velocity
model and measurement configuration (acquisition
geometry and source wavelet). To avoid that fold will
confuse the issue, it is important to investigate
resolution for separate minimal data sets.

The treatment of resolution in this chapter did not
include the effect of errors in the velocity. Of course,
velocity errors will lead to mispositioning of the data,
and velocity errors are likely to affect resolution as
well (Lansley, 2000).

The theoretically best possible resolution (the
potential resolution) cannot be improved by better
sampling, because it already assumes perfect sampling.
This truism applies to any measurement model, not just
to the simple model investigated in this chapter.
However, it tends to be overlooked in discussions on
the relation between sampling and resolution. Neidell
(1997) denies the truism: "According to the Huygens'
approach, achievable resolution can be increased
almost without limit if we increase the redundancy of
the wavefield sampling." Indeed, redundancy may
increase achievable resolution by reduction of noise
and a more accurate evaluation of the migration
integrals, but the limits set by Beylkin's formula
(maximum frequency of the source wavelet and
steepest time dips in the diffraction traveltime surfaces)
cannot be tresspassed.

On the other hand, Beylkin's formula only sets
limits on the range of wavenumbers. How this
translates into minimum resolvable distance depends
on the proportionality factor c¢. If amplitude
information can be used [see remark following
equation (8.7b)] or if additional information is
available [e.g., well information (Levin, 1998), or
smoothness of an interface], ¢ may be considerably
smaller than the value 0.71 following from the
Rayleigh criterion. This elusiveness of ¢ might be the
reason of much confusion in resolution discussions.

The nature of the surface seismic acquisition
technique causes a difference between vertical and
horizontal resolution. It also causes a difference
between the wavelets. In our case, the Ricker wavelet
remains a Ricker wavelet in the vertical direction, but it
turns into a Gaussian in the horizontal directions.
Different wavelets lead to different resolution
measurements (Kallweit and Wood, 1982). This
difference leads to a complication when trying to
compare horizontal and vertical resolution on basis of

measurements of the width of the main lobe of the
wavelet. 1 have dodged this issue by comparing only
wavelets in the horizontal direction for various
situations; I only looked at the vertical direction to
investigate migration noise. Beylkin's formula is
available to compute the range of wavenumbers in (k,,
ky, k,)-space allowing a comparison of those ranges in
x,yand z.

The results for the bin-fractionation technique show
that the sampling of the minimal data sets of the
geometry (cross-spreads in this case) determines the
achievable resolution, and not the sampling density of
the midpoints. On the other hand, increasing the
midpoint sampling density of the zero-offset gathers
did help, because now the midpoint sampling also
determines the sampling of the minimal data set. This
raises an interesting question about some intermediate
situations. In marine streamer acquisition, the fold-of-
coverage is smaller than the number of different offsets
(for single streamer, and source interval equal to or
larger than the group interval). This means that each
offset is undersampled, and full single-fold coverage
can only be achieved by combining two or more
neighboring offsets. Would the migration noise
produced by the merged common-offset gathers be
similarly reduced as for the zero-offset gather in Figure
8-17, or would it be more like the results for the two
sets of cross-spreads shown in that figure? I suspect
that the merged gather is close enough to a minimal
data set to benefit from the denser midpoint sampling,
but this needs confirmation by further research.

In the treatment of resolution for 3-D acquisition, I
assumed perfect minimal data sets as input. In practice,
perfect MDSs across the whole survey area do not
exist. Instead, pseudo-minimal data sets may be found
which constitute a more or less good approximation of
ideal MDSs (see Chapter 10: common-offset gathers
with  discontinuous  azimuths in  multisource
multistreamer ~ acquisition; offset-vector tiles in
orthogonal geometry). These pMDSs suffer from
spatial discontinuities, which produce irregularities in
the diffraction traveltime curves used in migration. To
what extent the spatial irregularities of these pMDSs
influence achievable resolution is a matter of further
research.

8.5 Conclusions

In this chapter, I have linked the description of
spatial resolution given in Beylkin et al. (1985) to the
more heuristic approach to spatial resolution as given
in, for example, Ebrom et al. (1995a). The simple
resolution formulas that apply to 2-D data provide a
lower limit to the minimum resolvable distance that
can be achieved with 3-D data.
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Potential resolution (theoretically best possible
resolution for a given geometry and a correct velocity
model) is determined by the spatial gradients of the
diffraction traveltime curves and the source wavelet.
Beylkin's formula links these gradients to spatial
wavenumbers.

Surface seismic data produce spatial resolutions
which are different in the horizontal and vertical
directions. In this chapter, only constant-velocity
models have been investigated. For those models,
horizontal resolution is determined mainly by aperture
of the seismic experiment and by the maximum
frequency in the source wavelet. The horizontal
resolution also depends on the seismic experiment
configuration: for the same range of midpoints,
common-offset data have lower potential resolution
than zero-offset data, and in the in-line direction
resolution of common-offset data is lower than in the
cross-line direction. Cross-spreads have better potential
resolution than 3-D common-shot gathers, but have in
general worse resolution than common-offset gathers.
This puts some ranking on the corresponding
acquisition geometries. The vertical resolution does not
depend on aperture, but does depend on maximum
frequency and offset.

Potential resolution assumes perfect sampling.
Sampling influences the correctness of the migration
process to a large extent because sampling is a way of
approximating the migration integration formulas as
derived for continuous shot and receiver variables.
Invalid migration results are obtained as soon as the
integrand in those formulas varies more rapidly than
sampling can follow, i.e., as soon as the data are
aliased along the integration paths.

Migration noise (caused by coarse sampling) can
also be reduced by using quasi-random sampling
instead of regular sampling. However, as dense regular
sampling would minimize migration noise, quasi-
random coarse sampling cannot match the quality
obtainable with regular dense sampling.

Staggered sampling of the acquisition lines (the
bin-fractionation technique) produces a denser
sampling of midpoints, but it does not compensate for
coarse sampling.

Noise in the data will reduce the achievable
resolution. Therefore, increasing fold will virtually
always improve achievable resolution, even though it
would in general not improve potential resolution. This
applies to noise in the form of ambient noise, ground
roll and multiples, as well as to migration noise caused
by coarse sampling.

All results and conclusions are based on
investigations using a simple constant-velocity model.
As such it provides some valuable insights, which
might also apply to more complex models.
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9 DMO

9.1 Introduction

In this chapter the paper "DMO in arbitrary 3-D
acquisition geometries" is reproduced (Vermeer et al.,
1995). It describes the result of research carried out in
1992 within the context of Shell Research's project
"Fundamentals of 3-D seismic data acquisition". The
initial project results pointed at advantages of using
wide geometries in case an orthogonal geometry was
chosen for the 3-D survey. However, there was a
general feeling that DMO would produce best results
for narrow-azimuth geometries. For instance, Beasley
and Klotz (1992) wrote "for DMO purposes, good
offset distribution within each azimuth range should be
a survey design goal", and: "... wide-azimuth surveys
should be higher in fold than narrow-azimuth surveys
to avoid artifacts from applying 3-D DMO." In 1988,
den Rooijen had written a Shell report, which
advocated the use of narrow-azimuth geometry because
of DMO. Because this prescription did not fit in with
the budding theory of 3-D symmetric sampling, den
Rooijen and I set out to investigate DMO in cross-
spreads, and soon we found that DMO can indeed be
applied successfully in those single-fold data sets.

Already in 1989, Padhi published the theory of
DMO in cross-spreads and other minimal data sets in a
Shell Oil research summary. In that summary also the
term minimal data set was introduced. Unfortunately,
the significance of that work was not recognized on our
side of the ocean, so that we had to reinvent the wheel.
Collins (1997a, 1997b, submitted to Geophysics in
April 1994) elaborated on Padhi's work and Padhi and
Holley (1997) provides a simplified version of Padhi's
original paper.

Quite independently, Pleshkevitch (1996) also
published a paper on DMO in cross-spread.

