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Abstract

We present a depth migration method that is based on
double downward extrapolation of seismic data trans-
formed to the source wavenumber and horizontal ray
parameter domain. Initially the data are slant-stacked
along the offset direction for each shot and then orga-
nized into common ray parameter sections (p,). Each
constant p, section is migrated separately in a manner
similar to a post-stack migration procedure, except for
an additional term related to the ray parameter. For a
constant velocity medium we present a Stolt migration
procedure for common p, sections that can be used to
quickly provide depth migrated sections. The prestack
depth migration of ray parameter sections was tested
on 3-D synthetic data and obtained reasonable results
even for a strong lateral contrast velocity model like
the SEG/EAEG salt model. The method leads natu-
rally to implementations on parallel computers and is
computationally efficient making it viable for a velocity
analysis tool in many areas.

Introduction

Prestack depth migration for the large volumes of
data acquired in modern 3D surveys remains a com-
putational challenge even for today’s fastest com-
puters. Phase-shift migration algorithms preserve
the high frequency information in the seismic data
and are exact for all dips when there is no lateral
velocity variation. Here we present a 3-D prestack
phase shift migration method for plane-wave data.
It is computationally efficient and can be easily im-
plemented on parallel computers since each plane
wave section can be independently migrated. We
believe it can be used as part of a velocity analy-
sis tool and will prove useful for 3D data in many
situations.

Prestack phase-shift migration can be de-
scribed by starting with the double-square-root
(DSR) equation of Yilmaz (1979), which in its orig-
inal form requires that all offsets and common-
midpoint (CMP) data be downward continued si-
multaneously. The result of this prestack migration
is a completely migrated section. Some notable
artifacts during the integration along the offset-
wavenumber axis may occur due to sparseness in
offset sampling. Popovic (1993) showed that such
artifacts can be avoided by sub-sampling the offset-
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wavenumber axis without taking into account the
evanescent wave and also presented a method to
downward continue separate offsets by evaluating
the offset-wavenumber integral using the station-
ary phase method. Pestana et al. (1997) has ap-
plied Popovic’s method for migration of common
offset data using the stationary phase method to
correct the non-zero offsets. Alkhalifah (1997) pre-
sented numerically, and through analytical approx-
imations, the evaluation of the stationary point so-
lution for non-zero-offset data.

To migrate sections of constant offset we de-
rive the propagation operator as a function of off-
set. Normally the operator does not have a closed
form solution and the stationary phase solution is
obtained through a numerical procedure or by us-
ing an approximation even for the constant velocity
case. However, for data in the source wavenumber
and ray parameter (Es, Dy,) domain, the propagation
operator has a closed form and it can be applied di-
rectly for each separate common ray parameter, p,,
section (Pestana and Stoffa,2001). Since each ray
parameter section can be migrated independently,
the algorithms we describe are ideally suited for dis-
tributed memory parallel computer architectures,
e.g., PC and workstation clusters.

For the constant velocity case, Stolt’s
frequency-wavenumber migration (Stolt, 1978) is
recognized as a very fast method of doing both
post-stack and prestack migration and it can be
used for migration velocity analysis due to its high
computational efficiency and accurate imaging for
dips up to 90 degrees. In this work we present a
Stolt migration procedure for common p,, sections.

Theory and the Method

Starting from the DSR equation (Claerbout, 1985),
the migrated data for all sources and receivers, as
a function of depth (z) and wavenumber vector,
E, are obtained by multiplying the Fourier trans-
formed recorded wave field D(ES, Eg7 w) by complex
exponentials and summing over frequency:

P(ES7EgaZ) = /dw eiif() kZ(U)dUD(Eg7Es;W)7
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where P is the downward continued field in depth,

D is the input data and e_ifo F= ()47 46 the prop-
agation operator. The coordinates are source
wavenumber vector, ks, receiver wavenumber vec-
tor, Eg, depth ,z, and frequency, w.

The vertical wavenumber, k,, for v(z), the ve-
locity defined as a function of depth, is given by:

" W |

We now introduce a change of variables in the
space domain to go from source and receiver vector
coordinates to source and offset coordinates:

—

Ty =Ty —Zs and a, = I, (3)
where 7, Z,, and &, are the source, receiver and
offset vector coordinates and vector notation & =
(z,y) is used to denote the surface location of the
sources and receivers and k = (kg, ky) is the corre-
sponding wavenumber vector.

In Fourier transform space, the offset
wavenumﬂber vector, EO, and source wavenumber
vector, k;, are related to the source wavenumber
vector, Es, and receiver wavenumber vector, Eg, by

— —

ky=ko and k, =k

N

— Ko. (4)
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Dropping the primes for convenience, the
downward continuation of the data in the offset and
source wavenumber domain is

— ; —

PR,y 2yw) = e o OO DE T W), (5)

where the vertical wavenumber, kz(Es, EO, z,w), is
given by

w? - 2 w? - o
k,=4—— —|ko —— — ks — ko|? .
%2@ . +\/v2<z> e =Rl (0)

The image is obtained by applying the inverse
Fourier transform from wavenumber k , to space,
Z, and from frequency w, to time, t, over the down-
ward continued wave field and evaluating it for t=0
and offset equal to zero (the imaging condition). In
this way we obtain the 3-D prestack migrated data
as

P(Zs,2) = /dEO/dESeiE‘*'f'* /dw P(ES,EO,z,w)
(7)

and the extrapolated data P(ks, ko, z,w) (eq. 5) is
evaluated depth by depth interval recursively using
the mean velocity of each depth interval.

From offset wavenumber to ray
parameter

Substituting p, = k. /w into equation (5) implies a
change in integration variable from k, to p, and re-
sults in the following downward continuation equa-
tion:

—

PRy 2, w0) = ¢ o O DE, v w), (8)

where the vertical wavenumber (eq. 6), is now
given by

w? 9 w? =
kz - 57 N _‘o 57 N
\/Uz(z) JwPol” + \/UQ(Z)

|ks *wﬁo‘z

(9)

and the image is obtained by the following equation

P(Zs,2) :/dﬁo/dl_c’sems'fs/|w| de(Es,ﬁo,z,w).
(10)

Po — k. Stolt migration

For the constant velocity case, we solve eq. (9) for
w:

- v (k2 + |2
2 ko /1 — 0252 + 2 v (Ks.P)

The advantage of such a transformation is that
we can use a fast Fourier transform (FFT) to com-
pute the discretized integral. After the change of
variable from w to k,, the p, — ks Stolt migration
becomes

(1)

—

P(Ks, o, 2) = /dkz e~ =% T D(ks, oy w(kz, ks)),

(12)
where J = J(k.,ks) represents the Jaco-
bian of the transformation from w to k, and
D(ks, o, w(k=, ks)) is the initial data as a function
of the new variable k.

Numerical examples

Dipping Layer model

Initially we test the prestack migration method de-
scribed above for a 3-D model that includes a dip-
ping and a horizontal layer. The constant velocity
value for this model is 1.5 km/s. For the Stolt
and phase-shift migrations we choose (Poy, Do)
constant sections with values of p,, = —.2,.0,.2
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3-D common plane wave migration

sec/km and 11 p,, sections from -.2 to .2 sec/km.
The results and are presented in Figure 1(a) and
1(b), respectively. The migration results with the
Stolt and phase-shift methods present the horizon-
tal layer below the dip layer in its correct position
which indicate that the migration methods pro-
posed here works very well for this synthetic data.

SEG/EAEG salt model

We also applied the prestack migration method
for a volume data with 32 lines from the 3-D
SEG/EAEG salt model. The velocity field of the
lines 1 and 32 are shown in Figure 2(a) and 2(b),
respectively. From the velocity field we generated
675 shots (but only 505 used here) with 61 x-offset
ray parameter sections (poz) from -.2 to .4 s/km
with Apg increment equal to .01 s/km and only one
y-offset ray parameter section (poy = 0.). The Fig-
ures 3 and 4 show the migration results for lines
1 and 32, for the respective p, constant sections.
For Stolt migration we need a velocity equal to 2.0
km/s and for the phase-shift migration the mean
velocity of each depth. The final migrated section
were obtained after stacking all ray parameter sec-
tions. The imaging obtained using the 3-D prestack
phase-shift method of common plane wave sections
even for this data where strong velocities exist be-
tween the salt body and the surrounding medium,
presented the base and top of the salt and others
structures clear and reasonably positioned confirm-
ing the applicability of this new method.

Conclusions

We present a plane wave prestack depth migration
method, where all the sources for each ray parame-
ter section are downward continued simultaneously.
The use of this domain allows migration of each ray
parameter section using a very efficient implemen-
tation of the algorithm and produces good results
within the limitations of the method as confirmed
by the synthetic examples. We tested the method
for data from the SEG/EAEG salt model; the re-
sults show that the base and the top of the salt
are very well positioned. The method is applica-
ble to 2-D and 3-D seismic data and since each
ray parameter section can be migrated indepen-
dently, a parallel implementation using, e.g., clus-
ters, can make the method attractive for routine 3D
use. For constant velocity, our p, — ks Stolt migra-
tion also can quickly produces angle-domain CIG
that can be used locally as part of a velocity analy-
sis. The method developed here could also be used
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to do a 3-D phase-shift plus interpolation (PSPI)
prestack migration (Gazdag et al., 1984). In this
case, each migration would be done with v(z) only
at several spatial positions and then interpolated
to produce the final image result.This is an alterna-
tive approach to the method of full prestack depth
migration presented by Tanis et al. (1998) as an
extension of the original split-step Fourier method
(Stoffa et al., 1990).
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Figure 1: Migrated imaged with velocity equal 1.5 km/s. (a) Po — ks Stolt migration and (b) Po — Ks

Phase-shift migration
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Figure 2: 2-D slice of the 3-D SEG/EAEG salt model. The interval velocity in depth. (a) Line 1 and (b)

line 32
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Figure 3: Stolt depth migration with velocity equal to 2.5 km/s. (a) Line 1 and (b) line 32.
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Figure 4: Phase-shift migration. The vertically varying interval velocity was derived for the mean velocity
in each depth interval. (a) Line 1 and (b) line 32.
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Abstract

Green’s Theorem predicts the wavefield in a medium
from boundary measurements and knowledge of the
medium properties such as wave velocity. All current
wave theoretical methods for predicting the correct
spatial location of reflectors in the subsurface derive
from various forms of Green’s Theorem. When the
medium above the target is complex, current velocity
analysis techniques often fail to yield an adequate
velocity model, which in turn has a detrimental
impact on subsequent imaging. Hence the accurate
location, resolution and identification of targets
beneath complex media (e.g., salt, basalt and karsted
sediments) are high priority and essentially unsolved
problems today.

