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Generalized Frequency-wavenumber Migration Impiemented
by the Intrinsic Attenuation Effect
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Abstract : A method and results of computations are presented for the 2-D seismic migration process in the frequency-
wavenumber domain for the laterally and vertically inhomogeneous medium. In order to take the intrinsic attenuation
effect into account in the migration process the complex-valued wave velocity is used in the wavefield extrapolation
operator, improving the generalized frequency-wavenumber migration technique. The imaginary part of the complex-
valued wave velocity includes the seismic quality factor Q value. In derivation of the solution of the wave equation
for the medium of inhomogeneous wave velocity and anelasticity, the inhomogeneous medium is mathematically conve-
rted to an equivalent system which consists of a homogeneous medium of averaged slowness and an inhomogeneous
distribution of hypothetical wave source. The strength of the hypothetical wave source depends on the deviation
of squared slowness from the averaged value of the medium. Results of numerical computation using the technique
show more distinct geologic images than those using the convensional generalized frequency-wavenumber migration.
Especially, the obscured images due to the wave attenuation by anelasticity are restored to show sharp boundaries
of structures. The method will be useful in the imaging of the reflection data obtained in the regions of possible
petroleum or natural gas reservoir and of fractured zone.

Key Words : generalized frequency-wavenumber migration, Q structure, inhomogeneous medium, complex-valued velo-
city, wave field extrapolation.
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INTRODUCTION

form method, and finite difference method.

Among the four steps of the seismic process, ie., data
acquisition, data processing, migration and interpretation in
the seismic reflection method, the migration is a process
of imaging the geological subsurface structure and take an
important role in qualifying the final data for the interpreta-
tion process. There are three different type of migration me-
thod depending on numerical techniques and procedures:
Kirchhoff integral type of diffraction method, Fourier trans-
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The Kirchhoff summation method (Schneider, 1971, 1978;
French, 1974) in space-time domain uses the Kirchhoff integ-
ral technique to deal with laterally inhomogeneous media.
The computational time of the method depends on the comp-
lexity of the slope structure of wave scatterers. The phase
shift method of Gazdag (1978) does not have problems of
such a slope structure. However, the method needs Fourier
transform operation at every depth step of the wavefield
extrapolation process. The F-K migration of Stolt (1978) ta-
kes short time of process, since it migrates the data down
to the total depth at one step of computation. The vital flaw
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of the method is the limitation of the structural model to
a laterally and vertically homogeneous medium. The migra-
tion of the finite difference method (Claerbout, 1970; Loewe-
nthal et al., 1976) can be applied to a laterally and vertically
inhomogeneous medium. Disadvantage of the method is that
it takes long computational time and that it does not work
for a very steep distribution of wave scatterers. Most of the
flaws of the above method can be removed by using the
generalized F-K migration (Pai, 1988) for the laterally and
vertically inhomogeneous medium. The method can handle
with steep structures. It takes much smaller computational
time than the migration by the finite difference method does.

Seismic or acoustic waves suffer attenuation of their amp-
litudes more or less depending on the type of media they
propagate. The amplitudes of the waves are differentially
attenuated by the inclusion of water, hydrocarbon or natural
gas in the medium. Seismic records obtained from the refle-
ction method often contain signals of reduced amplitudes
caused by the intrinsic attenuation property of the medium.
Such signals of reduced amplitudes cannot be restored by
conventional migration methods. Thus the migration process
results in obscured images of structures. The intrinsic atte-
nuation of seismic or acoustic waves in a medium is caused
by the anelasticity of the medium. Usually the seismic quality
factor @ is used for the measure of the intrinsic attenuation.
It is well known that the mathematical equivalence of the
wave attenuation effect is aquired if the propagation velocity
of the wave is allowed to be complex-valued. The imaginary
part of the complex-valued velocity includes the seismic qua-
lity factor @ value. This type of velocity can be used in the
wavefield extrapolation operator of the migration method for
the restoration of obscured images caused by to the attenua-
tion of signals.

In this study, a method is developed to restore the atte-
nuated signal in migration process. The generalized F-K mi-
gration technique which is supposed to be superior to other
methods as stated above is implemented by the attenuation
effects. In the mathematical formulation of the wavefield ext-
rapolation operator, the seismic quality factor @ value is inc-
luded in the imaginary part of the complex-valued wave ve-
locity. The structures of the laterally and vertically inhomo-
genous velocity and @ value are considered in the migration.
Thus the restored images will show distinct shapes of geolo-
gic structures.