Our paper is reproduced in Section 9.2, as it fits in
well with the general theme of this dissertation: the link
between acquisition geometry and imaging. The
sampling problems discussed in Section 9.2.7 became
the subject of a paper presented at the 1996 EAGE
Conference (Vermeer, 1996). The results of a variety of
programs of applying DMO to a synthetic data set
consisting of some dipping events and also a horizontal
event in a cross-spread were shown at that conference.

151

The expanded abstract of that paper, supplemented
with some figures shown in the oral presentation is
reproduced as Section 9.3.

This chapter is rounded off with an epilogue. It
discusses the reaction of the contractor's world to the
problems discussed in the EAGE paper, and considers
the use of pseudo-minimal data sets for an improved
application of DMO and subsequent velocity
determination.

The justification to put this much emphasis on the
application of DMO to single-fold data sets lies in the
quality improvement that can be obtained. If good
methods are available to apply DMO to single-fold
data, one does not have to rely on multi-fold to iron out
the artifacts. Eventually, it might even allow data
acquisition with lower fold than would be necessary
otherwise.

9.2 DMO in arbitrary 3-D acquisition
geometries

9.21 Summary

Section 9.2 provides a theory for the application of
3-D dip moveout (DMO) to data with varying shot-to-
receiver offsets and azimuths.

We will derive a general expression for the DMO-
corrected time of a plane, dipping event in a constant-
velocity medium. Inspection of that expression shows
that DMO can be applied successfully to 3-D single-
fold subsets of arbitrary 3-D acquisition geometries,
provided those subsets are sampled alias-free.

We will illustrate this for the data of a cross-spread,
the single-fold basic subset of the orthogonal geometry.
In this data set the midpoints of the traces contributing
to an output point fall along a hyperbola in the (x, y)-
plane. The hyperbola contatns exactly one shot/receiver
pair that has illuminated the footpoint of the normal-
incidence ray at the output point. This footpoint is
found through DMO.

Correct sampling of the hyperbolas is difficult to
achieve. Therefore, even in regularly sampled data sets,
the result of 3-D DMO for data with varying shot-to-
receiver azimuths is usually suboptimal.



152

Chapter 9

reflector

Fig. 9-1. Geometry of plane dipping reflector. Putting d = OA and with OS : OR=SD : RD=AS: AR, it

follows that (h-r)(h+r)=dr.

9.2.2 Introduction

The dip moveout (DMO) operator is intended to
correct for reflection point smear of traces in the same
midpoint gather. It was originally devised for pure 2-D
data, which are acquired with shots and receivers
located on the same straight line. The extension to
marine 3-D was straightforward insofar as common-
offset gathers are also common-azimuth gathers. But,
as far as we know, no satisfactory theory has been
published that justifies the application of the DMO
process to more general 3-D acquisition geometries, in
which shot-to-receiver azimuths vary over all possible
values. Despite this lack of a theoretical basis, 3-D
DMO is often applied to land seismic data with
surprisingly good results. For instance, Forel and
Gardner (1988) demonstrated that 3-D DMO deals
adequately with synthetic data having random azimuth
variations. Similarly, Yao et al. (1993) used a physical
model to show that the operation can handle wide
azimuth data as well as narrow azimuth data. Those
results and actual processing practice call for a theory
of 3-D DMO in arbitrary geometries.

A noteworthy feature of 2-D DMO is that it
"works" for single-fold common-offset gathers. For
cach output point; every gather always contains a
single trace that has illuminated the same point on the
reflector as the normal-incidence trace for the output
point (assuming dense sampling). All other traces in
the gather either contribute to the zone of stationary
phase around that trace, or cancel each other along the
flanks of the output operator. Here we show that a
similar process operates in other single-fold data sets,
— particularly in the cross-spread.

On our way to this result we will first derive a
general expression for the time of a DMO-corrected
event. This expression allows us to postulate a general
criterion for successful 3-D DMO in single-fold 3-D
data sets. Then we will derive, for the cross-spread, the
locus of midpoints that contribute to an output point.
We will prove that the single-fold cross-spread data are
suitable for imaging with DMO. Finally, we will make

some remarks about other geometries and discuss some
sampling-related problems. In our work we assume the
reflectors have a constant dip in a constant velocity
medium.

9.2.3 The time of a DMO-corrected event

Figure 9-1 illustrates the reflection point smear that
DMO is supposed to correct. The shot/receiver pair (S,
R) records a reflection from the depth point D which is
posted at the midpoint M. The DMO-operation has to
move the reflection to the normal-incidence point O
and give it the normal-incidence time of O. As the
subsurface dip is unknown, DMO is an imaging
process in which all traces that can contribute to a
particular output point O are moved to that point after
application of the DMO-correction. We will call the
collection of traces contributing to the output point a
DMO panel.

If 3-D DMO is to be successful in imaging an
event, then (in analogy to 2-D DMO) the DMO panel
should meet three conditions:

e It should have a point of stationary phase.

The DMO-corrected time in that point should
be equal to the normal-incidence time for the

e The DMO panel should contain a well-
sampled collection of traces around the point
of stationary phase.

We want to establish in this paper which single-fold
data sets may produce DMO panels that satisfy these
conditions.

To achieve this, we first compute the DMO-
corrected time for a trace moved from M to O (Figure
9-2). Suppose the subsurface contains a dipping
reflecting plane

©.1)

{(x,y,z) inx+n,y+nz-a= 0/\||n" = l},

where
n= (nx,n‘,,n:)T = (sin 6, cos @, sin &, sinq)o,cosao)T,
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Fig. 9-2. Contributing source-receiver pair for
output point in the origin.

and g, ¢, are reflector dip and azimuth. The normal-
incidence reflection time in the origin O is

tp=2alc, 9.2)

where c is the constant propagation velocity.
We now consider a shot at (x_,y ) and a receiver at

) and half-
(hesh)=((x, —x)/2,(y, = ¥,)/ 2). The
reflection traveltime is given by

2
r= E[(a T Xy TRV )2 - (”xh.\' + "vhv)2 + h2]1 ’ (93)

c ) »

where =/ hf. + };‘ . Application of the NMO-
correction with dip-independent velocity ¢ leads to

ty = %[(a ~ Ny Xy =Yy P (n.h, + nyh, )2]1/2

(x,,v,) with corresponding midpoint (x,,y
offset

04

As already indicated in Figure 9-2, the shot/receiver
pair can only contribute to the DMO output in the
origin if the shot-to-receiver segment passes through O.
We introduce r and ¢: r is the distance from O to M; r
> 0 if O lies between M and S, and r<0 if O lies

between M and R; || < h. @is the angle measured from
positive x-axis to or. Then, expressing X, Vs, and
h, in terms of r,h and ¢ and expressing »_,n_ in terms
of g, and ), we get

/2

t :%[(a—rsinﬁ)z —h?sin? e]’ (9.5)

Here @ is the apparent dip along azimuth ¢ ; it is
defined by sin 8=sin 8, cos(p- @,).

The DMO-corrected time ¢, is found by
multiplying the NMO-corrected time 7 by the DMO-
correction factor (Deregowski, 1982)
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Combining equations (9.5) and (9.6) yields the
DMO-corrected time at the output point

(9.6)

1/2
9.7

2 25 . 2
2a [ar+(h‘~r )smﬁj
lg=—il-

¢ ah

Note that this formula is valid for arbitrary shot-to-
receiver offsets and azimuths, the only requirement
being that the output point lie on the shot-to-receiver
segment. Equation (9.7) shows that the DMO-corrected
time at an output point for a plane, dipping event is
always less than or equal to the true normal-incidence
time at that point. The DMO-corrected time is equal to
the normal-incidence time only if

ar+(h* =r?)sin@ =0. (9.8)

In the case =0, the solution of equation (9.8) is
r=0, ie., midpoint and normal-incidence point
coincide for a horizontal reflector and also for shooting
along strike. Otherwise, equation (9.8) can be written
as (h—r)h+r)y=d |r|, where d=a/|sinf (see Figure
9-1). This is exactly the same equation as that for a
shot/receiver pair that has its reflection point at the
footpoint of the normal-incidence ray at the output
point. This equivalence expresses the property that
DMO removes reflection-point dispersal (Deregowski,
1982).

