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Summary

Angle-dependent reflectivity sections are obscured by interfer
when the separation between the reflectors is less than ha
seismic wavelength. These interference effects are angle-depe
and introduce a significant bias to AVA inversion schemes. In

paper we show that ttepparentAVA effects related to the inter-
ference can be explained by the fact that for different illuminaf
angles the medium is observed at different scales. We discuss
eral aspects of a true amplitude migration technique that corr
for apparent AVA effects, not only due to interference but also
to the dispersive effects related to the small scale variations o
medium parameters.

Introduction

Amplitude-versus-angle inversion (or AVA inversion) is genera|
based on Zoeppritz-like equations (non-linear or linearized)
isolated reflectors. However, when the layer thicknesses are
the order of -or smaller thamalf the seismic wavelength, i

(Ostrander, 1984)The interference of the band-limited respons
of the consecutive reflectors is angle-dependent. This introd
an apparentAVA behavior that may be quite different from th
AVA behavior as predicted by the Zoeppritz equations for
individual reflectors. To illustrate this, we consider a horizontg
layered acoustic constant velocity medium, with density variati
only, see Figure 1. The motivation for this choice is given by
fact that the reflection coefficients of the individual reflectors

angle-independentso any apparent AVA behavior will show u
immediately. Figur@ shows the primary reflection response
this medium in thep, T-domain. The rayparametegris related to

the propagation angks according tqp = (Sin ¢) /¢, where c is the
propagation velocity. By converting the intercept timéo depth

z, according te =er/2 COS$, the angle-dependent reflectivit
section(p, z-section) of Figure 3 is obtained. Figuteshows an
amplitude cross section of FiguBeatz = 556m. Note that this
Figure exhibits apparent AVA behavior, despite the fact that
local reflection coefficient is angle-independent. Needless to
that a local inversion of this AVA curve would lead to erroned
medium (contrast-) parameters.

The main aim of this paper is to analyze apparent AVA du
angle-dependent interference and to propose a method for ol
ing p, z-sections that are free of apparent AVA. The inversion
this type of sections (for elastic media) is discussed in a compa
paper (van Wijngaarden and Wapenaar, 1995).

2000

WWWW
= i

% 1500

2500

1000
8001

0

L L ’ L n
o 800 1000 1200 1400 1600
z

s L L
200 400 600

Figure 1: Density log (acoustic constant velocity medium)

is no longer justified to consider the reflectors as being isolated
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Figure 3: Angle-dependent reflectivity section with apparent A
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Figure 4: Amplitude cross section at 556m

Analysis of apparent AVA

The apparent AVA behavior observed in Figures 34rgleasily
explained with the aid of Figurg. This Figure shows two plane
waves, illuminating the horizontally layered medium under ty
different angles. The frequency w has been chosen the sam
both angles. As a result, the vertical wave legih the right

frame is different from the wavelengihin the left frame. In other
words, for different illumination angles, the medium is observeq
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different scales. This can be remidied by changing the frequancy
for different angles, such that the vertical wave lenk;hremains
constant (Figure 6). For a constant velocity meditia,and w
are related according to

: = 2me -, where cosg= /1 - c2pl
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Hence, in order to makd; independent of the propagation angl
¢, the frequencyw should be chosen such thatcos & is constant.
The upper frame in Figure 7 shows tp2 w=domain, where the
shaded area denotes the seismic data and where the dashed
are curves of constard;. The shaded area in the lower fram
in Figure 7 represents the pass-band of a filter, enclosed by
curves of constand;. Note that this filter has a constaspatial
bandwidth. We applied this “preconditioning filter” to the da
of Figure 2 and we converted the result from time to depth, ag
according toz = erf2cos ¢. The result is shown in Figure 8.
Note that the apparent AVA effects have been removed complg
at the cost of some loss of resolution at the small propaga
angled. Obviously, any proper AVA inversion scheme applied
this section would yield an accurate (band-limited) reconstruct
of the density log of Figure 1 (see van Wijngaarden and Wapen
1995).
In the following sections we show how the ideas presented so
can be generalized for more realistic situations.