In this paper, we present a method with the potential
to precisely locate reflectors beneath complex media
without a detailed knowledge of the propagating
medium. In a sense, this method is able to supercede
or override the requirements of Green’s Theorem by
providing an algorithm with the same promise but

with fewer demands. The inverse scattering series is a
direct multi-dimensional inversion method that
achieves all tasks of inversion explicitly in terms of
reference medium properties.

We introduce the purposeful perturbation concept as a
means of addressing the issues most often associated
with series solutions. The algorithm proposed in this
paper is a task-specific inverse scattering sub-series
whose purpose is the location of reflectors in the
subsurface. The convergence and rate of convergence
of the imaging sub-series are examined for the case of
a normal-incident plane wave on a 1-D medium.

Precise prediction from imprecise input

Linear prediction (or, in general, closed-form
prediction) methods typically require precise input to
predict precise output. The archetypical linear

prediction of depthd, from constant velocity, and
travel-timept, is

d=vxt

where given preciseandt, predicts precise distance
(or depth) d.
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Green’s Theorem is another linear relationship
between boundary measurements of a wavefield and
the predicted wavefield in the medium with precise
medium knowledge expressed through the Green’s
function of the mediunG.

Testing imaging methods using synthetic data and the
precise model velocity as input does not actually
address the relevant problem. At the very least,
imaging methods need to be tested using synthetic
data and a velocity model that corresponds to what
would be estimated from the data using current best
velocity analysis techniques. This component of
realism would help focus on the relevant issue,
namely, how do we achieve accurate imaging at depth
given our current ability to estimate the velocity,
especially under complex geologic circumstances?
There are two responses to this challenge: (1) to
significantly improve velocity estimation capability,

and (2) to develop methods that can produce accurate
images at depth without precise velocity. We support
both approaches and this paper represents an effort in
the second category.

The inverse scattering series is the only direct multi-
dimensional inversion that doesn’t assume that the
actual and the estimated reference medium are equal
or that they are close enough so that differences can
be ignored. The reference medium is never updated
and the reference is never assumed to be perfect.
Hence, the method has the potential of achieving
precise inversion goals, and all the tasks associated
with achieving that objective, without knowing or

ever determining the precise medium.

The inverse scattering series never attempts to change
the imprecise input towards precise input; it predicts
precise output directly in terms of the input that is
recognized and anticipated to be imprecise. Since the
removal of free-surface and internal multiples, the
location of reflectors in space, and determining
medium properties are tasks associated with

inversion, the inverse scattering series provides the
opportunity to achieve each of these tasks without
precise reference or migration input information.

Each task has a different sub-series; each has different
convergence properties, and inherent need for
proximity to actual properties and data requirements.



Inverse-scattering sub-series for imaging at depth without determining the propagating medium

In Weglein et a. (2000), a method was described for
extending the inverse-scattering equations to predict
the precise wavefield at depth without knowing the
propagation medium. A second approach is described
in this paper: the inverse sub-seriesis identified that
performs the imaging task of locating reflectorsin
their correct position in space. These inverse-
scattering series concepts represent the only current
candidate with the potential for achieving a precise
spatial map of angle dependent reflection coefficients
(imaging) without knowing, or ever determining, the
propagating medium.

In this paper, the imaging sub-seriesisidentified and
analyzed, and convergence and data requirements are
investigated. Initial analysis points to robust
convergence properties. However, the rate of
convergence appears to appreciate (and benefit from)
astarting model that is proximal to the actual. Hence,
we anticipate that an effective migration velocity
analysis and concomitant depth migration are
important starting points for this methodology. The
data requirement conditions of this sub-series are also
being analyzed (Shaw, 2001). All inverse-series
applications require a good estimate of the source
signature in the water.

The inverse-scattering sub-series for a normal
incident wave on a 1-D medium

For awave normal incident upon a 1-D acoustic
medium, the pressure P(z,w) is governed by

Hd® oo @
Eﬂ?JrCoz(l G(Z))EP 0

where wisthe angular frequency, ¢, isthe
homogenous reference velocity, k = w/c, and V =
K?a. In this context, the inverse problemisto
determine a.

o =a,+a,+... ¥

Thefirst termin the general inverse-series described
by, e.g., Weglein et a. (1997) reducesin this 1-D
case to finding a; in terms of data, Ps.

ik| 2, =2/

P2 ) =[S — Koy (2)Ry (2,092 )

2ik

where Py isthe incident (reference) wavefield, Ps= P
— Po, and z,, isthe location of the receiver. Using this
equation, o, can be obtained from the scattered field
(reflection data) by

P (20 0) 2 € = 0,(2) 3

0 isthe familiar Born approximation for a, and
corresponds to trace integration. Higher terms can be
computed in terms of a;, as described in the above
reference.

__ED 2 i z O
) =5 8@ La@n@@] @
)=~ Ez%(z)az(z) + %al(z)jaz(z)dz

z O
+%a2(z)£a1(z')dz’+---% (5).

Note that Egs. (3), (4), (5) ... are the exact equations
for ay, a,, as, ... . These equations do not represent a
perturbative approximation.

Example
Tz=0
a
¢y
b
Co
Figure 1: Single layer with velocity c;.

For Py = €** and the case of asingle layer with
velocity ¢; (see Fig. 1) and reference co,

=3"% ' '=_01 To (6).
R=cre + R=TWR

To, and T4 are the transmission coefficients going
from medium O to 1 and 1 to O, respectively. We
assume that multiples have been removed and
therefore the data consist of two primaries arriving at
timest; and t,

P.=R3(t-t)+R,3(t-t,) (7)
For this example, Eqg. (3) becomes
o, =4R H(z-a) +4R, H(z-b) ®)
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whereb"=a+¢e(b—a)and e =(cy/ cy). b isthe
pseudo depth that time t, images with velocity ¢g; b’
can be larger or smaller than b depending on whether
Co > Cy OF Cy < €y, respectively (see, eg., Fig. 2).

a b b
——y o——-
1 4
!

Figure 2: The relationship between a and a; for the case ¢q
>c.

The derivative of a; relates to migration with velocity
Co and provides the correct spatial location a and the
incorrect spatial location b’

Computing the second term in the series using Eq.
(4), we have

0,(2) = 8RR, (£(0-2)3(z-5)+R*H(z-2) g
r 2 , D
SRR, +R, H(z-b)g

This provides step functions starting at aand b” and a
deltafunction at b". The step function results from the
a4? (z) while the 3 function results from the separated

contribution that is represented by da.(2) EJZ'OH(Z') 47
daz 4

(seeFig. 3).
ao @@ — H
o, .
_’ (s)
e
Figure 3: Interpretation of the coincident and separated

contributions to the a, term.

For this example, higher termsin the inverse series
provide additional step functions, delta functions and
derivatives of deltafunctions at b”. The order of
derivatives of deltais one less than the number of
separated interactions.

The imaging sub-series

The imaging at depth sub-series corresponds to a
subset of these separated diagrams where at most one
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upward reflection-like scattering and absolutely no
downward reflection-like scattering isincluded. This
subset isillustrated in Fig. 4, where the dots represent
data migrated with Gg, and the lines represent G,. The
sum of these diagramsin Fig. 4 isthe imaging series.

Term Imaging diagram
o —» ®
contributes to (-.‘)
. = o —*
contributes to "
— P op s
an
s 0[O G)/

-y }Dﬂml contributes to (‘")’
® s
Figure 4: The reflector imaging sub-series is the sum of
terms corresponding to these diagrams. Dots represent data

migrated with Gy, and lines represent Go.

Just asthe“W”-diagram in Fig. 5 lead to the first
termin the internal multiple elimination series,
similarly the sum of the diagramsin Fig. 4
correspond to the algorithm for imaging primaries at
the correct depth without the correct vel ocity.

Figure5: Thistype of separated diagram, with a downward
reflection-like scattering, contributes to the removal of
internal multiples and not to the imaging of primaries.

Basically, inverse diagrams that look like internal
multiples remove internal multiples and diagrams that
look like primaries process primaries. This symmetry
between the construction of eventsin the forward
series and the processing of those eventsin the
inverse seriesistruly amazing. More amazing till is
that this carries the possibility of imaging beneath salt
without knowing the velocity.

Understanding how this works

Consider that the moving task is to take the box from
(a, b’) to (a,b) asillustrated in Fig. 6. Hence, since a,

produces the (a, b") box, atask of a, + az + ... isto
construct the b” to b (dashed) box. That box is
H(z-b)-H(z-b)=-H(z-b)-H(z-b)]  (10)

and its Taylor seriesabout z— b’ is
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-%(z-b')(b'-b)+5'(z-b')(b"Tb)z+...
O

Oogd

—
a b' b

Figure 6: Interpreting the task of moving the reflector from
pseudo depth b’ to actua depth b.

Hence the move from false depth b” to actual depth b,
is produced by this Taylor series which in turn relates
tothe d, & in Fig. 4. Equation 10 can be written

|k(z b') w [Ik b'

|kZ

and thus the Fourier transform of Eg. (11) converges
for any finite k(b” — b). For this example, the rate of
convergence of the imaging series in locating the true
depth, b, depends on the product k(b” — b).

dk (11)

Purposeful perturbation: a new concept

There are issues associated with series solutions.
Convergence is one; another isthe rate of
convergence. The classic inverse series papers (e.g.,
Razavy, 1975) focused only on the traditional
inversion objective: identify target material
properties. Typically, without knowledge of the
medium, there is no guidance as to how many terms
arerequired to reach adesired level of accuracy. It
was hot possible to determine the deliberate purpose
of each individual term of the series as they relate to
the single classic inverse objective. This has always
been a drawback when using series methods and it
drives the search for closed form solutions. However,
there are no direct closed-form exact solutions for the
multi-dimensional seismic inverse problem. To
address this dilemma, we have developed a new
concept: purposeful perturbation analysis. By first
separating the process of inversion into tasks and
identifying the location of these tasks within the
inverse-series and, second, identifying the specific
purpose within the task itself that each term in the
sub-series performs, we allow identification of the
specific benefit of each contribution to the inverse
series, totally independent of the nature of the target.
For example, aterm in the inverse scattering sub-
series for eliminating free surface multiples removes

precisely one order of free-surface multiple
completely independent of the depth of the water or
any other property or characteristic of the earth. This
is purposeful perturbation: the action of each termis
identified totally independent of the detail of the
target. The internal multiple attenuating sub-series
also has this purposeful identification. We have
identified an imaging sub-series and are seeking this
purposeful specificity for the imaging sub-series, as
well.