Equation (9.8) can be solved only if » has a sign
opposite to that of sin@. Therefore, in order for DMO to
image the normal-incidence event for positive and
negative dips, the DMO panel must contain traces on
both sides of the output point.

Now we postulate that the main criterion for a
successful 3-D DMO in single-fold 3-D subsets of
arbitrary acquisition geometries is that the subsets
should be properly sampled. Proper sampling allows
construction of DMO panels for each output point with
the property that the midpoints of the traces in the
DMO panel are distributed along a smooth curve
passing through the output point. This curve is called
the locus of contributing midpoints.

Basically, our criterion of proper sampling means
that the spatial variables vary smoothly in the data set.
This ensures that somewhere along the locus
equation (9.8) is satisfied (the point of stationary
phase), whereas elsewhere the DMO-corrected events
follow a smoothly varying curve according to equation
(9.7) (zone of stationary phase and flanks).

A formal proof of the suitability of certain 3-D
single-fold data sets for 3-D DMO would include a
description of allowable locations of the output point.
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Here we restrict ourselves to proving that
equation (9.8) has a solution for the single-fold cross-
spread.

9.24 Contributing traces in cross-spread

The cross-spread is a 3-D single-fold data set
consisting of all traces that have a shot line and an
orthogonal receiver line in common. For the time being
we consider the cross-spread as a continuous data set,
i.e., shots and receivers occupy all positions along the
acquisition lines.

The DMO panel at an output point O in a cross-
spread consists of those traces whose shot-to-receiver
segment passes through that point. Take any shot S
along the shot line and connect it with O (Figure 9-3).
The line SO intersects the receiver line at R. The
corresponding midpoint M is a point on the locus of
contributing midpoints, provided O lies between R and
S, i.e., only midpoints in the same quadrant of the
cross-spread as the output point can contribute to this
point. Taking O as the origin of our coordinate system
and (X, Y) as the center of the cross-spread, we can
describe the locus by the equation

My LAY 9.9
(im =) 0m =)=~ ©.9)

Hence, the DMO panel is formed by traces whose
midpoints lie on an orthogonal hyperbola passing
through O, with asymptotes halfway between O and the
shot and receiver lines.

Using equation (9.9), X = pcos §, Y = psin § and
géometric relations (see Figure 9-3), one can

Fig. 9-3. Orthogonal cross-spread acquisition
geometry. Locus of contributing midpoints of an
output point O is a hyperbola through O.

parameterize r and 4 of a midpoint on the locus in
terms of the shot-to-receiver azimuth ¢

rg)=p TELD, ©.10)
Woy=p L0 ©.1)

9.2.5 The DMO-corrected time in the cross-
spread

Equations (9.7), (9.10), and (9.11) together describe
the time ¢, (¢) of the dipping event in the DMO panel.

We rewrite equation (9.7) as

t4(@)=to1-7%(9), (9.12)

where

_ ar + (h? —r2)sin90 cos(9 — @) (9.13)

7o) ah

Substitution of the expressions for r(¢) and h(g)
into equation (9.13) gives
_ —asin(p+ )+ psin2fsin 6, cos(¢— @) (9.14)
asin(p~ f) '
The stationary point ¢ _of the DMO panel, defined
by

)

a0 _o 9.15)
P s,

is attained for ®(¢,) =0, i.e., 1,(¢,)=1,- We find

tan @ =_Y(a‘2"xX) __Smﬂ(a—chosﬁsmeo cos @)

X(a-2n,Y)  cosf(a—2psinBsinbysingy)
. (9.16)

This shows that there is a stationary point at ¢ =1¢,,

which proves that the proper normal-incidence time
can be found by the application of DMO to cross-
spread data, provided the extent of the cross-spread is
large enough. Note that there is only one stationary
point for each output point.

Figure 9-4 shows some graphs computed along the
locus of midpoints of contributing traces as a function
of DMO shift r. These graphs describe the DMO
operation in orthogonal geometry.

9.26 Extension to other geometries

We have shown that the DMO operation can be
applied successfully to single-fold cross-spread data in
which the locus of contributing midpoints is an
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Fig. 9-4. Graphs computed in cross-spread along locus of contributing midpoints for dipping reflector.
Horizontal axis is (signed) distance r from midpoint to output point. (a) Reflection time, equation (9.3), (b)
NMO-corrected time, equation (9.5), (¢) DMO factor, equation (9.6), (d) DMO-corrected time, equation (9.7).
(Center of cross-spread X = -500 m, Y = -300 m; reflector ty=2 s, 6,= 30° ¢y = 189.

orthogonal hyperbola. Our derivations can be easily
extended to geometries in which shot and receiver lines
cross at arbitrary angles. Then the loci are oblique
hyperbolas with asymptotes parallel to the acquisition
lines.

In parallel geometry the hyperbolas reduce to
straight lines, provided the distance between shot and
receiver lines is kept constant. Then DMO can operate
in common-offset gathers with constant shot-to-
receiver azimuth. However, our analysis does not cover
DMO in wide multisource multistreamer
configurations, because no alias-free single-fold 3-D
subsets can be constructed for those geometries.

Not only oblique cross-spreads are suitable for
DMO, in fact all 3-D single-fold data sets with an areal
distribution of midpoints are suitable for 3-D DMO,
provided they are alias free. These data sets include
3-D common-shot and common-receiver gathers as
well as cross-spreads acquired with smooth rather than
straight acquisition lines. Also the combination of a
straight shot line with a feathered streamer produces a
single-fold data set suitable for 3-D DMO.

9.2.7 Sampling problems

Conventional DMO programs use output bins
rather than output points. All traces with a shot-to-

receiver segment that cross the output bin may
contribute a DMO-corrected trace to that bin
(depending on the sampling along the shot-to-receiver
segment). This is illustrated in Figure 9-5 for the cross-
spread. In Figure 9-5a two hyperbolas are drawn, each
of which is a locus of contributing midpoints for one
corner of the bin. All midpoints that lie between the
two hyperbolas have shot-to-receiver segments that
pass through the bin; hence, they are potential
contributors to the DMO panel for the bin. These
midpoints are plotted in Figure 9-5b. Application of the
DMO-correction to these traces leads to time jitter in
the DMO panel.

An ideal DMO output would be obtained if the
locus of midpoints could be properly sampled.
However, resampling to obtain new samples along
each and every locus of contributing midpoints is a
very expensive exercise. A good compromise is to use
finer sampling of the midpoints in the cross-spread. An
alternative solution will be discussed in Section 9.4.1.

In marine data acquisition (with streamers) the
DMO panels have to be equalized to correct for
irregular sampling (Canning and Gardner, 1992;
Beasley and Klotz, 1992). In land data acquisition
(with the orthogonal geometry) it is not necessary to
equalize DMO panels. Instead, regular alias-free cross-
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Fig. 9-5. Loci of contributing midpoints for one output bin, represented by black square. (a) Area between
hyperbolas contains all midpoints contributing te bin, (b) Actual input midpoints.

spreads should be acquired; alternatively, the cross-
spreads should be regularized.

9.2.8 Conclusions

We derived an expression for constant-velocity
DMO in arbitrary acquisition geometries. From this
expression it follows that well-sampled single-fold 3-D
data sets are suitable for 3-D DMO, irrespective of the
shot-to-receiver azimuths in the data set. We have
proved this for the cross-spread, the basic subset of the
orthogonal geometry.

9.3 DMO in cross-spread: the failure
of earlier software to correctly
handle amplitudes

9.3.1 Introduction ‘
The cross-spread is the basic subset of the

shot line

receiver line

Fig. 9-6. The midpoints of shot/receiver pairs that
can contribute to the DMO result in an output point
P lie on a hyperbola through P.

orthogonal geometry. It is a single-fold 3-D data set,
which is suitable for DMO (Section 9.2). The
midpoints of the traces contributing to the DMO result
in an output point lie on a hyperbola (Figure 9-6). In a
constant velocity medium, there is always a point on
the hyperbola that has illuminated the footpoint of the
zero-offset trace in the output point. This is the point of
stationary phase for the output point. The other traces
along the hyperbola either contribute to the zone of
stationary phase or to the flanks of the DMO panel.