THEORY AND COMPUTATIONAL METHOD

The laterally inhomogeneous layered structure is assumed
in the derivation of the theory to simulate the vertically and
laterally inhomogeneous medium of the 2-D structure. Each
layer is vertically homogeneous, but has lateral distribution
of the wave velocity and anelasticity property. The anelasti-

city property is represented by the seismic quality factor
Q.

In the frequency-wavenumber domain, the wave equation
in the layer can be written by
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where ¥ is the acoustic wave function, ® the angular freque-
ncy, k the horizontal wavenumber, and S(k) the squared slo-
wness in the wavenumber domain. The notation * indicates
convolution operation in % variable. In order to take care
of the wave attenuation due to the anelasticity, the complex-
valued squared slowness (Carpenter, 1966; Aki and Richards,
1980).
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is used, where ¢ is the wave propagation velocity, @ the
seismic quality factor, ¢ the unit imaginary value. The symbol
sgn(w) indicates the plus or minus sign of the angular fre-
quency .

In order to get the solution of Eq. (1) in a easier way,
S(k) is decomposed into two parts.

Sk) = S,+ASK) 6]

where S, indicates the squared slowness at zero wavenumber
value, ie., S(0), and AS(k) is the series of S(k) values in
which the S(0) value is replaced by zero. In the space do-
main, S, and AS(x) imply the average and the deviation from
the average value of the squared slowness S(x), respectively.
The substitution of Eq. (3) into Eq. (1).
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where Q%;:2) = —wo® ASR)*¥(k2).

This is an inhomogeneous differential equation with a sou-
rce distribution of Q(k;z). The left hand side of the equation
implies wave propagation in a homogeneous medium with
the constant squared-slowness of S,. Hence, the wave propa-
gation in a laterally inhomogeneous layer governed by equa-
tion (1) is transformed to an equivalent system in which
the wave propagates through a homogeneous layer with the
acoustic source distribution. The concept and interpretation
of the transformation is illustrated in Figure 1. The wave
amplitude attenuates even in the homogeneous layer since
the averaged squared-slowness can comprise the non-zero
@ value. Unfortunately the source distribution £2(%;2) is inho-
mogeneous vertically as well as laterally in the layer. This
fact limits the depth interval to a small amount in the wave-
field extrapolation scheme of migration process.

The solution of Eq. (4) consists of the homogeneous equa-
tion’s solution @(kz) and the paticular solution. The total
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Fig. 1. Schematic diagram for the explanation of the main con-
cept of the generalized frequency-wavenumber migration
implimented by the intrinsic attenuation effect. C(x) and
Q(x) represent horizontal distribution of the wave velo-
city and the seismic quality factor, respectively. S, indica-
tes the horizontally averaged squared-slowness of comp-
lex value. Q¥ (x,2) represents ficticious mathematical sou-
rce distribution in the layer. Thus the wave propagation
in a laterally inhomogeneous layer is transformed to an
equivalent system in which the wave propagates through
a homogeneous layer with an acoustic source distribution.

solution becomes

Yk2) = olk;2) +Gll;22') Qk2) Az 5)

using the Born approximation and small depth interval Az
(=z—z,). Here, G is the Green’s function for source distribu-
tion of the delta function 8(z—z'). Since the solution ¢@(k,z)
is composed of the wave propagation part, i.e., wave function
P(k;22") and the boundary value ¢(k;z), the total solution
can be written as

Y(k;z) = Plk;z2") o(k;2") + Gik;z,2") QUk;2') Az )

Using the property of wave function P(k;2’z')=1, we obtain
the relation @(k;z')=Y¥(k;z') by substitution of zero value of
Az to Eq. (6). Therefore, Eq. (6) becomes

Y(k;z) = [Pk;z2")— Az o G2z )AS(R) * ¥ (k;2') )]

The part in the bracket parenthesis in this equation works
as the wavefield extrapolation operator. In practical computa-
tions, the convolution operation AS(k)* ¥(kz') in k-domain
can be done in x-domain by direct multiplication operation
ASE)¥(x,2) in order to reduce computational time. And then
the result is transformed to %4-domain to continue the next
operation of the multiplication by the Green’s function.