Conclusions

We have provided a sub-series that images at depth
without the precise velocity. For a simple acoustic
model in 1-D, and a normal incidence plane wave, we
have shown that this series converges for all finite
k(b” —b), and the rate of convergence depends on the
product k(b” — b). We are in the process of extending
this analysis to more complex multi-dimensional
earth models and wavefields. Purposeful perturbation
allows us to know the exact benefit provided by a
finite number of terms totally independent of the
specific detail of the subsurface.
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Analysis of the effects of varying the anti aliasfilter in Kirchoff pre stack depth migration
Mark Morford*, Centro Nacional de Procesado Sismologico- Pemex

Summary

It is well known that in any pre-stack depth migration
project the majority of effart is spent building the velocity
model to be used in the migration. In this study, another
important variable, the anti - aliasfilter, was studied. It was
observed that varying the characteristics of the anti- alias
filter had a dramatic effect on the migrated result. This
study will show examples of how this process effects the
seismic response and how it can influence the fina
interpretation.

Introduction

3d pre-stack depth imaging can be very useful inimproving
the seismicimagein complex areas. In this particular study,
Arcos Lgjitas in Mexico, the depth migration was used to
resolve the image beneath a package of low velocity sands
which display low reflectivity and unclear form on the time
migrated section. The RMS velocities from the original
processing were smoothed before the time migration and do
not represent the geology in the area. The ideawas to better
define the interval velocities and apply Kirchoff depth
migration using the new velocities and re- interpret the
section.

In the process of model- building, tests were run with
various apertures, mutes, stretch filtersand anti - diasfilters
in order to determine the optimum migration parameters.
By nature, Kirchoff summation algorithms have aliasing
problemswhich are amplified in the near surface. Also, this
dataset is a land dataset and thus has an irregular
acquisition configuration which tends to increase the
amount of aliasing in the data. In the process of testing
parameters and attempting to optimize the filter it was
observed that the anti- alias filter applied had a dramatic
impact on the resulting image.

Method

The input data for this study included CMP gathers, a 3d
time migrated volume, well velocities and depths, an initial
interpretation of the key horizons in the time domain and
stacking velocities.

Stacking velocities were converted to interval velocities
and used to build an initial velocity model. These interval
velocities were then converted into velocity maps by
extracting along the interpreted horizons. The velocity
maps then were calibrated with the pseudo velocities from
the wells. Pseudo velocities were calculated as
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The interval velocity maps were then used to convert the
time mapsinto depth maps. Having cal culated both interval
velocities and corresponding depths, an initia velocity-
depth cube was constructed.

Using forward modeling it was determined that an aperture
of 2900 meters was sufficient to image the steepest events
in the depth migration. Kirchoff 3d Ere-stack depth
migration was then applied to every 20" crossine to a
depth of 5000m. These crosslines were used as the vel ocity
control lines. The output of this process was CIP gathers
(depth gathers) aswell as a depth stack.

CIP gathers are very useful in refining the velocity model.
Residual horizon velocity analysis was performed using the
CIP gathers as input. The residual moveout semblance isa
measurement of error in the velocity model along the key
horizonsand was interpreted at each CMP location for each
of the velocity lines. These errors were then the used as
input to tomography in order to update the velocity field
before another iteration of migration. Some errors were
found in the velocity model and 4 iterations of the pre-stack
depth migration followed by tomography were necessary to
determine an accurate velocity model.

At this point it was clear that there were imaging problems
in various parts of the dataset. The near surface was very
noisy and there were problems with imaging in the deeper
section. The steep deeps in the area, which define the
border of a sand/gas body were not being imaged properly.
This is shown in Figure 1. We knew that this should be
imaged asit was seen in the time migrated section. Looking
at the gathersin the areait was clear that there was nothing

wrong with the velocity model, as the reflections in the
gathers were flat. Migration tests were then performed
using different apertures and the events were still not

imaged so it was determined that the imaging problems
were not related to the aperture.

Having determined that the aperture and velocities were
adequate it was clear that ancther variable was adversely
affecting the migration image and the conclusion was that
the problem was related to the anti- alias filter that was
applied during the migration process. It is common in the
migration to apply an anti- alias filter to remove artifacts
related to operator, data and image aliasing.



Effects of anti-aliasfilter

Plane waves with a given frequency wy are well- sampled
and not aliased if their slopes are limited within the range
determined by the condition

Ipl < knwg  (1.1)

where pisslope of the plane wave
k »is the Nyquist wavenumber as a function of

spatial sampling ?x

k =71/?x 1.2
Aliasing will take place when the condition (1.1) is
violated because either the dip range is too wide, the
waveform is too high frequency or the spatial sampling is
too coarse(Biondi, 1999). Anti- aias filters that are
typically applied in the migration are basically high- cut
filtersto reduce aliasing artifacts. A stronger filter reduces
more artifacts and thefilter applied is at alower frequency.
Since the aliasing problem is more dramatic in the shallow
section, a strong filter is required to image and reduce
artifacts in the near surface. However, this strong filter
tends to reduce resolution in the data and can destroy
signal, thus it must be applied with caution.

Example

Figure 1 shows typical results from the study area. This
depth migrated section was created using a strong anti-
alias filter. As indicated in the figure, important dipping
events were filtered out. The flank of the reservoir of
interest is not well imaged when the strong filter is applied.

Figure 1. Thisdepth seismic section was created using a
strong filter. Thelower display isthemigration velocity.

Figure 2 isazoom of the same line after pre-stack depth
migration. In the upper section astrong anti- aliasfilter was
applied while the section below it was created with aweak
anti- aliasfilter. There are several significant differencesto
consider. A disadvantage of the strong filter isthat it
reduces the continuity of the high dip flank of the body of
interest. This makes interpretation of the flank more
difficult. On the other hand, the strong filter improves the
deeper section by helping continuity and by accentuating
fault planes and it also reduced noise in the near surface,
thus making interpretation easier and more accurate in
these areas. Thiswasthe case, in al the lines tested. By
contrast the weak anti- aliasfilter does preserve the steeper
dips, but produced a much noisier section and the near
surface events were lost.

Figure2. Zoom of the sections demonstrating
differencesin results dueto choice of anti aliasfilter.
The upper sectin was created using a weak anti alias
while thelower section was created using a strong anti
aliasfilter.

The depth sections in Figure 3 are zoomed displays
highlighting the near surface results. Due to the nature of
Kirchoff migration and the low fdd in the in the near
surface, the upper part of the section in any dataset iswhere
the aliasing effects are usually the most severe. In the
section where a strong anti- alias was applied the datais
more continuous and there are fewer migration artifacts.
The fault planes are a so more clearly defined and easier to
interpret.
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Figure 3. The near surface displaysimprovement in the
bottom section which iswith a strong anti aliasfilter.

Conclusion

Most of the time and effort in a depth migration project is
spent in building the velocity model which is recognized as
critical in producing a good image. In this study it was
shown that a frequently over- looked parameter, the anti -
aliasfilter can also have adramatic effect on the results.
Care must be taken in designing thefilter correctly in order
to preserve the desired image while minimizing artifacts. It
was shown that a strong filter can remove dipping events,
but improve other aspects of the seismic section. Using a
wesk filter in migration tends to produce a very noisy
shallow section and aless continuous section overal. The
results for any particular dataset will vary somewhat and
thus tests should be performed and analyzed with the
interpreter prior to proceeding with a processing sequence.
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Abstract

The importance of seismic reflection in the
exploration work and  petroleum  reservoir
characterization has been greatly increasing. Its
objective is to provide an image from multicoverage
reflection data sets used to interpret a geological
model, creating subsidies for a correct reservoir
characterization. The conventional seismic imaging
method (NMO/DMO stack) is a process that demands
a sufficiently accurate velocity macro-model to
produce correct results. This work describes a
recently developed imaging concept, named the
Common Reflection Surface (CRS) Stack in which
only the near-surface velocity needs to be previously
known. The CRS stacking operator depends on a
stacking triplet parameter that is determinated in an
automatic way through a search and coherence
analysis procedure. For synthetic data set, the
wavefront attributes obtained showed a great
agreement with the expected results. The CRS
method provide, not only a good quality section, but
also important wavefield attributes that can be used
for severa purposes. macro-model  velocity
determination, true-amplitude imaging and layers
characterization.

Introducéo

Cada vez mais, 0 imageamento sismico por
sismica de reflexdo vem ganhando importancia nos
trabalhos de exploragdo e caracterizacdo de
reservatorios, ja que uma melhor imagem estrutural
da subsuperficie permite a correta interpretacéo do
model o geol dgico.

O processamento de dados sismicos é
convencionalmente reslizado em coordenadas de
ponto médio (x,,). Cada trago individual € atribuido ao
ponto médio entre as posi¢des de tiro e de receptor
associados com aguele traco. Esses tracos com a
mesma coordenada de ponto médio se agrupam,
compondo uma familia CMP. Além das familias
CMP, familias de afastamento comum (CO) sdo de
maior importancia. Uma familia CO pode ser
imaginada como uma colegdo de tracos que foram
adquiridos trocando um Unico par fonte-receptor com
afastamento constante ao longo da linha sismica. Uma
secdo de afastamento nulo (ZO) seria 0 caso especid
de uma secdo de CO com pares fonte-receptor
coincidentes (% = 0).

A imagem no dominio empilhado é o resultado
de uma experiéncia hipotética (ja que os receptores
seriam explodidos) onde fontes e receptores sdo

coincidentes, ou sgja, a simulagdo de uma experiéncia
de afastamento nulo (ZO). Pode ser obtida a partir de
dados multicobertura através de métodos, como o
empilhamento CMP e o processamento NMO/DMO.

M étodos par a | mageamento Sismico

Os métodos de empilhamento sismico estdo
baseados em formulas de aproximagdo do tempo de
percurso de um raio de reflex&o na vizinhanca de um
raio de reflex8o fixo, denominado raio central. Na
gquase totalidade dos casos, este raio centrd
corresponde a0 caso de afastamento nulo (raio
normal), com o par fonte-receptor posicionado no
CMP. A diferenca entre o tempo de percurso de um
raio na vizinhanga do raio central (raio paraxial) e
agquele do raio normal é denominado de moveout.

Varias expressdes de aproximagdo do tempo de
percurso existem na literatura. No caso do
processamento CMP, temos o chamado moveout
normal  (NMO) para fontes e receptores na
configuragdo CMP. Pela equagéo 1, percebemos a
forte dependéncia do modelo de velocidades v no
célculo dos tempos de percurso.

4h*®
() =1+ 25 (1)

Ainda na configuragdo CMP, temos a expressao
do tempo de percurso “das hipérboles deslocadas’ do
método PolyStack (de Bazedlaire et. a., 1994). A
equacdo 2 mostra como este método ja trabalha com 2
fatores, a velocidade média v, e ¢,=t,+t, 0 que
melhora a precisdo dos célculos.