9.3.2 Sampling problem

The hyperbola in Figure 9-6 is computed with the
assumption of continuous shot- and receiver
coordinates. In actual fact these coordinates are
sampled in a square grid (if shot and receiver intervals
are the same). As a consequence the hyperbola for an
output point runs between the sample points. In Figure
9-7 the nearest midpoints to the hyperbola are drawn
for four output points with the same x-coordinate but
different y-coordinate. The corresponding shot-to-
receiver segments of these points do run through the
bin defined around the output point, but most segments
do not run through the output point itself. Conventional
3-D DMO programs do not take these sampling
problems into account. This bin smear leads to
irregularly sampled DMO panels, loss of high
frequencies, and erratic amplitude variations. The
systematic deviation of the samples from the hyperbola
in Figure 9-7a,b is typical for points close to the
acquisition lines, and leads to systematic amplitude
variations. Figure 9-8 shows the corresponding DMO
panels (DMO-correction traces of one output point).
The horizontal axis in these displays is r, the signed
distance between the contributing midpoint and the
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Fig. 9-8. DMO panels of synthetic data corresponding to midpoint positions in Figure 9-7. The leftmost panel
corresponds to Figure 9-7a, etc. The arrows indicate the DMO output trace corresponding to each panel. Note
the big gap in the leftmost panel: there are no midpoints in Figure 9-7a corresponding to this range. The

irregularity of the DMO panels causes amplitude variations in the reflections and noise above the reflection
events.
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output point. Note the irregular sampling of those
panels.

9.3.3 Geometry effect

The DMO correction factor 4/1-r?/h*, which
squeezes the traveltimes of a trace [equation (9.6)], is
not only dependent on haif-offset &, but also on r. The
behavior of this factor varies across the cross-spread.
This leads to varying curvature of the events in the
DMO panels of which Figure 9-8 is an example.
Therefore, the width of the zone of data contributing to
the amplitude in the output point (zone of influence, cf.
Section 10.2) depends on the position of the image
point with respect to the center of the cross-spread. So,
even if it would be possible to perfectly sample the
hyperbolas, there would still be a geometry effect to
cope with. This effect is strongest close to the
acquisition lines.

9.3.4 Example

We sent a synthetic cross-spread to several seismic
processing contractors. Their 3-D DMO results showed
considerable variation, but also great similarities.
Figure 9-9 (displayed on page 180) illustrates the
horizon slices after DMO for a horizontal reflector for
six different DMO programs. If the DMO algorithm
were perfect all amplitudes should be the same.
However, all results have amplitudes, which show
point-to-point variations caused by the sampling
problem, and also variations with a longer wavelength.
The latter are caused by a combination of sampling
problems and the geometry effect. The result with the
least jittery amplitude is due to a mixing effect of the
DMO program causing loss of high frequencies.

9.3.5 The ideal 3-D DMO program

The ideal 3-D DMO program would compute traces
along the hyperbola of each output point, and take the
geometry effect into account. Unfortunately, proper
resampling is a very expensive exercise. However, it
turns out that improved results can be obtained using
sampling theory (Section 9.4).

9.3.6 Conclusion

In theory cross-spreads are suitable for DMO.
However, it is difficult to correctly handle the seismic
amplitudes. There are two reasons for incorrect
amplitudes produced by current 3-D DMO programs:
shot-to-receiver segments do not pass through the
center of the bins, and the cross-spread requires
geometry-specific amplitude-correction factors. An
alternative technique would be necessary to produce
correct DMO amplitudes.

9.4 Epilogue

9.41 New DMO programs

Within a year after Figure 9-9 was shown at the
1996 EAGE Conference, various authors presented
much improved results after adapting either the
procedure (Cooper et al., 1996) or the DMO program
(Beasley and Mobley, 1997a; Herrmann et al., 1997a).

Cooper et al. (1996) produced much improved
results by first interpolating the cross-spread in the shot
and receiver domains. After DMO, the data were high-
cut filtered in x and y and resampled to the original
sampling interval. This procedure highly reduces the
loss of high frequencies and amplitude variations
caused by the bin-smear effect.

Beasley and Mobley (1997a,b) and Herrmann et al.
(1997a,b) found an even better solution. They argued
that a two-dimensional sinc function was required for
every DMO-corrected trace to find its amplitude values
at the surrounding bin centers. Of course, this
theoretically correct solution would be horribly
expensive if implemented to the full. As a compromise,
they decided to use only the amplitudes of the sinc
function at the four nearest neighbors. This already
gave a much-improved result over the earlier results.
As a bonus, it turned out that this procedure produced
better results for all 3-D DMO situations, because the
line segment connecting shot and receiver never runs
exactly through the bin centers, so that this bin-smear
correction always applies.

All major contractors now offer this improved 3-D
DMO algorithm as an option to their clients.

9.4.2 DMO in pseudo-minimal data set

Although the cross-spread is suitable for DMO, it
has limited extent causing edge effects. The traces that
need DMO most — the long offsets — are closest to the
edges, and are most likely not completely imaged.
Fortunately, the problem is less serious than it seems to
be at first sight. The chances of reasonably good
images are much improved by using OVT gathers as
introduced earlier in Section 2.5.

In this case, OVT gathers are not really necessary
for imaging the inside parts of the cross-spreads. The
cross-spreads by themselves already give good images.
However, the edges are more likely to produce good
images when using tilings of matching OVTs.
Although the locus of contributing midpoints will be
discontinnous across the edges of the OVTs,
continuous stretches of contributing midpoints are
likely to be present in one or the other neighboring tile.
The results might be further improved by applying
equalized DMO (Beasley and Klotz, 1992) to the OVT
gathers.
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The use of OVT gathers would also come a long
way toward the problem of velocity determination after
DMO for data acquired with the orthogonal geometry.
Each gather has a central offset, which could be taken
as the representative offset of the gather. This
procedure would be much better than splitting the data
over fixed absolute-offset ranges, as is often done.

This section mentions some — as yet — untested but
promising ideas. More work is necessary to test the
ideas and improve on them.
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10 PRESTACK MIGRATION

10.1 Introduction

The relation between acquisition geometry and
imaging is of great interest as the Leitmotiv of this
dissertation. First and foremost is the influence of
sampling on a good imaging result. The relation is also
apparent in the velocity-model updating procedure,
when subsets of the data have to be selected for
imaging. True-amplitude migration can only be
successful with a good understanding of the properties
of the acquisition geometry. This chapter focuses on
this relation between acquisition geometry and
imaging. It is based on three earlier papers (Vermeer,
1998a, 1998b, and 2000).

The influence of sampling on the imaging result
was already mentioned at various places in this
dissertation. In particular Section 8.3.7 illustrated that
coarse sampling generates migration noise. Section 4.5
mentioned that the size of the survey area depends on
the migration distance and the zone of influence. Often,
Fresnel zone is used in this context, but Fresnel zone
has a very specific meaning and does not quite express
the zone around the imaging point that is required for a
complete image. The expression "zone of influence" is
a better term for this requirement. It was introduced in
Briihl et al. (1996) for modeling and can readily be
extended to migration.

The process of velocity-model updating can be
subdivided into two major steps: (1) the creation of
images using subsets of the total data set, followed by
(2) an analysis procedure to find an improved velocity
model. The collection of all image traces for a given
output point is called common-image gather (CIG).
The analysis procedure first measures the imaged time
or depth for a particular reflection. If this time or depth
is the same for all images in a CIG, the velocity model
is assumed to be correct (although this is not
necessarily so). If the images are not horizontal in the
CIG, the velocity model has to be updated.

For a successtul velocity-model updating
procedure, it is essential that the images produced in
step 1 are clean and do not suffer from artifacts. In
parallel geometry, the obvious subset for creating CIGs
is the common-offset gather. Firstly, it should produce
clean images (usually a small range of offsets has to be

taken as input to ensure complete coverage), and
secondly, errors in velocity can directly be related to
offset (Deregowski, 1990, Liu and Bleistein, 1995).
Examples of horizon slices taken from migrated
common-offset gathers are shown in Section 5.3.2.5.
As discussed before and shown in Figure 2-25, proper
common-offset gathers cannot be extracted from an
orthogonal geometry. This will pose considerable extra
challenges for the velocity-model updating procedure
to be used for this geometry.

