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ABSTRACT : The advent of affordable high-end computing power through the use of PC clusters has brought about a renewal
of interest in pre-stack 3D wave equation depth migration. This paper examines at the advantages and drawbacks of the different
extrapolation schemes available and looks at the benefits for imaging complex structures.

INTRODUCTION

3D pre-stack depth migration was unaffordable, until
1994 and post-stack migrations were run using wave-equation
methods. Kirchhoff migration gained popularity by making
3D pre-stack depth migration economically feasible by the
mid 1990’s. The approximation on which Kirchhoff migration
is based is a high-frequency approximation that makes the
Green function localized in time. Kirchhoff migration is related
to wave-equation migration in the same manner as classical
mechanics to quantum mechanics. A stationary phase
approximation is used in Kirchhoff migration to model the
impulse response as one (or several) events localized in time,
while wave-equation migration makes no time localization
assumption.

Although considerable efforts have been spent into
improving Kirchhoff migration by taking into account
amplitudes and multipathing, there is an increasing tendency
to believe that wave equation migration in the correct way to
migrate in complex media. This is supported by theoretical
consideration and synthetic examples.

The drawback of wave-equation migration is the
CPU time it needs. However, O’Brien and Etgen (1998)
pointed out that sparse receiver and dense shooting
geometries, which are common in ocean-bottom acquisitions,
can be migrated economically with the wave equation. Using
the reciprocity principle, shot-record migration (Claerbout,
1971) can be used, where each shot is migrated independently,
by propagating a synthetic downgoing field together with
the measured upgoing field and obtaining the reflectivity by
crosscorrelation. Shot record migration has a cost
proportional to the number of shots and does not depend on
the number of receivers per shot. Kirchhoff migration, where
each trace is migrated independently, has a cost proportional

to the number of traces. Of course the proportionality constant
is bigger for shot record migration, but it can become
economical for acquisition with a large number of receivers
per shot (or vice-versa).

WAVE FIELD EXTRAPOLATION

In wave-equation migration, the propagation in
depth of the wavefield is usually done recursively, by
incremental propagation of step ∆z. Several ways exist to
propagate a wavefield in a laterally varying velocity field.
We can basically distinguish three families: implicit, mixed
(k-x) methods (PSPI for example), and explicit. All three
families have numerous implementations, but we can
summarize their features in terms of speed, propagation of
high angles in laterally varying velocity, isotropy at high
angles, numerical dispersion and stability by the following
table:

Speed Hgh ang. Isotr. Disp. Stab.
Implicit + + - - +
k-x = - + + =
Explicit = = = = =

The explicit migration is the only one that has no
drawback: it can migrate at a reasonable cost, in arbitrary
laterally varying velocity fields, all azimuths at relatively
high angles (> 70 degrees), does not exhibit numerical
dispersion (does not need small ∆x -∆y sampling intervals),
and is stable except in pathological velocity models (vertical
wells of low velocity imbedded in a high velocity background)
(Etgen, 1994). The only drawback of explicit migration is
that it is difficult to implement in an efficient manner.

In this paper, the wave-equation migration used is a
shot-record migration based on the extrapolation design
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described in Soubaras (1996). It is a L-∞ optimization of
coefficients which weight, either the data itself in the 2D
case, or recursive applications of a Laplacian operator to the
data in the 3D case. This design guarantees that the
extrapolation is correct in a (f-k

x
-k

y
) domain corresponding

to propagations up to a given dip, and in a (k
x
-k

y
) domain

corresponding to a given percentage of the spatial Nyquist
bandwidth, whatever the velocity model is. Typical values
are 70 degrees and 70% Nyquist.

Figure 1 shows the 3D impulse response of such an
operator in a constant velocity of 3000m/s. The sampling
intervals are ∆x=25m, ∆y=25m, the bandwidth of the wavelet
is 65 Hz. The depth slice corresponds to 70 degrees.

Figure 1: Impulse response of explicit extrapolator

DATA EXAMPLES

The 3D SEG-EAGE salt model is a complex velocity
field suitable for comparing migration methods. Figure 2
shows a comparison of a Kirchhoff migration of the C3-NA
dataset with a wave-equation migration. The Kirchhoff
migration is based on traveltimes given by solving the eikonal
equation in celerity (Pica, 1997).

It is clear that, on the left area where the velocity
model is simple, both results are comparable. However, on
the right part, where the salt distort the wavefields, we see
that the wave-equation migration shows spectacular
improvement in imaging the salt structure, and all sub-salt
features.

Figure 2: Top: Kirchhoff migration. Bottom: Wave equation
migration.

Similar improvements are seen on real data. We will
present a number of examples and Figure 3 illustrates the
typical improvement seen on Gulf of Mexico data. Notice
particularly the definition of the mid section and sub-salt
areas.

CONCLUSION

The two major issues for shot-record wave-equation
migration are the choice of the extrapolation scheme and the
resampling procedure. Several extrapolation schemes for

Figure 3: Comparison of Kirchhoff (left) and Wave Equation on
Gulf of Mexico data



321

wave-equation migration were compared in respect with
various criteria, showing that the explicit scheme is the only
one having no drawbacks.
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