4h?
(+r, v 0] =00+ 75 (2)

Para fontes e receptores arbitrariamente
posicionados em torno do ponto central, fugindo,
assim da configuragdo CMP, existem férmulas
cléssicas de tempo de percurso. Gelchinsky (1989)
introduziu uma expressdo de tempo de percurso, no
ambito do método Multifocus de empilhamento.

t=t0+Dt +Dr,
DtY:g €/1+ 2K senbDx, + (K, Dx, ) - 1‘6
Ty vOK@ (3)
GG
D, =—"= G/1+ 2K senb Dy, + (K ,Dx,
— VOK«J sen (K Dx,) -1
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Esta formula (equacdo 3) depende de trés parémetros:
0 angulo de emergéncia do raio norma (b)) e as
curvaturas das frentes de onda (eigenwaves) Ks e K

Empilhamento por Superficie de Reflexdo Comum:

O método de superficie de reflexdo comum
(CRS), objeto deste trabalho, ainda no caso de fontes
e receptores dispostos arbitrariamente em relacdo ao
ponto central, utiliza a férmula hiperbdlica de tempos
de percurso de Eerveny reescrita por Schieicher et al.
(1993) e Tygd et al. (1997) (equagdo 4).

2
2x senb,® 2, cos’b
m 0+ +20 0 (Kmxmz +KN1Ph2) ( 4)

2=+
go Vo 7 Vo
A superficie de empilhamento CRS pode ser
especificada por meio deste operador de
empilhamento que depende de trés parémetros. o
angulo de emergéncia do raio ZO (by) e duas
curvaturas de frente de onda hipotéticas introduzidas
por Hubral (1983), representadas na figura 1. As
frentes de onda de ponto de incidéncia normal (NIP) e
normal (N).

\b onda-N
R,
L

)/;’ﬁ(

0

U,
RNIF

=X

refletor

Figura 1: Os trés paré@metros envolvidos nas
expansdes de tempo de percurso baseadas nateoria de
raios paraxiais (modificado de Mller, 1999).

No aplicativo do WIT, aqui utilizado, este trio
de parametros € determinado de um modo automético
por meio de procedimento de busca e andlise de
coeréncia. O empilhamento CRS fornece, dém da
secdo de afastamento nulo, estes importantes atributos
de campo de onda que sdo (teis para deduzir um
modelo de macro-velocidade, ao contrario do que
ocorre no empilhamento convencional. O operador de
empilhamento gjusta com mais coeréncia os eventos
registrados nos dados pré-empilhados que métodos
convencionais, ja que utiliza pares de fontes e
receptores posicionados arbitrariamente em relacdo ao
ponto central e ndo apenas sSimetricamente a ele,
Ccomo no processamento convencional. Os model os de
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velocidades obtidos pelo método CRS serdo, desta
forma, mais confidveis para uma futura migracdo, por
exemplo.

| familias CMP l

Dado
Multicobertura

Busea em CMP {parfmetro g}

Seciies iniciais : i
segiiv 1,
sepio Kyp 1. Fazendo K=0, encontra 5,

el 1 Us fycalculads em 1, para
Iy encontrar £;

Segiies otimizadas : £k

Calenla: Ky =g/cor(R,)
seciio empilhiada

se¢in B
segin K
woky Otimizagio ¢

Sepdode empilliamento Empilhamenta CRS inicial
coerencla CRS

Figura 2: Fluxograma para o empilhamento CRS. Em
azul sd0 mostrados os fluxos dos dados de entrada.
Em verde aparecem as se¢des obtidas com 0 método.

M odelo Sintético.

Um modelo sintético elastico bidimensional foi
gerado a partir do conceito da teoria do raio,
utilizando o sistema SEIS88 desenvolvido por
Eerveny et PSenéik (1988). Foi também utilizado um
algoritmo desenvolvido pelo Laboratério de Geofisica
Matemdtica (LGM) da UNICAMP, que extra os
valores dos parametros CRS a partir do modelo
eléstico. Comparando o0s parametros tedricos com
aqueles determinados pelo método de empilhamento
CRS, a precis®o da aproximagdo de tempo de
percurso foi testada. Ruido aleatdrio foi acrescentado
aos dados multicobertura para produzir uma relacéo
sina/ruido semelhante & apresentada em dados reais.

O modelo da figura 5 consiste de uma situagdo
geoldgica do tipo talude, cuja geometria, junto com o
forte contraste de impedancia do fundo do mar, gera
dificuldades para 0 imageamento  sismico
convencional.

distancia (km)

a=1,5 kmis

profundidade (km)

@=2,8 km/s

25
a=3,3 km/s

a=4,1 km/s

Figura 5: Modelo sintético.



O empilhamento CRS como detalhado no
fluxograma da figura 2 é entdo aplicado a este dado
sintético. Na primeira parte ocorre a estimativa do
parametro combinado g=cos’a,Ky;», por meio de uma
busca mono-paramétrica nas familias CMP extraidas
dos dados multi-cobertura. A situagdo é semelhante a
uma andlise de velocidade vy automatica
convenciona. O empilhamento CMP automético
produz ent&o o resultado mostrado na Figura 6. A
secdo Empilhada CMP Automética € um resultado
intermedi&rio no procedimento de empilhamento CRS
e é usada como uma aproximacdo de secdo de
afastamento-nulo (ZO), para extrair os angulos de
emergéncia b, e as curvaturas da onda-N Ky,.

B CMP 3

Tempo (5)

Figura 6: Secéo empilhada CMP automética.

A secdo empilhada CRS da figura 7 apresenta
uma maior razdo S/N em comparagédo com o resultado
do empilhamento CMP automético. Esta é uma
indicacdo para o bom auste das superficies de
empilhamento CRS definidas pelos parémetros de
empilhamento iniciais a resposta da reflex@
modelada. Assim, o aumento no nivel S/N é devido a
uma soma ao longo da superficie usando muito mais
tragos para smular cada amostra de tempo ZO. A boa
qualidade da secdo empilhada CRS € observada no
bom imageamento dos eventos de reflexd@o relativos
aos flancos ingremes da zona de talude.

b CMP

Tempo (5)

Figura 7: Secéo empilhada CRS inicidl..
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A Ultima parte do processo consiste na aplicacao
de um agoritmo de otimizagdo. O resultado fina
apresenta uma secdo semelhante & anterior, porém os
pardmetros CRS finals s80 mas precisos,
possibilitando uma melhor inversdo do modelo. Além
das segbes ZO simuladas, 0 método de empilhamento
CRS produz as segBes destes atributos.

As Figuras 8 a 10 mostram uma comparacao
entre os par@metros tedricos, calculados diretamente
do modelo e os otimizados. Pode-se verificar que o
método CRS fornece edtimativas de parémetros
geralmente precisas ha maioria da secéo, destacando-
se 0 angulo de incidéncia. Porém, nota-se que uma
maior dispersdo em alguns pontos, para as curvaturas
das frentes de onda-N e NIP, devido, provavelmente,
a0 programa usado para escolher (picking) os

1 . Anguo da Emargensia i

i o )
-z 1 & i
+
. \ ' ] 1 |
| 5
= 4

o
ey
i

parametros para plotagem.
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Figura 8: Angulo de emergénciab,.
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1039



Curvaturs da fvesto do-cnda NI nterfase 1) Curvatues da Teenie do cnda-NIP inicefaes 33

A e

i

B g e e e o8

0 Curvaturn da frente de onda-NIP dnterfuse 23

P )
[ e

21
# iy .‘_hj‘ .
+ agtaittiti) i
r e, _! w,’:’*?.
. wihiely,
LTt o S»
24 ‘{j:_ra.m»« ;?,
B s
* S

w £ w0 o ™ ) 3

W E
] Fermmsoin)

Figura 10: Curvatura da frente de onda-NIP.

Além da qualidade da imagem, o tempo de
processamento é um fator importante para determinar
0 sucesso de um processo de imageamento. Tempo de
processamento € definido como o tempo tota
necessario para completar um processo. Isto inclui
tempo de CPU e o tempo gasto para agies interativas.
O tempo de CPU depende do hardware usado e da
efetividade do algoritmo implementado. Isto é facil de
medir e comparar. O tempo que 0 USUario precisa para
processos interativos € bastante dificil estimar.
Depende de fatores como a disponibilidade de uma
informacédo a priori e das habilidades e experiéncia do
usu&rio. O hardware utilizado neste trabalho foi uma
estagdo SUN — ULTRA 60, com 2 processadores de
450 MHz e 1 Gb de memdria RAM. O tempo de CPU
para finalizar todo o processo de empilhamento CRS
foi de quase 4 horas.

Conclusdes e Per spectivas.

Como resultado de um empilhamento CRS
obtém-se, dém de cada amostra ZO simulada,
atributos do campo de ondas importantes: o angulo de
emergéncia e os raios de curvatura da frente de onda
NIP e normal. Nao requer, a principio, um modelo de
macro-velocidades prévio, utiliza muito mais tragos
que as familias CMP do empilhamento convencional.
Assim, 0 método CRS fornece uma secdo empilhada
mais limpa, com uma melhor relacdo SIN.

Do ponto de vista de esforco computacional, o
empilhamento CRS Inicial é bastante répido, gerando
boa qualidade da imagem. Se a simulacdo de uma
secdo ZO for o alvo principal, pode ser usado o
empilhamento CRS Inicial, aplicando uma otimizagéo
orientada apenas a determinados objetivos, como em
regibes de maior complexidade estrutural. Por outro
lado, se os parémetros de empilhamento CRS forem
usados como parametros de entrada para um processo
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de inversdo para determinar o0 modelo de velocidades
ou outros propdsitos, sera necess&rio investir mais
tempo de CPU na busca dos melhores parametros
possiveis.

Uma opgéo para a implementacdo do método
CRS comercidmente poderia ser, no caso de um
reprocessamento, a utilizacdo do modelo de
velocidades e da secdo ZO j& obtidos com o método
CMP convencional como entrada para um processo
de busca do angulo de emergénciainicial.
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Abstract

We present a method to obtain a true-amplitude
migration and amplitude-versus-angle (AVA) at se-
lected points using the attributes generated by the
Common Reflection Surface (CRS) Stack. Our ap-
proach combines the CRS stack/inversion process
applied to multicoverage data, together with the
use of a kinematic Kirchhoff migration, to achieve
true-amplitudes (TA) at assigned depth points of
the migrated images. The proposed method con-
sists of the following steps: (i) apply the CRS pro-
cess to the given multicoverage data; the obtained
CRS attributes are next used to produce a simple
macro-velocity depth model; (ii) perform an un-
weighted Kirchhoff migration for imaging purposes
only; for selected points on target reflectors in the
migrated image, we use the macro-velocity model
to determine, by ray tracing, common-reflection-
point (CRP) gathers that belong to the input data;
for these rays, we compute the incident angles and
the geometrical spreadings; (iii) go back to CRP
gathers and compensate the amplitudes for geomet-
rical spreading. The results permit to construct
AVA curves on the assigned CRPs. In summary,
our method is designed to aggregate amplitude in-
formation on selected points of a reflector, after a
purely kinematic image (migration) has been ob-
tained. The method is tested on a synthetic inho-
mogeneous layered model with good results.