It is tempting to use complete cross-spreads for
imaging as each cross-spread is capable of producing
clean images for a large part of the volume which it has
illuminated. However, the area where clean images
occur for a cross-spread is unpredictable without
further analysis (it might be predicted using the current
velocity model), and that area would be different for
different overlapping cross-spreads. Using a tiling of
adjacent cross-spreads as in Figure 2-20 would produce
clean images in some places and strong artifacts in
other places. A better alternative might be to use OVT
gathers as described in Figure 2-21.

In the following, 1 will first discuss the zone of
influence as an alternative to Fresnel zone. Next, I will
discuss prestack migration using single MDSs,
followed by a discussion of prestack migration using
pMDSs. The discussion is illustrated with horizon
slices of migrated dipping reflectors. For those
situations where the pMDSs are not that good an
approximation of COV gathers, the vector-weighted
diffraction stack (Tygel et al., 1993) and the MITAS
technique (Harris et al., 1998) are discussed as a means
to estimate the offset of the image trace. This offset can
be used in conventional migration-velocity analysis.
Finally, true-amplitude migration will briefly be
discussed.

10.2 Fresnel zone and zone of
influence

10.2.1 Modeling

Fresnel zones were originally defined only for
monochromatic waves. Briihl et al. (1996) show that
the idea of first Fresnel zones can be readily extended
to broadband data. It is defined as the area around a
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Fig. 10-1. Illustration of Fresnel zones for different wavelets. On the left the input wavelets are shown, all
with central frequency of 37.1 Hz, on the right the energy as function of the radius of a circular reflector. The
reflector depth is 1000 m, the velocity is 2000 m/s. The radius of the Fresnel zone F is in all cases defined by
the maximum of the energy function. (a) monochromatic wavelet, (b) narrowband wavelet, (c) broadband
Ricker wavelet. In (c) an estimate I of the radius of zone of influence is indicated as well (modified from Briihl

et al., 1996).

specular point, which leads to maximum (reflected)
energy. Briihl et al. discuss Fresnel zones only from a
modeling point of view, but their discussion can readily
be expanded to migration (see next section). In
modeling, the reflected energy is measured as a
function of the radius of the reflecting circular disk. In
migration, the energy of the migrated reflection can be
measured as a function of the migration radius. In both

situations, the energy starts from zero for zero radius,
then increases to some maximum value, and next
oscillates until some stable energy level is reached. In
both cases the first Fresnel zone corresponds to the
radius which produces the maximum energy. For
modeling, this is illustrated in Figure 10-1.

The energy considered in Briihl et al. consists of a
reflected wavelet from the circular disk itself, and a
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Fig. 10-2. The reflected wavelet as a function of the radius of a circular reflector. (a) Input wavelet, (b)
Reflected wavelet for smallest radius for which normalized energy equals 1 (point A in Figure 10-1c¢ right), (c)
Reflected wavelet with maximum normalized energy, i.e., for radius corresponding to radius of generalized
Fresnel zone, (d) Reflected wavelet for radius which is large enough to allow separation of desired reflected
wavelet and truncation effect, i.e., for radius, which is larger than radius of zone of influence. Note that only
in (d) the correct wavelet shape is reproduced (after Briihl et al., 1996).

diffraction wavelet from the edge of the disk. Only if
the radius of the disk is large enough, the two wavelets
will be separated, as illustrated in Figure 10-2. The
length of the wavelet and the difference in traveltime
between specular point and disk edge determine when
the two wavelets are fully separated. Briihl et al. define
the zone of influence as:

The zone of influence is the area on the reflector for
which the difference between the reflection traveltimes
and the diffraction traveltimes is less than the length
At of the wavelet.

In the example of Figure 10-1c, the radius of the
zone of influence / is a factor 1.8 larger than the radius
of the Fresnel zone F.

10.2.2 Migration

The discussion in the previous section on modeling
can readily be extended to migration. As a starting
point, it is instructive to use the description of
migration as a two-step process as discussed in Section
8.3.7 and Figure 8-14. In the first step, the whole
seismic section is modified so as to flatten the
diffraction traveltime curves in the output point. In this
step the reflections are turned into bowl-shaped events
(Fig. 8-14b). In the second step, the whole modified
section is stacked into one output trace (not mentioning

phase shifts and weights). In this step, the apices of the
bowl-shaped events provide the image of the reflector
at the output point, whereas the steeper parts of the
bowls should cancel in the ideal situation (Figure 8-
14c).

The question to be answered here is: when is the
image of the reflector complete? Figure 10-3 provides
the answer. In this figure a bowl-shaped event is
enlarged to show various relationships. Let us assume
for the time being that the event corresponds to a
horizontal reflector. The insert in Figure 10-3 shows
the behavior of the energy of the migrated result as a
function of the migration radius. For zero migration
radius the output energy must be zero. Then, by
increasing the migration radius, constructive
interference increases the total energy until a maximum
value has been reached. At that point the migration
radius equals the radius of the Fresnel zone in exactly
the same way the maximum energy in modeling was
reached for some radius of the reflecting disk.
Increasing the radius further produces destructive
interference, in the sense that the energy of the wavelet
is reduced, until a point is reached after which an
increase in migration radius does not change the energy
of the image anymore, but only adds energy above the
image. Hence, we can define the zone of influence for
migration as:
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Fig. 10-3. Fresnel zone and zone of influence. A
horizontal event is shown after flattening of the
diffraction traveltime. Start and end of the wavelets
is indicated by drawn curved lines. Data beyond the
zone of influence cannot contribute to the migration
result in the point of stationary phase. Data beyond
the Fresnel zone is still needed for a complete image

with correct phase and amplitude.

The zone of influence is the area in data space
around the image point (point of stationary phase) for
which the difference between the reflection traveltimes
and the diffraction traveltimes is less than the length
At of the wavelet.

The term Fresnel zone is universally used in the
industry as a measure of how far to extend the
migration radius, i.e., Fresnel zone is equated to zone
of influence, whereas in actual fact the Fresnel zone is
always smaller than the zone of influence. The zone of
influence rather than Fresnel zone is to be included in
3-D survey design to define the migration fringe area.

The above discussion assumed a horizontal
reflector. A dipping reflection is aiso turned into a
bowl-shaped event, but now the apex is situated at the
migration distance from the output point. Migration
radius as used above should be changed into distance
from the apex of the bowl-shaped event. In summary,
to obtain a correct image of a dipping reflector, the
migration radius and the migration fringe should at
least be equal to the sum of migration distance and
radius of zone of influence.

The Fresnel zone and the zone of influence are
closely coupled. They depend on the spectrum of the
source wavelet, the depth of the reflector, and also on
the acquisition geometry. A 2-D line has a different
Fresnel zone than a 3-D zero-offset section, because
the interference effects are different (this is also
evident from the different phase correction needed in
2-D and 3-D migration). The effect of an incomplete
Fresnel zone also depends on the distribution of the
missing energy, because the Fresnel zone depends on
interference effects of the wavelet with itself (the zone
of influence only depends on traveltime differences
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Fig. 10-4. Horizon slice for horizontal reflector in
migrated zero-offset volume of limited extent. Edge
of slice corresponds to edge of illumination area.
Note that amplitude builds up from the edge until a
maximum is reached, followed by a decrease in
amplitude until a plateau value is reached. Distance
F from edge to maximum amplitude corresponds to
radius of Fresnel zone, distance I from edge to inner
contour corresponds to radius of zone of influence.

between reflection and diffraction). This is illustrated
in Figure 10-4, which shows a horizon slice through
the migration result for a horizontal reflector recorded
with a zero-offset geometry. The area shown is equal to
the midpoint area. On the edge of that area exactly half
of the zone of influence is available for imaging. This
leads to an amplitude of the event which is equal to
half the amplitude as obtained with a complete zone of
influence. Moving toward the inside of the area, the
area of data contributing to the result increases, leading
to an increased amount of energy until a maximum is
reached. The distance from the edge to this point could
be called the radius of the Fresnel zone for an edge.
Further inside the illumination area, the amplitude
drops again until a plateau is reached where the
amplitude is constant. The edge of the plateau defines
the radius of the zone of inluence. In the corners of the
display of Figure 10-4 the interference patterns differ
from the rest of the _edges, because here data is missing
in two directions.