Figure 6: Different angles, differeni: = A=A

For p = 0 the maximum frequency is reducedutz.. =oa gmas =
wmasyf 1 — 2pha., S Figure 7. Hence, for a maximum propagation
of 30 degrees the resolution loss for vertical propagation is approximatel
percent. Van Wingaarden and Wapenaar (1995) discuss how to avoi
resolution loss altogether.
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Figure 8: (a)Angle-dependent reflectivity section without appar
AVA. (b) Amplitude cross section at z = 556m (solid), compa]
with the previous result (dashed)

Angle-dependent reflectivity imaging

Another cause for apparent AVA is the anisotropic dispersion
lated to the small scale variations of the medium parameters
detail). At the 1994 SEG meeting we have presented a 3-D
way representation of seismic data, that fully accounts for
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where thegeneralized primanypropagatorsw;+ and w,- account
for propagation, including the dispersion effects of the fine de
and where the reflection operar+ is a spatially filtered ver-
sion of the true reflection operator. Finally, S(w) is the soU

|

migration aims at resolving the band-limited reflection opergtor

R+ by inverting the generalized primary propagaw,: and
;» €liminating them from the data and applying an appro
ate imaging principle. At the 1993 SEG meeting we have pre-
sented a method for inverting these propagators in a stable
using power reciprocity to estimate the dispersion effects ff
the multi-dimensional cross-correlation of the reflection meas
ments. The resulting inverse propagalr,s and R” compensate
for the “propagation related” apparent AVA effects.
In the current paper we analyze the imaging principle, particul
paying attention to the “reflection related” apparent AVA effe
that were discussed in the previous sections. For the sake
simple discussion we consider a horizontally layered medium.
come back to this in the conclusions.

For a horizontally layered medium, equation (2) may be writ
in the rayparameter-frequency domain, according to
1= [ W 0,5 R W 02,0, 0)S )
3)
For this situation, true amplitude migration involdesvnward
extrapolation,according to
P_ (pvsz) =

pa 20, W

Fg_(pv z,zo,w)ﬁ'_(p, ZO)W)F;(przO,z7w)1
(4)

(F is the inverse oW ), followed byimaging,according to

2endlp )y [0/
e(2) w1/ cos ¢{p,z)

P (p,z,w
S(W_)d“’( 5

where® denotes that the real part is taks(z),is the depth-
dependent macro velocity aé(p, z) is the propagation angle in
the macro model, according Cosg$ p,2) = /1—-2(z)p2 In-
spired by the results of the previous sectlons (see in partig
Figure 7), we have chosen a p-dependent integration interval,

(BHp,2))=

wy = wmin, aNdwy (X) being an appropriately chosen maximum frg

guency. The effect of the varying integration interval and of
scaling factor 2 cog(p, z)/me(z) becomes clear when we analyz
equations (3) through (5) for the situation of pre-critical primar,
and a homogeneous macro model. We thus obtain from equa

(3):
= [:ex

from equations (4) and (6) :
(5,2, W) = / 2 IW!‘JL%

and from equations (5) and (7):

o) = 228 [T a R »

w:/ é
cos eXF(Z]W E;os«;s
[

)

(B0 o - )R o, )05

(6)

P_(pv 205 w)

(z = B (p, 2)S(w) i

(7

(8)
z'))jW,

(z -

1/ cos

rce
function and2 denotes the lower half-space. True amplityde

= O

Dri-

Wi

riyoandze, /e <k, < 2w/c. More importantly, note that this filte
rts IS independenbf the rayparametep, hence, the imaged sectiof

terfOmpensate, respectively, for tpeopagationand reflection re-

qtion

or
ail,

<R+(P7X = me—Z,R+ ) ,dl’
)= [ =R !