Introduction

One of the main objectives of processing seismic re-
flection data for hydrocarbon prospecting is to ob-
tain meaningful images of the geological structures,
in particular reservoir structures in the subsurface.
The geological structures to be imaged are defined
by seismic reflectors.

Kinematical images, in which only the lo-
cation and orientation of the reflectors (with no
regard to amplitudes) are considered, can be
achieved, for example, by efficient Kirchhoff migra-
tion procedures using simple weights or no weights
at all. Kirchhoff migration requires a given macro-
velocity model. Moreover, special methods exist
to combine the migration outputs to update the
model, so as to refine and improve the image. The

final result is, in many cases, a fairly adequate
(kinematical) image of the structures of interest.

The problems that concern us in this paper
is how to aggregate dynamical information (ampli-
tudes) to the obtained image. In fact, the ampli-
tudes are needed essentially on selected points at
key interfaces, where the determination of angle-
dependent reflection coefficients is the most desir-
able information.

According to zero-order ray theory, the ampli-
tude of a primary-reflection event can be described
by

R.
U—Af, (1)

where R, is the angle-dependent reflection coeffi-
cient of the primary reflection ray and 6 is the inci-
dence angle of that ray with respect to the interface
normal. The reflection coefficient is the quantity of
interest to be estimated from the data. The quan-
tity £ is the angle-dependent geometrical-spreading
factor of the reflection ray. It accounts for the am-
plitude variations due to focusing and defocusing of
the energy carried by the ray along its ray path. All
factors which affects amplitudes other than the ge-
ometrical spreading are combined and represented
by overall quantity A in equation (1). The geomet-
rical spreading, £, is generally singled out as one
of the major sources of amplitude distortion in the
observed data. That is the reason why the term
true-amplitude is typically attached to a primary-
reflection amplitude that has been corrected for ge-
ometrical spreading.

In the case of depth migration, the term true-
amplitude (TA) migration refers to the case in
which the migration output equals the observed
amplitudes automatically corrected for geometri-
cal spreading (see, e.g., Hubral et al., 1996). Full
TA algorithms are significantly more expensive and
time-consuming than their kinematic unweighted
counterparts. As another complication, the ac-
curacy requirements on the macro-velocity depth
model are higher for the application of TA migra-
tion than for purely kinematic migration. The flex-
ibility of using migration outputs to update the ve-
locity model is lost when such a heavy migration
algorithm is applied. As a last, and probably the
best, argument against the application of a full TA
migration algorithm to an overall region is that,
in fact, the amplitude information is required only

1041



L

Portugal et al.

on some specific target points or reflectors. Away
from these points, the obtained amplitudes are not
useful.

In this paper, we propose a method to ag-
gregate true amplitudes (i.e., observed primary-
reflection amplitudes after geometrical-spreading
correction) at selected CRPs of interest, after an
image of the subsurface has been obtained. This
image can be, for example, the result of one or sev-
eral kinematic migrations.

Strategy

The kernel of the method is summarized by the
fluxogram shown in Figure 1. Our strategy is
mainly divided in three steps: CRS attribute ex-
traction & macro-model inversion, kinematic imag-
ing through unweighted Kirchhoff migrations and
subsequent geometrical spreading corrections in the
input data.

Multicoverage

Data
CRS Stack l

Kinematic
CRS attribute section Migration
Coherence section T

True amplitude on
Migrated section

ZO simulated section
Layered macro

Geometrical
velocity model

spreading tables

CRS macro
velocity inversion

Figure 1: Fluxogram.

CRS stack. The 2-D common-reflection-surface
(CRS) stack (see, e.g., Miiller 1999), applied to
multicoverage data on a seismic line, is designed
to produce a stacked section (an approximation of
a zero-offset section), together with three auxiliar
sections of CRS attributes and a coherence section.

For each fixed central point (e.g., a CMP loca-
tion of the original data), on which the output trace
is to be computed, the CRS uses a multiparametric
traveltime formula to stack all data that correspond
to arbitrary source and receiver locations in the
vicinity of that point. In this sense, it differs sig-
nificantly from the conventional NMO/DMO stack
(that employs only reflections from CMP gathers)
to achieve much more redundancy with a conse-
quent improvement of signal-to-noise ratio. The
three CRS attributes assigned to each point of the
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stacked section are the parameters of the traveltime
moveout formula. These are the emergence angle
of the normal reflection ray and the wavefront cur-
vatures of the NIP- and N-waves that arrive at that
point. For the definition of the NIP-wave and the
N-wave, the reader is referred to the original paper
of Hubral (1983).

The CRS attributes are extracted upon the
use of coherency analysis strategy directly applied
to the data. The determination of more efficient
and accurate parameter extraction methods is a
topic of active research (Birgin et al., 1999).

CRS macro-velocity model inversion. The
philosophy of the CRS Stack method is to use as
much data as possible during the stacking process.
Therefore, the most relevant events are better de-
fined on the stacked section and available for fur-
ther inversion.

The input data for CRS velocity inversion are
the CRS attributes that refer to those selected tar-
get reflections. Also the near-surface velocity field
needs to be known. In fact, this is already a re-
quirement for the application of the CRS method.

The classical layer-stripping velocity inversion
algorithm of Hubral and Krey (1980) can be recast
in terms use of the CRS, inverts iteratively on the
depth the homogeneous layer velocities and the in-
terface positions. The interfaces are constructed as
cubic splines, which are suitable for further blocky
ray tracing algorithms.

Kinematic image. As soon as the homogeneous
layered velocity model is provided by the CRS in-
version, it is smoothed in order to perform a kine-
matic migration. The traveltime tables are gen-
erated on the fly by the wavefront construction
method, therefore each seismic trace can be mi-
grated independently from each other. To enhance
the signal-to-noise ratio, the final image is built by
stacking all common-offset migrated section, this
section is called stacked migrated section.

Geometrical spreading correction. On the
stacked migrated section, it is possible to choose
depth points on a target reflector. For each one
chosen point, using the approximated homogeneous
layered model, we compute, by standard dynamic
ray-tracing, the traveltimes, the incident angles and
the geometrical spreading factors. These quantities
help to extract a common-reflection-point (CRP)
gather from the original data. For each trace, us-
ing the computed reflection traveltime, we can pick
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the amplitude, which is multiplied by the corre-
sponding geometrical spreading factor. Applying
this successively for all traces in the CRP gather,
we obtain the desired AVO/AVA curves.

Synthetic example

The synthetic model, depicted in Figure 2, is com-
posed by four layers separated by smooth inter-
faces. The first and fourth layers are homogeneous
with constant compressional velocity of 2.0 km/s
and 2.7 km/s, respectively. The second and the

0
) 2.6
3
= 24
<
a
A 2.2
2
0 4 8
Distance (km)
15
= 1
g 1.4
=
3 3 13
a
4 1.2
0 4 8

Distance (km)

Figure 2: Velocity model for synthetic data. Top:
compressional velocity. Bottom: shear velocity.

third layers are inhomogeneous, and their veloci-
ties are composed as a linear combination of the
velocity just below the upper interface of the layer
and the velocity just above the lower interface that
bounds the layer. For those layers, the compres-
sional velocity varies from 2.2 km/s to 2.4 km/s
and from 2.5 km/s to 2.55 km/s, respectively. The
shear velocity in each point of the model is the com-
pressional velocity divided by v/3, and the density
is unitary in the whole model. The multicoverage
data is composed by 501 common-source experi-
ments, where the sources are 20 m spaced. Each
CS section has 151 receivers 20 m spaced. The ra-
tio signal-to-noise in the data is 7:1. Figure 3 shows
a typical common-offset section.

Each common-offset section was migrated sep-
arately, and then stacked to generate a stacked mi-
grated section, depicted in Figure 4. The veloc-
ity model employed on the migration process (Fig-
ure 5) was obtained from the CRS attributes by

Midpoint coordinate (km)
0 2 4 6

Figure 3: A typical common-offset section for the
offset 1500 m.

the inversion process briefly describe above. Note
that the inverted model is as accurate as possible,
since only homogeneous layers could be inverted.
Using this kinematic image we have chosen a
point locate on the second interface to analyze the
amplitude variation (AVO and AVA curves). Fig-
ures 6 and 7 show the CRP section and the AVO
and AVA curves for the selected point, respectively.

Distance (m)
00%000 4000 5000 6000 7000

/\

1500-

1

2000-

2500-

Depth (m)

3000-

3500-

Figure 4: Stacked migrated section.

Conclusions

We have presented a method which provides a
complete process to obtain AVA curves for chosen
points on target interfaces. It is mainly composed
by three steps: (i) construction of a layered macro-
velocity model by using CRS attributes (obtained
from the multicoverage data); (ii) kinematic migra-
tion of data using that macro-velocity model; (iii) a
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posteriori correction of amplitude of chosen points
on the migrated section (using traveltime, reflec-
tion angle and geometrical spreading computed on
the approximated model). The numerical results
are encouraging, concerning accurancy and com-
putational effort. As a next step, further tests in
real data will be carried out.

0

; 26
€
< 5 24
<
[oR
g 3 2.2

4

2
0 4 8

Distance (km)

Figure 5: Compressional velocity model obtained
by the CRS inversion algorithm.

Offset (m)

1000 1500

2000

Figure 6: CRP section for the selected point on the
second interface. The red tube confines the region
where the picking process was carried out. This
region was found out by the traveltime estimation
that came out of the modelling process.
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Deepening the use of time migration

Carlos A. Cunhal and Andre Romanelli Rosa'

Abstract

We describe an imaging method based on Kirch-
hoff integral which can be defined as an interme-
diate process between time and depth migration.
If we take the first two terms of the Taylor ex-
pansion of the velocity field associated with a sin-
gle diffraction, it is possible to analytically con-
struct the diffraction surface related to a point
diffractor inserted in a constant velocity gradient
medium. Selected exemples ilustrate the potential
of the method, as well as the steps required to build
the migration velocity-gradient field.

Introducao

Apesar de a migragdo pré-empilhamento em pro-
fundidade ja ser uma técnica madura e amplamente
difundida na industria do petrdleo, boa parte dos
dados processados hoje em dia sdo ainda migra-
dos em tempo, embora antes do empilhamento e
ndo mais apds, como era pratica comum durante a
década de 80. A principal razao para isto estd no
esforgo requerido (néo apenas computacional, mas
também humano) para obter o modelo de veloci-
dade adequado para produzir uma imagem nitida
e precisa da sub-superficie. A migracao em tempo,
em grande parte dos casos, é capaz de produzir uma
imagem de qualidade similar & obtida em profun-
didade com um esforco significativamente menor.
Uma das formas de diferenciar estes dois “tipos”
de migracao (tempo/profundidade) estd na forma
como o operador de extrapolagao do campo de
ondas registrado incorpora o campo de veloci-
dade representativo das rochas em sub-superficie.
Enquanto a migracdo em profundidade trabalha
com um campo de velocidades complexo, com
definicdo detalhada das velocidades locais (inter-
valares) de propagacao, a migragao em tempo “enx-
erga” apenas o efeito cumulativo (ou médio) das
rochas atravessadas pela onda em sua trajetoria de
ida e volta entre a superficie e as diversas interfaces
refletoras.