10.3 Description of model experiments

In the following sections imaging results of some
model experiments are shown. To avoid repetition, the
parameters for the model experiments are described in
this section. The model consists of a reflector with an
easterly 15° dip in a 3000 m/s constant velocity
medium. The depth of the reflector is approximately
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Fig. 10-5. Ilumination and imaging with minimal
data sets. The MDS is a COV gather with 1500-m
offset and shot-receiver azimuth parallel to the x-
axis. The model consists of a single 30° dipping
reflector at around 2000 m in a medium with
constant velocity 2000 m/s. Contour plots are shown
for a 2400 x 2400 midpoint area. (a) Depth contours.
(b) Reflection traveltimes. (c¢) Diffraction
traveltimes for a point R on the reflector with
surface coordinates (0,1000). (d) Reflection times
after diffraction-flattening in output point R. In (c)
and (d) the (x,y)-coordinates of R are indicated by a
"+". Contour interval is 100 m in (a) and (d) (thin
lines), and 100 ms in (b) and (c). The heavy line in
(d) represents an extra contour at 60 m above the
apex of the depth surface. It might be taken as the
boundary of the zone of influence.

-500

3000 m in the center of the model (the horizon slice of
Figure 10-7c was computed using a horizontal reflector
at 3000 m in the same medium). In all models the
source and receiver station intervals were 50 m, and an
isotropic source emitted a 30 Hz Ricker wavelet. For
orthogonal geometry, the additional parameters are 400
m source and receiver line spacings, and 2400 m
maximum in-line and cross-line offset. Output traces
were computed for a 25 x 25 m grid. The migration
velocity was equal to the medium velocity.

10.4 Prestack migration with minimal
data sets
By definition, all MDSs are suited for migration
and capable of producing a single-fold image of the

illuminated part of the subsurface. The migration
result, i.e., vertical and horizontal resolution, is
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Fig. 10-6. Same as Figure 10-5, but now the
minimal data set is a square cross-spread. Note the
different shape of the zone of influence.

dependent on the source wavelet, the velocity model,
and on the acquisition geometry. If, however, these
data sets have been properly sampled, then the result
will be independent of sampling (Section 8.3.6:
Vermeer, 1999).

The dependence of the migration result on the
acquisition geometry is illustrated with Figures 10-S
and 6, which allow comparison of illumination and
imaging by a COV gather and by a cross-spread.
Figures 10-5d and 6d represent the shape of the
reflection traveltime surface after conversion to depth
z according to the migration condition

W22 +s? +22 1)V =div, (10.1)

where s (r) is the distance from shot (receiver) position
to surface position of output point (x, y, z), d is the
length of the raypath from shot to receiver via the
reflector, and V is the velocity of the medium. The left
side of equation (10.1) represents the diffraction
traveltime surface for the output point (x, y, z) as
shown in Figures 10-5¢ and 6c; the right side of the
equation represents the reflection traveltime surface
across the MDS as shown in Figures 10-5b and 6b.
Figures 10-5d and 6d may also be said to describe the
reflection traveltime surface after flattening of the
diffraction traveltime surface (i.., the first step of
migration as a two-step process described in Section
8.3.7). I call such data sets diffraction-flattened gathers.
Timeslices through a diffraction-flattened gather of a
cross-spread acquired in Nigeria are shown in Figure 7-
19.
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Fig. 10-7. Horizon slices for MDSs. (a) Zero-offset section. (b) COV-section for absolute offset of 2375 m. (¢)
Single cross-spread. (d) Single cross-spread. All displays for reflector with 15° dip, except (c), which shows

result for horizontal reflector.

The migration result in the output point (x, y, z) is
just the (weighted) horizontal summation of all data
described by the contoured surfaces of Figures 10-5d
and 6d. The apex of this surface in the diffraction-
flattened gather corresponds with the depth of the
reflector z in the output point. It is the point of
stationary phase in the migration integral. The heavy
curve in Figures 10-5d and 6d is a depth contour 60 m
above the apex. If the length of the seismic wavelet is
60 ms (= 60 m for ¥ = 2000 nmv/s), then all reflections
inside the heavy curves contribute to the migration
result at depth z. As discussed in Section 10.2.2, the
area inside the heavy curve may be called "zone of
influence". All energy outside of the zone of influence
contributes only to the flanks of the migration operator.
This energy should cancel in the migration summation,

which it does to a large extent, provided that the data
are properly sampled.

Figure 10-7 shows migrated horizon slices for
different MDSs. Figure 10-7a shows the result of
migrating a zero-offset section. Because a small input
data set was chosen, the image shows edge effects.
Figure 10-7b is the same as Figure 10-7a but now for a
COV gather as input with offset-vector (2375, 0) m.
The amplitudes are larger than in Figure 10-7a, because
the zone of influence is larger for larger offset. Figure
10-7c and 7d show the migration result for a cross-
spread, Figure 10-7c for a horizontal reflector and
Figure 10-7d for the same model as in Figure 10-7a.
Note again the edge effects. In the interior of the
horizon slice of Figure 10-7c the amplitude varies
slightly because of changing offset; the interior
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Fig. 10-8. Comparison of ideal geometry with two sources four streamers geometry for constant-velocity
medium and north-south 30° dipping reflector at around 2000 m. Shown are contours for the reflection times
converted to depth according to equation (10.1) for an in-line offset of 2000 m. Contour interval is 50 m,
heavy contour at 60 m above the apex. (a) COV gather result. (b) Two sources four streamers geometry for
output point in the middle of a vessel pass. (c) As (b) for output point on the edge between two vessel passes.
Vertical alignments in the contours are visible where the cross-line discontinuities are largest.

amplitude in Figure 10-7d varies because of depth and
offset variation.

It is important to realize that the edge effects seen
in Figures 10-7a and 7b can be pushed as far out as
desirable by choosing a larger survey area, whereas the
location of the edge effects seen in Figures 10-7¢ and
7d is fully determined by the maximum useful offset.

10.5 Prestack migration with pseudo-
minimal data sets

10.5.1 Parallel geometry

Marine 3-D acquisition is most frequently carried
out using multisource multistreamer configurations.
Also OBC data are often acquired with a configuration
in which the shot lines are parallel to the receiver lines.
In these parallel geometries the cross-line component
of the offset vector (= distance between source track
and streamer track) is different for the various midpoint
lines, which are acquired in one vessel pass. This
means that common-offset gathers are not common-
offset-vector gathers.

The discontinuities in the cross-line offset lead to
irregular illumination as illustrated in Figure 2-11 for
various multisource multistreamer configurations.
Between vessel passes large gaps in illumination may
exist when shooting downdip and overlaps when
shooting updip. Feathering may compound the
problem, whereas antiparallel acquisition (sailing
adjacent vessel passes in opposite directions) and
sailing strike to the steepest dips reduce the impact of
the discontinuities in cross-line offset (Vermeer, 1997;
Brink et al, 1997; Section 5.3.2). Figure 10-8
illustrates the behavior of the diffraction-flattened
gather of a dipping event for equal in-line offsets.
Figure 10-8a shows the diffraction-flattened gather for

ideal input, Figures 10-8b and 8c show the effect of the
discontinuities in the geometry on the diffraction-
flattened gather. The differences between Figures 10-
8b and 8c lead to amplitude and phase variations of the
migrated event.

Results of migrating single-fold data extracted from
various multisource multistreamer configurations are
shown in Figure 5-12.