MODEL STUDY

In order to validate the method presented in the previous
section, synthetic sections are migrated for three simple but
plausible model structures. The model shown in Figure 2c
consists of a plane reflector at 10 km depth and two different
media with a vertical contact. Both of the two media have
the same wave velocity, 5 km/sec. However, the media on
the left and right sides are assigned @ values of 900 and
50, respectively. The zero-offset synthetic seismogram (Fig.
2a) shows attenuated signals at the 2 seconds position of
one way travel time in the horizontal range between 10 km
and 20 km due to the low @ value of 50 in the medium
of the right side. The wave travelled through the right side
of the meditm suffers severe loss of energy. The migrated
section (Fig. 2b) obtained by the conventional method could
not restore the image of obscured reflector signals, even
though the amplitude of signals are a little more enhanced
than those in the synthetic seismogram. On the other hand
the migration result (Fig. 2d) computed by the technique
presented in this paper gives us a full recovery of the strong
reflector at 10 km depth.

Figure 3c shows a little more complicated model than that
of Figure 2c. The box structure in the middle of the model
has a relatively low @ value of 20 compared to the value
900 of the surrounding material. In the synthetic seismogram
(Fig. 3a) the waves reflected from the top of the box struc-
ture show diffraction curves on the left and right edges.
The signals travelled through the box and reflected from
the bottom of the box structure have relatively low amplitu-
des and earlier arrival times compared with other signals
at 2 seconds of one way arrival time. The phenomenon is
caused by the fact that the box structure has a higher velo-
city of 5.2 km/sec and a lower @ value of 20 compared with
the surrounding medium. The migrated section (Fig. 3b) ge-
nerated by the conventional method shows a smeared shape
of reflector at the bottom of the box structure since the
attenuation effect is not considered in the migration process.
However, the migrated section in Figure 3d which is compu-
ted by the technique given in this paper reveals a complete
reflector shape at the depth of 10 km.

A more realistic model of geologic structure is prepared
in Figure 4c. The structure consists of sedimentary strata,
a reverse fault at center of the figure, a natural gas or petro-
leum reservoir under the fault, and a cut-and-filling structure
at about 4 km depth. The suspicious gas or petroleum reser-
voir has a little low velocity and a very low @ value of 10
compared with surrounding materials. The synthetic shown
in Figure 4a has complicated diffraction signals preventing
us from direct interpretations. The time section distorts the
true shape of the reservoir. Especially the signal correspon-
ding to the bottom of the reservoir cannot be seen clearly
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Fig. 4. Comparison of migration results for a geological model. The structure consists of sedimentary strata, a reverse fault, a natural
gas or petroleum resorvoir and a cut-and-filling structure. Details of explanations on sections (A)-(B) are given in Fig. 2.

technique presented in this paper which takes the intrinsic
absorption effect into account (Fig. 4d). Thus the migration
with consideration of the @ value effect recovered the image
of the bottom boundary of the highly attenuating reservoir
medium and the structure below it.

DISCUSSION AND CONCLUSION

A technique for restoration of smeared image due to the
intrinsic attenuation of the signal is applied to the conventio-
nal generalized frequency-wavenumber migration of the seis-
mic section. The medium is allowed to be a vertically and
laterally inhomogeneous velocity and @ structure. In order
to take the intrinsic attenuation effect into account the comp-
lex-valued wave velocity is used in the wave field extrapola-
tion operator. The imaginary part of the complex-valued
wave velocity includes the seismic quality factor @ value.

Results of numerical computations using the technique for
three model structures show more distinct geologic images
than those using conventional generalized frequency-wave-
number migration. Especially the obscured images due to
the highly attenuating medium of the petroleum or gas rese-
rvoir are restored to show sharp boundaries of structures.
The method will be useful for the imaging of the reflection

data obtained in the regions of possible petroleum or natural
gas reservoir and of fractured zones.

In practical application of the method, however, priori info-
rmation on the approximate geologic structure should be
known before the application of the new technique. There-
fore, the trial migration processes of a conventional method
is recommended to be done first. Then the expected para-
meters on the structure and properties of the media obtained
from the first step of migration are used as input conditions
in the final migration process using the method presented
in this paper.
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