Na migracio em profundidade os tempos de
transito associados a uma difracao sao obtidos pela
integral de trajetdria da vagarosidade da fonte ao
difrator e deste ao receptor. Para o caso da mi-
gracao em tempo tradicional, assume-se uma ve-

TPetrobras S.A., Brasil

locidade tinica para focalizar um ponto difrator, ou
seja, procura-se definir um meio homogéneo cuja
difracdo gerada melhor aproxime (segundo algum
critério definido) a difracao gerada pelo meio het-
erogéneo real. Dependendo do tipo de parame-
trizagdo utilizada para descrever uma difragao, a
velocidade estimada de propagacao do campo de
onda gerado por um ponto difrator M (rg) serd
dada por

v(ro;r) = v(rp) — migragdo em tempo,
v(ro;r) = v(r) — migracao em profundidade

onde rg = (x0,¥Y0,20) corresponde a posicdo do
ponto difrator e r = (z,y,2) as coordenadas do
meio no qual a onda se propaga. Teremos para o
caso de afastamento nulo entre fonte e receptor que
a cinematica da difracao real é aproximada por um
hipérboléide no dominio (z,y,t).

O caminho natural para se construir um processo
intermedidrio entre caracterizar a difracdo com
uma velocidade tinica ou através de um campo de
velocidade com variagao ampla é a introducao de
um campo com gradiente constante de velocidade.
Neste caso, a velocidade de focalizagdo de um
ponto difrator M (rg) passa a ser dada pelos dois
primeiros termos da expansao de Taylor do campo
de velocidade em torno do ponto difrator

v(ro;r) =v(ro) + g(ro)  (r —ro)  ou seja,

v =19 + gz(x—0) + gy (Y—Y0) + 9-(2—20)

Neste tipo de meio a trajetéria dos raios é de-
scrita por um arco de circulo e tanto esta quanto o
tempo de transito possuem solucdo analitica (Slot-
nick, 1959). Deve-se notar que a curvatura do
raio introduzida como mais um parametro na de-
scricao cinematica implica ndo apenas em um maior
grau de liberdade para aproximar a superficie de
difracdo no dominio (z,y,t) como também na pos-
sibilidade do imageamento do difrator nao ficar re-
strito & vertical abaixo do topo da difragdo. Fica
claro que, embora geneticamente préxima a mi-
gracao em tempo, a introdugao do gradiente leva a
uma migracao que se enquadra plenamente no con-
ceito de migracao em profundidade. A difracao sera
imageada em algum ponto ao longo do raio im-
agem que atravessa verticalmente a superficie na
posicao do topo da curva de difracao.

1045



)

Cunha & Rosa

Cinematica com gradiente

De forma similar as migragoes Kirchhoff tradi-
cionais no dominio do offset comum, uma amostra
de saida (ponto difrator) é obtida a partir da
integracdo das amostras do cubo de offset co-
mum de entrada que se encontrem sobre a su-
perficie de difracdo. Uma amostra com coorde-
nadas [zo,¥o, 20] no cubo de saida receberd con-
tribuicao de um trago de entrada no tempo t dado
por t = ts + t,, onde t; = tempo de transito do
difrator a fonte e t,, = tempo de transito do difrator
ao receptor. O processo de obtencao destes tempos
é descrito a seguir.

Primeiro obtem-se o plano & que contém simul-
taneamente o ponto difrator ro = (zo,%0,20), O
ponto da fonte rs = (zs,ys, 25) € ainda o vetor gra-
diente de velocidade g = (gz, 9y, 9-). A partir deste
plano, do vetor gradiente e do ponto difrator define-
se um novo sistema de coordenadas com origem em
[0, Yo, 20], direcdo 2’ coincidente com a diregao do
gradiente, diregdo =’ perpendicular a z' e contida
no plano ¢', e direcao 3y’ perpendicular ao plano.
Neste sistema de coordenadas, sao utilizadas as
equacoes vialidas para descrever a cinemadtica de
meios com gradiente vertical de velocidade (Slot-
nick, 1959; Telford et al. 1976). Sao obtidos assim
os tempos de transito, angulos de chegada e partida
e a distancia percorrida pelo raio.

Analise de velocidade-gradiente

Um ponto chave para a implementacao do método
é naturalmente o processo de estimativa dos
parametros que definem o modelo de velocidade
a ser usado na migracdo. A andlise de veloci-
dade em profundidade se torna impraticdvel de-
vido ao movimento vertical do evento analisado
para diferentes velocidades e gradientes. Partic-
ularmente importante na escolha do par [vg, g.]
é a andlise de fatias de profundidade constante
do cubo de coeréncia medida ao longo do offset
[Coe(vo, gz, z)] que fica inviabilizado pela mobili-
dade vertical do evento. Para piorar a situacgao,
observa-se que o evento se move também na hor-
izontal em funcdo dos parametros vy e g,. Es-
tas dificuldades no entanto podem ser contornadas
utilizando-se o conceito de raio imagem (Hubral,
1977). Considerando-se — para um meio com gra-
diente definido — o raio que parte do difrator e chega
verticalmente a superffcie, realiza-se uma, trans-
formacao de coordenadas da profundidade z para
o tempo 7 medido ao longo deste raio. O procedi-
mento para este tipo de andlise é exposto a seguir
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para o caso 2-D com gradiente na direcao x.

e O ponto escolhido para a andlise (z4,7,)
refere-se a uma posicdo fixa na superficie,
apartir da qual é tragado um raio imagem. O
ponto atingido pelo raio no tempo 7 define o
ponto difrator (xo, 20) a ser usado como origem
para os raios envolvidos na analise. As coor-
denadas desta origem variam em funcao da ve-
locidade e do gradiente analisados.

¢ O ponto de referéncia para o par (vo, g.) inter-
pretado é também a posicao (x4, 7).

e O resultado final da andlise é uma tabela
de pontos interpretados representados por
Uo(xaaTa) € gz (xaaTa)-

Tanto a andlise de velocidade quanto a prépria mi-
gragao realizadas segundo este conceito de raio im-
agem constituem na verdade uma forma de im-
ageamento em tempo, onde o difracio colapsada é
posicionada verticalmente sobre o topo da difracao.
Esta versao em tempo da migracao com gradiente
pode ser expressa de uma forma bem mais simples
a partir de uma extensao da equacao cinematica
da dupla raiz quadrada para gradiente zero, com
as velocidades dadas por

Vos = o+ gu(To—75)/2 (1)
Vor = o+ gu(To—17,)/2 (2)

onde g, and ty definem a posi¢ao do ponto difrator,
t é o tempo onde a curva de difracao intercepta o
trago com coordenadas de fonte e receptor dadas
por zs e T, respectivamente e vy e g, sao a ve-
locidade e gradiente também na posicao do ponto
difrator.

Caso se deseje migrar o dado em profundidade a
partir dos dados interpretados em tempo, torna-
se necessario mapear os pares [vg, g.] do dominio
(£4,74) para o dominio (zo, 2), novamente através
do raio imagem. A interpolacido espacial destes
pontos deve ser realizada com mais cuidado que
a interpolacao em tempo devido ao maior grau de
irregularidade observada apds esta transformagio.

Alguns exemplos ilustrativos

Para testar a sensibilidade deste método de im-
ageamento aos parametros envolvidos no processo
foram gerados dados sintéticos 2-D pelo método
Kirchhoff utilizando-se um modelo (denominado
Modelo 1) constituido por um refletor plano a 500
metros de profundidade em um meio com gradiente
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horizontal de velocidade g, = 0.5 Hz e velocidade
na posicao de referéncia igual a 2000 m/s. Os off-
sets variam de 0 a 1180 metros.
Estes dados foram migrados com diferentes valores
de velocidade de referéncia vy e diferentes valores
de gradiente horizontal g,. Os painéis na figura 1
mostram um mesmo CRP migrado com diferentes
valores de gradiente para uma velocidade fixa (es-
querda) e diferentes valores de velocidade para um
gradiente fixo (direita). Esta ultima é equivalente a
uma analise de velocidade convencional. Fica claro
nestas figuras que apenas a migragao realizada com
os valores corretos de velocidade e gradiente foi ca-
paz de adequadamente imagear o refletor para to-
dos os offsets.

Para determinar o efeito da correcdo indevida dos

gradiente_horizontal(1l/s) velocidade(m/s)
1.5 2 1600 1700 1800 1900 2000

S0 Sv'0 v

(s)odway

SG'0

90

g=0.0s"1

v0=2000m/s

Figure 1: ESQUERDA: registros associados a um
CRP migrado com uma mesma velocidade de re-
feréncia vo = 2000 m/s e cinco valores diferentes
de gradiente horizontal de velocidade. DIREITA:
registros associados a um CRP migrado com um
mesmo gradiente horizontal de velocidade g, =
0.0Hz e diferentes velocidades de referéncia.

CRPs na imagem final obtida pelo empilhamento
dos diversos offsets foi gerado um novo modelo
(Modelo 2), consistindo de um refletor plano a 700
m de profundidade com um canal em forma de “V”,
inserido num meio com mesmas caracteristicas de
velocidade e gradiente do modelo 1 e gerados dados
sintéticos pelo método Kirchhoff.

Estes dados foram migrados em tempo com o
método Kirchhoff convencional (difragdes com
velocidade constante), utilizando-se para cada
posicao de saida uma velocidade diferente definida
a partir do gradiente de velocidade correto, ou seja,
cada difrator é imageado com uma velocidade difer-
ente porém constante. A figura 2 contém quatro
painéis referentes a aplicagdo da migragdo acima
descrita com diferentes valores da velocidade de
referéncia. O quinto painel corresponde a mi-
gragao em tempo através do método Kirchhoff com

gradiente usando-se os valores corretos para veloci-
dade de referéncia e gradiente, enquanto o sexto
painel corresponde a versdo em profundidade desta
migracdo. A andlise destes painéis mostra clara-
mente que aimagem obtida com o método proposto
¢ mais nitida e com melhor fase que as demais, além
de possibilitar uma estimativa mais correta da ve-
locidade do meio.

falra

Vp=1700m/s Vg=1800m/s
Vp=1900m/s V=2000m/s

Vo= 2000m /s(g=0.5Hz) Vo= 2000m/s(g=0.5Hz)

Figure 2: Os quatro painéis de cima mostram os re-
sultados do empilhamento da migracao em tempo
dos dados sintéticos gerados a partir do Modelo 2
utilizando-se o método tradicional (sem gradiente)
de Kirchhoff com diversos valores da velocidade de
referéncia. O painel de baixo & esquerda corre-
sponde a migracido em tempo (raio imagem) com
o método aqui descrito usando-se o gradiente de
velocidade correto, enquanto o painel de baixo a
direita corresponde & versdo em profundidade da
migracao com gradiente.