10.5.2 Orthogonal geometry

Orthogonal geometry poses a much larger problem
to migration-velocity analysis than parallel geometry.
In the first place, COV gathers cannot be assembled
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Fig. 10-9. Horizon slice for all absolute offsets in
range 700 - 850 m of orthogonal geometry.
Irregular illumination leads to strong amplitude
variations in this display. Over a short distance, five
contours cover a range of 100 amplitude units, as
compared to average amplitude of about 170.
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Fig. 10-11. Single-fold imaging with OVT-gathers. Shown are top-right tiles with size 1/16th of a cross-
spread. Same subsurface as in Figure 10-10. (a) Traveltime surface across 4 x 16 tiles, contour interval 50 ms,
(b) Diffraction-flattened contours for output point in "+". Contour interval is 50 m. The image points for the
offset-azimuth tiles do not coincide but lie close to the center of the picture. The heavy contour indicates a
level of 60 m above the depth in the output point. Note the larger number of discontinuities than in Figure 10-
10b, though the discontinuities in the center are smaller than in Figure 10-10b.

from that geometry, and in the second place, the MDSs
of this geometry, the cross-spreads, have limited
extent.

Figure 2-25 illustrates that it is impossible to
generate single-fold COV gathers from orthogonal
geometry. Not all offsets are present everywhere,
moreover they have a wide variety of azimuths. Figure
10-9 shows a horizon slice for absolute offsets ranging
from 700 to 850 m. The corresponding fold-of-
coverage varies between 0 and 4. Very strong
amplitude variations are the result of migrating this
collection of data, which is not really suitable for
image analysis.

The simplest way to generate single-fold coverage
across the entire survey, i.e.,, a pMDS, is to make a
tiling of cross-spreads (MDSs) with adjacent midpoint
areas. In a regular geometry, it is possible to construct
as many single-fold tilings as the fold count. However,
even though the midpoint coverage of each tiling can
be complete and regular in this way, the illumination of
the subsurface will not be regular, because of the
discontinuities in shot-receiver azimuths across the
edges of the cross-spreads. This irregular illumination
is illustrated in Figure 2-15. Figure 10-10a illustrates
the discontinuities in the traveltime surface of the same
dipping event across four adjacent cross-spreads, and

]
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Figure 10-10b shows that the diffraction-flattened
gathers are discontinuous across the edges as well.

A characteristic of tiling with cross-spreads is that
reflection times behave smoothly in the inside areas of
each cross-spread, but may show large discontinuities
from cross-spread to cross-spread. An alternative to
tiling with cross-spreads is tiling with OVTs, as
described in Sections 2.5.2 and 2.5.4. The advantage of
this pMDS is that there are no big jumps in shot-
receiver azimuth in this data set as in the cross-spread
tiling, in particular if the unit cell is small. A
disadvantage is that there are a lot more edges, all of
which produce discontinuities in the diffraction-
flattened gathers.

Figure 10-11 illustrates imaging with OVT gathers.
Figure 10-11a shows the traveltime surface, and Figure
10-11b the contours after diffraction flattening for one
output point. This figure suggests that OVT tiling is
more robust than cross-spread tiling. An additional
advantage of OVT tiling is that it is easier to handle the
shallow data (just apply the muting scheme as
described in Section 2.6.4).

Figure 10-12 shows illumination by various OVT
gathers. Except for Figure 10-12f; the reflector always
dips in an easterly direction. Figure 10-12a used the
OVT from the upper right corner of each cross-spread
with average h = (1000, 1000). In this case the spatial
discontinuity between the OVTs translates in vertical
illumination gaps and horizontal overlaps. The reverse
is the case with the OVT from the opposite side of the
cross-spread shown in Figure 10-12b. The illumination
by these two OVT gathers is the most discontinuous of
all possible gathers. It is interesting to see that their
combination leads to an almost regular 2-fold
illumination as shown in Figure 10-12c.

Figure 10-12d shows that illumination by complete
cross-spreads is more continuous overall. However, the
overlaps and the gaps are larger than in the case of the
OVT gathers. Figure 10-12¢ and f show illumination
by pairs of rectangles at the far end of the receiver line
(average |h| = (1100, 0)). In Figure 10-12f the reflector
makes an angle of 45° with the receiver line. In Figure
10-12e two-fold and zero-fold illumination alternate in
thin horizontal strips, whereas everywhere else
illumination is single-fold. In Figure 10-12f the
irregularities are spread even more thinly.

Figure 10-13 shows  migration  results
corresponding to Figure 10-12. Each figure shows a
horizon slice through a migrated reflection. Not
unexpectedly, the images show a clear correspondence
to the illumination areas. Although the relative
amplitude variation in Figures 10-13a and b is quite
large, it is still about 50% less than in Figure 10-9. Yet,
the OVTs in the far corners of the cross-spread have
the largest discontinuities of all OVTs; note also that
the offsets used in Figure 10-9 are much smaller than

in Figurc 10-13a and b. Combining the two opposite
far corners gives a much improved image as shown in
Figure 10-13c. It is interesting to note that the
amplitude variation in Figures 10-13¢ and f is smaller
than in Figures 10-13a and b, which means that OVT
gathers composed from OVTs along the acquisition
lines produce better images, hence are most suitable for
application in velocity-model updating (also because
the range in absolute offset in these tiles is smaller than
in tiles away from the acquisition lines). The very weak
amplitudes in the center of Figure 10-13d reflect the
illumination gap shown in Figure 10-12d.

10.5.3 Irregular geometries

Often, acquisition geometry, even if nominally
regular, is very irregular in practice. In other cases it
may be regular, but coarscly sampled. Then it is
impossible to collect properly sampled MDSs from the
geometry, and the construction of pMDSs may be quite
impractical. As a consequence, the conditions for good
single-fold images are not met. Firstly, the zone of
influence around each point of stationary phase is not
well sampled, so that amplitude and phase of the image
are not correct. Secondly the flanks of the migrated-
depth surface are not well sampled either, leading to
incomplete cancellation, i.e., migration noise, further
reducing the possibility of picking reliable images.
This reasoning underlines the importance of proper
sampling techniques in acquisition.

However, even if it is impossible to generate
reliable single-fold images, it may still be possible to
obtain reasonable images from the total data set.
Statistical averaging of noise and amplitude variations
has to compensate for the irregular sampling. Velocity
model updating of such data has to resort to geological
knowledge and velocity scanning as discussed in e.g.,
Schmid and Bouska (1997). Amplitude compensation
for irregularities can be achieved by the Albertin
technique (Albertin et al., 1999), discussed in Section
10.7.

10.6 Velocity-model updating

Whether cross-spreads or OVT gathers are used for
imaging, the problem remains that the offset of the
imaging trace (i.e., the trace at the point of stationary
phase) is not known without further action. This is
caused by the variation in offset that occurs across a
cross-spread and still occurs across the OVT gather.
Earlier I proposed to use the vector-weighted
diffraction stack (Vermeer, 1998b) to determine the
offset corresponding to each image. Tura et al. (1998)
applied that technique for AvO analysis. They did not
use it to determine the offset in the image (they were
using common-offset gathers as input, hence knew the
offset already), but to determine reflection coefficient
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and reflection angle. The recipe of the vector-weighted
diffraction stack is given in Tygel et al. (1993) who
expanded an earlier idea proposed in Bleistein (1987).
Unfortunately, the vector-weighted diffraction stack is
quite sensitive to noise, because it depends on
measurements made on prestack data.

A better way to find the offset in the image point
might be a modification of an idea proposed in Harris
et al. (1998). In their MITAS procedure they consider
the volume of data being used to build a single image
trace. The procedure consists of the following steps:

1. Flatten the diffraction traveltime curves in the
input volume, ie., create a diffraction-flattened
volume; this will lead to bowl-shaped events for the
reflections (cf. Figures 10-5d, 6d, and 7-19);

2. Stack the new volume in two orthogonal
directions; this will improve the signal-to-noise ratio of
the data to be analyzed;

3. Determine the points of stationary phase of the
major reflections in both stacks; the two points for each
reflection will determine the position in the input
volume of the image point.

Harris et al. (1998) use this procedure to determine
an area around the image point that will be included in
the imaging process, whereas the data outside this area
will be discarded. In this way migration aliasing noise
is avoided and a cleaner image can be produced, in
particular for coarsely sampled data. However,
knowing the position of the image trace also means that
its offset can be retrieved and be used for further
analysis in the velocity-model updating procedure.