where
sin(y) - sin(y)

mwa

b(x) =
ﬁ? parently the imaged reflectivity secti{&*(p, )) is a spatially

(10)

ered version of the true reflectivity sectnR*(p, ). The fil-
reter b(z) describes the interference effects in the imaged se
due to the finite bandwidth of the source function S(w). N
that b(z) is a bandpass filter, witimit amplitude in the pass-

oftB* (p, X)) does not contain any apparent AVA effects! A res
weimilar to equations (9) and (18 obtained when we do a simila
analysis forgeneralizedprimaries and an inhomogeneous mag
model. In conclusion, we may state that equations (4) and

lated apparent AVA effects.
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Figure 9: Velocity log (acoustic constant density medium;
heavy line represents the macro veloe{z))
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Figure 10; Ezact reflection response

We illustrate the application of equations (4) and (5) with an

medium. The transmission response of this log (i.e., the gen

dispersion effects (not shown)Ve modeled the exact reflectio

trapolation and imaging, according to equations (4) and (5).

ample. Figure 9 showswvelocitylog of an acoustic constant densi
ized primary propagatc ) exhibits significant angle-depender

responseP - (p, zo, W), USing a layer-code technique. The result
the p, T-domain is shown in Figure 10. We applied downward ¢
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Figure 11: Imaged angle-dependent reflectivity seq&* (p, X))

result, i.e. the imaged reflectivity secti 2* (», X)), is shown in
Figure 11. We zoomed in on the area arczird980m. The result
is shown in the upper frame of Figure 12. The middle frame in R
ure 12 shows the same area, obtained after repl#:rig equa-
tion (4) by simple phase shift propagators. Hence, in this re
the propagation related apparent AVA effects are ignored; only
reflection related AVA effects are taken into account. The loy
frame in Figure 12 shows, for comparis{2*(p, z)) obtained di-
rectly from equation (9yvhere for*(p, =) the true reflectivity
section was taken and b(z'} was designed for the macro ve
locity in the selected depth window. Figure 13 shows amplity
cross sections of the strongest positive wiggle in the vicinity
z = 980m. Note the excellent match uppte 3+ 10~%s/m (which
corresponds to a propagation angle of 36 degrees) betwee
true amplitude migration result (solid) and the filtered true reflg
tivity section (dashed). Also note that the phase shift migra
result (dotted) does not match the true result at all. Hence,
example shows that propagation related AVA effects may be
as important as the reflection related AVA effects.

Conclusions

We have shown that reflection related apparent AVA behavio
angle-dependent reflectivity sections can be explained by the
that for different illumination angles the medium is observed
different scales (Figure 5). By applying an angle-dependent
conditioning filter (Figure 7) to the data, the spatial bandwi
(and thus th dyserved scale range) can be made constant fo
angles, so that the apparent AVA effects vanish. This proce
works well for a horizontally layered medium with constant \
locity and no significant dispersion effects related to fine-layeri
For more general situations, the generalized primary represe
tion (equation 2) should be inverted, thus accounting for prg
gation related as well as reflection related AVA effects. We h
shown (both theoretically and with an example) how this can
done for a horizontally layered medium. In particular we sho
that the w-integration interval in the imaging step (equatior
should be made angle-dependent, similar as the preconditig
filter in Figure 7. The resulting angle-dependent reflectivity s
tions are free of apparent AVA and are the ideal input for A
inversion schemes.
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Figure 13: Amplitude cross sections of the positive wiggle=at
Ole980m of the results of Figure 12 (solid, dotted, dashed, respectiv

of

The generalization for 2-D or 3-D inhomogeneous media is sub
n tbecurrent research. It involves a thorough study of the forw
c-and inverse generalized primary propagaw:: and F;=. More-
iomver, it involves a generalization of the proposed imaging princiy

jusprinciple (in the biangular domain) on isolated reflectors.
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