Aplicacao a dados reais

O método foi aplicado a dados de &guas pro-
fundas da bacia de Campos, numa regido com
ocorréncia de didpiros salinos. A anélise
de velocidade/gradiente-horizontal foi realizada
através de um procedimento semi-automatico. Ini-
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Depth Imaging using FTG Gravity and
Pre-Stack Seismic Depth Migration: Case
Studies from the Deepwater Gulf of
Mexico

Holly Huston, Hunter 3-D Inc., Craig Barker and
Mary Murphy, Unocal Deepwater USA,

Jonathan Finstuen, Unocal do Brasil, and Elizabeth
Johnson, Unocal E&P Technology

Abstract

In the deepwater GOM, allochthonous salt bodies
obscure seismic imaging of deeper geologic features.
Gravity and full tensor gradient (FTG) data, which
respond to the significant density contrasts associated
with the salt bodies, are highly useful when
integrated into the pre-stack depth migration
(PrSDM) imaging workflow for sub-salt targets. In
this paper, we will discuss:

*  What isFull Tensor Gradient (FTG) data?
e Why isitimportant?
e How do we useit for depth imaging?

e What improvements have been realized when we
incorporate FTG data into depth imaging in the
Deepwater GOM, and what factors enabled high
quality results?

Full Tensor Gradient Data

Bell Geospace's Full Tensor Gradient system
measures small variationsin the 3D gravity field. For
the nine tensor components, five independent
components are processed in the gradiometer system.
The sixth component is computed from two of the
others using LaPlace' s equation, while the other three
tensor components can be determined using tensor
symmetry. The FTG data offer higher resolution and
greater fidelity compared to conventional marine
gravity data. FTG data contribute to a detailed picture
of the edges, shapes, and approximate depth to
dominate mass anomalies shallower than 18,000 ft.
Traditional gravity data is also acquired and utilized
inour FTG projectsto model deeper density sources.

M ethodology

In order to produce timely, superior depth images for
our deepwater sub-salt targets, our workflow has
multiple stages and involves interaction between the
seismic interpreter, potential fields interpreter, and
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seismic processor. In the deepwater Gulf of Mexico,
gravity anomalies are generated from many different
geologic sources at a variety of depths, with
overlapping wavelengths. Constrained modeling is
the most effective way to isolate the density sources
and to focus on anomalies critical to salt imaging. We
use available well control, 3-D and 2-D seismic
derived surfaces, seismic velocities, and regional
gravity and magnetic data to construct a complex,
constrained, 3-dimensional target-oriented geologic
model, which is modified at each stage during
PrsSDM. Forward Free-Air gravity and FTG
components are calculated from the model and then
subtracted from the observed data. The resulting
residual anomalies indicate where mass needs to be
increased or decreased within the density model.
Horizons from inverse and forward gravity / gradient
modeling are fed back to the seismic interpreter to
produce a more accurate velocity model for the next
iteration of the workflow.

We begin  with a comprehensive
understanding of the regional gravity field. Through
2D and 3D modeling, we account for the gravity
anomalies generated by the Moho, the boundary
between lower and upper crust, basement structure
and lithology, and autochthonous salt. The basement
model is constrained by high-resolution magnetic
data and detailed profile analyses of these data.
Additionally, regional seismic horizons constrain
broad gravity anomalies generated by the Cretaceous
and shallower section.

The target-oriented models start with key
horizons interpreted from post-stack depth migrated
data and a density-depth function from the nearest
well is used for the sediments above allochthonous
salt. Mgor differences between the model and the
observed gravity data are analyzed with both forward
and inverse modeling of gravity and computed
gravity gradients. Once a PrSDM velocity model is
built for imaging the top of allochthonous salt, the
sediment velocity volume is converted to densities.
This density volume is incorporated into the model
and the gravity data are used to help define the top of
salt where PrSDM has failed to image the reflector.
At this stage, we often incorporate FTG data in order
to resolve residual gravity anomalies generated by
errorsin the top of salt and sediment model. Once the
top of salt surface is constrained, the velocity model
is flooded with salt velocities below for imaging the
base of alochthonous salt. The seismic interpreter
picks areas of high confidence for the base of salt,
while the gravity and FTG data are used to help
interpret base of sat where depth migration (salt
flood stage) has failed to image a reflector. This
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integrated surface is then used to re-build and
constrain a new velocity model for the sub-salt
sediment vel ocity flood.

Case Studies

Our case studies in the Keathley Canyon and Walker
Ridge OCS aeas demondstrate  significant
contributions of FTG data to PrSDM. These
examples include identification of recumbent salt
overhangs and steeply dipping salt/sediment
interfaces, definition of lateral contacts between salt
and a high velocity shale mass, and improved
imaging of top and base salt reflectors that confirm
the original FTG interpretations. Many of these
model improvements would not have been defined
without the superior resolution of FTG data
However, high quality regional gravity and magnetic
data are essential in order to reduce ambiguity in the
complex 3-D geologic model.

Our method has been applied to a number of
areas, and is now routinely used for PrSDM projects
in the deepwater GOM. The results vary from
producing major changes in the velocity model to
confirmation of the original seismic interpretation
with an independent data set. We have plans to apply
this iterative methodology to overseas depth imaging
problems, even when FTG data is not yet available.
The methodology would be uniquely suited to
offshore Brazil, where salt features contribute to
similar imaging problems.

Conclusions

The following factors have contributed to the quality,
cost effectiveness and timeliness of our successful
integration of FTG datainto the PrSDM process:

* Regional 2D gravity data and seismic horizons
are used to build and constrain the density model
beyond the target volume, rather than
mathematically filtering the gravity data.
Aeromagneticsis used as an additional constraint
for the regional.

 We invest additional time and expense to build
an  FTG-constrained, detailed, sediment
velocity/density cube only when earlier models
are deemed inadequate, and only after the
longer-wavelength anomalies in the 2D gravity
data have been honored.

* Multiple iterations of the 3D density model over

the target area provide “fit for purpose” models
at each stage of the velocity model building
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process. This enables the FTG data to have a
direct impact on the quality and the cycle time of
the velocity modeling, thus supporting superior

depth imaging.



7CISBGf/TS9

Efficient Kirchhoff migration in the presence of strong anisotropy

Gambito*, G.,UFPA, german@ufpa.br;
Costa, J.C., UFPA, jesse@ufpa.br,
Cruz, J.C.,UFPA, jcarlos@ufpa.br
Araujo, M.S.B, UFPA, silvino@ufpa.br.

Abstract

A Fast marching eikonal solver for the exact disper-
sion relation in anisotropic media allowed us to im-
plement efficiently Kirchhoff migration in the pres-
ence of strong anisotropy in 2-D. There is no restric-
tion relative to the symmetry class except that we
assume the propagation in a plane of symmetry. The
principal axis of anisotropy can have arbitrary orien-
tation relative to the coordinate system. The algo-
rithm is applied to zero-offset synthetic data gener-
ated with elastic anisotropic finite difference code.
The effect of anisotropy on the migrated section is
evaluated by migrating the same data set with an
elliptical anisotropic model and an isotropic model.

Introduction

The need of anisotropic models for better seis-
mic imaging is a reality today (Gray et al., 2001).
Migration in the presence of anisotropy has been
implemented using several approaches in the recent
literature. Dong & McMecham(1993) proposed a 3-D
reverse-time migration for elliptically anisotropic
velocity models with the restriction that the principal
axis of the ellipsoid be oriented along the coordinate
axes. Phadke et al (1994) proposed a 2-D downward
continuation extrapolator for elliptical media also.
Ball (1995) performed a prestack migration of a real
data set using Kirchhoff migration assuming weak
transversally isotropic (TI) models. Alkhalifah (1995)
presented a Gaussian beam algorithm for TI media.
We developed a fast marching (Sethian, 1999) eiko-
nal solver for the exact dispersion relation in anisot-
ropic media in 2-D. The efficiency of the algorithm is
used to compute diffraction stack curves for
Kirchhoff migration. A fully elastic and anisotropic
synthetic data set generated using finite differences is
used to evaluate our implementation. In order to
evaluate the anisotropic velocity, the synthetic data is
also migrated with an elliptically anisotropic model
and an isotropic model. The distortions of the mi-
grated images are more dramatic when the principal
axis of anisotropy is not aligned with the coordinate
axes. In this case reflectors are mispositioned verti-
cally and laterally. The elliptical model, though pro-
ducing a better image than isotropic velocity model
cannot correct these defects when the anisotropy is
strong.

Anisotropic Eikonal Solver

We implemented a fast marching eikonal solver for
the exact dispersion relation in 2-D, i.e., assuming
that the propagation occurs in a symmetry plane. The
dispersion relation in this case is

F(s) =0, - DTy - 1) - r123 =0, (1)
where
L, = a11S12 + a55532 +2a,58,8; ,

_ 2 2
[y = asssy + agsy + 2as58,85 ,

I = a15S12 + a3ss32 + (a3 + ass)s,s5

I'; are the entries of the Christoffel matrix, a,, are the
density normalized elastic constants in reduced nota-
tion and s; are the slowness components (Musgrave,
1970).

The fast marching scheme (Sethian, 1999) warranties
the unconditional stability and causality of the algo-
rithm for arbitrary velocity contrasts. A binary heap
keeps a computational front, the point with the mini-
mum travel time on the computational front is select
to advance the wavefront using the exact dispersion
relation to compute diffractions, head waves and
plane wave events and chooses the fastest. Newton-
Raphson (Iserles, 1996) iterations are used to solve
the dispersion relation (1) starting from elliptical
anisotropy approximation.

The model and synthetic data

The model we use to present the eikonal solver and
the Kirchhoff migration is presented in Figure 1,
which also shows the traveltime contours for a source
located in the anisotropic layer. The density in kg/m’
units and the elastic parameters in GP of each layer
are in Table 2.

Table 1. Density and Elastic parameters of the Model

Layer 1 2 3 4

Dens 2300 2420 2500 2200

Cu 14.375 29.163 | 30.625 | 36.000

Cis 4.792 12.754 [10.208 12.000
Cis 0.000 | -4.905 0.000 0.000
Cs; 14.375 | 22.418 |30.625 36.000
Css 0.000 | -0.936 0.000 0.000
Css 4.792 8.809 [10.208 12.000

The layer 2 only is anisotropic and has parame-
ters close to the Mesaverde Shale presented in Thom-
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Thomsen(1986). Its Thomsen parameters for the
untilted model are = 0.36, = -0.10 and y= 0.480.
The synthetic data set was computed using a fully
elastic finite difference code. The zero-offset section
presented in Figure 3 was generated using the explod-
ing reflector model and a volume injection source was
used to minimize S waves. The source signature is a
Blackman-Harris with dominant frequency of 50Hz.
The grid spacing is 2m and absorbing boundaries
were applied at the lateral boundaries only.