Using OVT gathers for this analysis provides the
best chances for clean images and also allows the
determination of the offset in the image point. Yet, the
irregularities associated with the spatial discontinuities
in the OVT gathers may still hamper an accurate
analysis, especially if the image point is close to the
edge of an OVT. To compensate for that situation, it
may be considered to carry out the analysis as well for
OVT gathers based on OVTs shifted over (SLI/2,
RLI/2). Again, to minimize the amount of work to be
carried out for this analysis, it should be considered to
restrict the analysis to discrete locations and to specific
target horizons.

10.7 True amplitude prestack
migration of regular and irregular
data

In this section, a synthesis is made of ideas
described by Harris et al. (1998, see previous section),
Albertin et al. (1999), Bloor et al. (1999), and
Rousseau et al. (2000), supplemented with some
further ideas.

Albertin et al. (1999) describe that for most
acquisition geometries, even if acquired in a rather

regular way, it is difficult to give an analytic
expression of the Beylkin determinant (Bleistein,
1987), needed in true amplitude migration. Instead,
they introduce the idea of measuring the dip angles
being illuminated in the output point by all the
shot/receiver pairs in a data set. The dip angle
illuminated by a single shot/receiver pair and its
corresponding wavenumber vector is illustrated in
Figure 8-1. All shot/receiver pairs together (Figure 8-2)
determine the range of dips that can be illuminated by
the data set. Albertin et al. (1999) propose to equalize
the distribution of angles across the unit sphere in the
output point by weighting according to the local
density of wavenumber vectors on the unit sphere.
They show that this is equivalent to applying Beylkin's
determinant. The technique not only corrects for
irregular geometry but also for refraction effects in the
overburden.

Bloor et al. (1999) apply Albertin's method to data
acquired with a spider-web geometry (see Section
4.3.6). They show that this technique will lead to
considerable improvement of data quality. In this
application no distinction is made between data with
different offsets or coming from different subsets: each
shot/receiver pair in the total data set contributes its
own angle and its own point on the unit sphere. Figure
2 in Bloor et al. (1999) shows the midpoints for all
traces with a small offset range. It leads to a similar
figure (overlapping rings) as shown in Figure 2-25.
This means that the spider-web geometry, even though
apparently quite irregular, does have some regularity
attached to it as well.

Rousseau et al. (2000) carry Albertin's idea a bit
further and suggest to apply it to the MDSs of the
acquisition geometry. They illustrate this with
common-offset data retrieved from a parallel geometry.
Applying the technique to subsets of the data makes it
suitable for better AvO analysis, and it does not mix up
effects from widely different shot/receiver pairs. On
the other hand, the low fold of an MDS may easily lead
to gaps in the range of dips being illuminated.
Weighting of the traces around such gaps has two
effects: (1) if the gap occurs in the flat part of the bowl-
shaped reflection events (after application of
diffraction traveltime surface flattening, see previous
section), then weighting will ensure a better amplitude
of the image, but (2) if the gap occurs in the steep part
of the bowl-shaped reflections, weighting of the traces
will increase aliasing artifacts. This is clear from
Figure 3 in Rousseau et al. (2000), where not only
reflection amplitude is improved by weighting but an
artifact caused by some missing in-lines is enhanced as
well.

The ultimate synthesis of all ideas is to use OVT
gathers (pairwise, as discussed for AvO analysis), to
establish the point of stationary phase using Harris et
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al.'s (1998) method, and applying aperture limitation
around that point, followed by Albertin weighting in
the remaining area (where aliasing does not occur).

10.8 Discussion

Next to the introduction of the zone of influence as
a better alternative to Fresnel zone, this chapter has
highlighted the use of pMDSs as single-fold data sets
to be used in velocity-model updating and in amplitude
regularization. For orthogonal geometry it seems best
to choose OVT gathers as input data sets for these
applications. Nevertheless, these gathers still show
considerable amplitude and phase variations in the
migrated output. The artifacts can be minimized by
selecting gathers based on OVTs centered around the
acquisition lines as illustrated in Figure 10-13e. Of
course, the artifacts can be further reduced by reducing
the acquisition line intervals, but this has significant
impact on the cost of a survey. It should be realized
that the artifacts of the OVT gathers, which are not
situated along the edges of a cross-spread, are fully
compensated when adding the result of migration of all
input data. In the final output only artifacts associated
with the cross-spread edges remain, and these are
reduced by the averaging effect of fold. They may be
further reduced by Albertin weighting. The artifacts in
parallel geometry are far less severe than in orthogonal
geometry; this may be a reason (together with the
easier processing overall) to select parallel geometry if
one can afford it, and whenever possible (e.g., desert
areas).

This chapter has only scratched the surface of
geometry-related imaging problems. Additional work
is needed to investigate the proposed velocity-model
updating technique (or anything else that might work).
In particular tests with erroneous migration velocities
are still called for. Yet, I hope that the interested reader
is stimulated to try out some ideas and will expand on
them.
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Fig. 1-14. Combined response of shot and receiver arrays in midpoint/offset wavenumber domain. Oblique
dark blue lines represent notches in the shot-array and receiver-array responses.
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Fig. 1-15. Total stack response for a symmetric sampling technique. The notches of the CMP array run
parallel to the %, axis.
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Fig. 1-16. Total stack response for an asymmetric sampling technique without a shot array.



Color figures 176

Orthogonal Slanted -
1-line roll l:":‘
300 m line I Z E ot 0 e B A 0 1 0 =
interval @ &
a 3
“ "
u 4
©s 3 |
~ i}
8-line roll a 1
250 m line 7 s e mmmmmmm——
interval = u
< > < i
6000 m 6000 m

©) @ Offset/azimuth
- v .w. w w w o Bin offset distribution
w | AALAARARL LA LKL LN -
Aol el Mo Al il el
WL WL W LW LWL LW LWL b
| A R LKL LR R LY w b
"t W et T T et Tdlt i
. W LW LW LW W W YL
~ I R O L Ly “ | -
T - I | - !
T AR AL L AR EL B . -
o e Nl o Sl Ml Ao ' A . ik i
™ ."'.. Lo A ~"'- -.'-- ._".' -_"'_- -.' . w—
bedbhsdbndbodpadpadiny -
| e e o e el -

(e) (f)

Fig. 4-13. Attributes for 20-line orthogonal geometry acquired with 1-line roll. (a) Template (inside red
rectangle) together with templates of Figures 4-14 - 4-16, (b) full fold of survey, (c) fold for offsets 0 - 800 m,
(d) fold for offsets 0 - 2500 m, () fold for offsets 0 - 3000 m, (f) other attributes as labeled.
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Fig. 7-4. Timeslices through 3-D microspread, (a) 596 ms, (b) 3596 ms. Common-shot gathers are vertical
lines, common-receiver gathers are horizontal. Arrows in (a) indicate discontinuities.

Fig. 9-9. Horizon amplitude map after DMO was applied to the same horizontal input reflection using
different 3-D DMO programs. The bar in the top right corner of each map is caused by interference with a
dipping event crossing the horizontal reflector. Amplitude differences for one program might be as large as a
factor 2 and standard deviation in amplitude up to 20%. The smooth result of the center panel of the bottom
row was achieved at the expense of the higher frequencies.
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Fig. 7-14. Diagnostic display of 60 cross-spreads. Common shots are horizontal lines, common receivers are
vertical lines. The shot points of adjacent shotlines partially overlap in this display. Likewise the receiver
points of different receiver lines. Shown is maximum absolute sample value for a 1000 ms window starting

just before the first break on each trace.
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Fig. 7-16. Illumination displays for target horizon. (a) Brick geometry, (b) Cross-spread geometry. The result
for the cross-spread geometry is cleaner, hence more reliable than the result for the brick geometry.

Fig. 7-17. Amplitude displays for target horizon. (a) Brick geometry, (b) Cross-spread geometry. The faults
in the cross-spread result are sharper defined.
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