Kirchhoff Migration

We used the stacking integral presented by
Schleicher at al. (1993) with unit weight function.
The migration integral in this case is

VM) = [d&0" 2w Gt) ey @
Q

where Q is the sources and receivers domain which
is parameterized by &, M is a point in the migration

domain and a'f,z indicates the anticausal half deriva-

tive, u.(E,f) is the recorded vertical component of the
displacement field, 7, (§,M) is the diffraction stack
curve computed using the eikonal solver and V(M)
represents the depth migrated image at M.

Three velocity models were used for migration.
The only difference in these models is the qP-
slowness curve for layer 2; the other layers have the
same elastic parameters used to produce the synthetic
data set. The first velocity model uses the exact ani-
sotropic constants. The second model uses an ellipti-
cal approximation and the third model is isotropic.
The P-slowness curves for layer 2 for each of these
models are in Figure 2. The migration with the exact
anisotropic model was four times slower than the
migration using the isotropic model. The migrated
images are presented in Figures 4. The results show
mispositioned reflectors below the anisotropic layer
when anisotropy was not correctly taken into account
as we can see mainly at locations A, B and C in figure
4. Elliptical approximation produced better results the
isotropic model but still was not enough to correctly
delineate the reflector below the anisotropic region.

Conclusion

We implemented Kirchhoff depth migration using an
efficient exact eikonal solver in anisotropic media.
Application of the algorithm to synthetic data shows
that, in the presence of strong anisotropy, isotropic
migration performs poorly producing strong distor-
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tion of reflectors below the anisotropic layer. Elliptic
approximation though producing better results than
an isotropic model is not enough to produce accurate
images.
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Figure 1. Layered model used for generate the synthetic data. Figure 2. P-Slowness for the layer 2 used for migra-
Only the layer 2 is anisotropic. The traveltime curves are com- tion. The red curve is the exact qP slowness curve for
puted using the anisotropic eikonal solver. layer 2. The blue curve is the elliptical approximation

and the black curve is the isotropic approximation used
for migration. The slowness values are in s/km.
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Figure 3. Zero Offset section generated by finite differences using the exploding
reflector model. Volume injection sources were used to minimize S-waves.

1053



£

Migration in the presence of strong anisotropy

Distance (km)
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6
o1 [ W
o MRS pr 11
~ V. rrr Y ‘r
s A\
=
204
a
0.5 r(r
0.6 1
Bttt | |
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6
o M l l
oo o T o
E 0-3 . [ [(' ' A'
= 03
204
S 05
0.6 »)
ITTER | |
0 0.2 0.4 0.6 0.8 1 1.2 14 1.6
0.1 i
o I
~ U. 4 144 y
g A
2 03 g il
=
204 ‘
a 0.5 i M’ w
0.6 I

Figure 4. Kirchhoff migration results for the three velocity models. On top the migration using the exact anisotropic
model. In the middle the migration result using elliptic approximation on the anisotropic layer. On bottom is the
migration using the isotropic approximation indicated on figure 2. The solid line indicates the correct reflectors
position. The locations A, B and C indicate differences on the migrated images.
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Abstract

In conventional processing, the classical algorithm
of Hubral and Krey is routinely applied to extract
an initial macro-velocity model that consists of a
stack of homogeneous layers bounded by curved
interfaces. Input for the algorithm are identified
primary reflections together with NMO velocities
derived from a previous velocity analysis conducted
on CMP data. This work presents a modified
version of the Hubral and Krey algorithm that is
adapted to advantageously use previously obtained
CRS attributes as its input. A simple synthetic
example is provided to illustrate and explain the
implementation of the method.

Introduction

The CRS method (Birgin et al., 1999) is a recent
technique that is becoming an alternative to the
conventional seismic process, presenting promising
results concerning the generation of simulated zero-
offset sections. The CRS parameters give, in addi-
tion to a better stacking, more information, which
can be applied to produce a more reliable velocity
model that can be used for further imaging pur-
poses such as depth migration.

This is what our work intends to do: once we
have already made an effort to estimate the CRS
parameters to construct a clean simulated zero-
offset section, we shall immediately be in the posi-
tion of inverting a macro-velocity model.

Hyperbolic Traveltime and CRS parame-
ters. The hyperbolic traveltime expression re-
lates the traveltime of two rays. One of them is
taken as a reference ray and is called central ray.
When this central ray is taken as a normal ray at
Xy (see Figure 1), the formula becomes

22, sin 2
Bo ) N

TQ(SL'm, h) = to —+
Vo

Qto COS2 ﬁo

(Kn 22, + Knip h?),
Vo

with 2, = (z¢ +25)/2 —x0 and h = (xg — xg)/2,
where zq is the coordinate of the central point, xg
and xg are the horizontal coordinates of the source

and receiver pair (S,G) near Xy, to is the zero-
offset traveltime and fy is the angle of emergence
at the zero-offset ray with respect to the surface
normal at the central point Xy. The quantities K
and K pnrp are the wavefront curvatures of the N-
wave and the NIP-wave (Tygel et al., 1997), re-
spectively, measured at the central point Xg3. The
traveltime formula above is on the kernel of the
CRS method. Therefore, those three parameters,
Bo, Kn and Knyp are called CRS parameters.

N-wavefront

NIP-wavefront G

Figure 1: CRS Parameters for a normal central ray
Xo NIP Xj: the emergence angle 3y and the NIP-
and N-wavefront curvatures. ¥ is the reflector, X
is the central point coordinate, and S and G are
the source and receiver positions for a paraxial ray,
reflecting at R.

The Hubral & Krey algorithm

Our inversion method is based on the well es-
tablished algorithm proposed in Hubral and Krey
(1980). The velocity model to be inverted from
the data is assumed to consist of a stack of ho-
mogeneous layers bounded by smoothly curved in-
terfaces. The unknowns are the velocity in each
layer and the shape of each interface. These un-
knowns are iteratively obtained from top to bottom
by means of a layer-stripping process.

The main idea of the algorithm is to backprop-
agate the NIP-wave down to the NIP located at the
bottom interface of the layer to be determined (see
Figure 2). This means that the velocities and the
reflectors above the layer under consideration have
already been determined. Since the NIP-wave is
due to a point source at the NIP, the backpropa-
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gation through this last layer gives us a focusing
condition for the unknown layer velocity.

Depth [km]

Distance [km]

Figure 2: NIP-wavefront associated to the central
zero-offset ray Xo NIP Xq, in red.

To well describe the wavefront curvature along
a ray path that propagates through the layered
medium, we should consider two distinct situations:
(a) propagation inside a homogeneous layer and (b)
transmission across an interface. Figure 3 depicts a

vj1 interface j

layer j

interface j + 1

Vj+1

Figure 3: Ray propagation through layer j.

ray that traverses the homogeneous j-th layer (with
velocity v;) being transmitted at the interface j+1.
Let Rr ; be the wavefront radius of curvature at the
initial point of the ray (that is, just below the j-
th interface). The wavefront radius of curvature,
R; j+1, just before transmission, is given by

Ry jy1 = Ry +v; Atj , (1)

where At; is the traveltime of the ray inside the
layer. We now consider the change in wavefront
curvature due to transmission at the interface. As
shown in Hubral and Krey (1980), we have

1 Vi1 cos? a; 1

= +
Rrji wjcos? Bjp1 Ry j

1 (v» ) 1

Jj+1

cosa; — cos 3 _— .
J j+1

cos? ﬁj+1 Vj RF7j+1

1056

Here, a; and 41 are the incident and transmission
angles of the ray, respectively, and R ; is the in-
terface radius of curvature, all these quantities be-
ing measured at the transmission point. Note that
Snell’s law is valid and relates a; and Bj41. As-
sume now that the NIP is located at the (N 4 1)-th
interface. This leads to the focusing conditions

Rrn+1 = 0=Rry+uNvAln
N-1 (3)
Aty = to— | Y At
=1

which determine the velocity vy. Note that Rr y,
as given by setting j = N—1 in equation (2), has an
implicit dependence on vy and Gy. This is because
vy sin By = sinay_1 vy—_1, by Snell’s law. Once
vy and By are determined, the segment of the zero-
offset ray inside the N-th layer can be constructed.
The sought-for NIP location is then such that its
distance to that transmission point is vy Aty.

Summary of the algorithm

It is instructive to discuss the key ideas involved in
the preceding strategy. Firstly, we will present the
main steps of the algorithm. Then, we will make
some comments about its implementation.

The method aims to extract a model
composed by homogeneous layers separated by
smoothly curved reflectors, corresponding to the
well identified interfaces within the data only. This
choice is made a priori by the user.

Determination of the first layer. The input
data is, for each zero-offset ray, the traveltime, the
emergence angle and the NIP-wavefront curvature.
The velocity of the first layer is assumed to be
known. Thus, only the reflector (the bottom of the
layer) should be determined. As explained below,
this can be achieved in many different ways.

Determination of the jth-layer. Suppose that
the model has been already determined up to the
(j — 1)th-layer. The method will proceed to the de-
termination of the next layer, that is, the velocity of
the jth-layer and the (j+1)th-interface. The input
data is again, for each zero offset ray reflecting at
the interface (j + 1), the traveltime, the emergence
angle and the NIP-wavefront curvature. Trace the
zero-offset ray down to the j-th interface. Recall
that this ray makes the angle [y with the surface
normal at its initial point. Now, using equations
(1) and (2), back-propagate the NIP-wave from the
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surface to the j-th interface along that ray. Then,
use the focusing conditions (3) to determine the
layer velocity v;, the angle 5; and the NIP.

The above procedure can, in principle, be done
to each zero-offset ray. However, under the con-
straint that the layer velocity v; is constant, we ob-
tain an over-determined system for that unknown.
How to deal with problem will be discussed below.

Brief discussion of the algorithm

The quantities needed by the method (emergence
angles, normal traveltimes and NIP-wave curva-
ture) are not directly available, but have to be ex-
tracted from the data. In Hubral and Krey (1980),
those quantities are obtained by conventional pro-
cessing on CMP data.

The back-propagation of the NIP-wavefront,
is carried out independently for each ray. Thus, in
principle, each ray carries enough information to re-
cover the layer velocity, that can be translated into
many equations depending on the same unknown.
This implies an over-determination of the velocity.
Hubral and Krey have pointed out that this “ex-
cess” of information could be used to improve the
velocity distribution considered.

Equation (2) depends on the curvatures of the
interface (Rp) at the transmission point. Hubral
and Krey state that this can be obtained by a nor-
mal ray migration.

The revised algorithm

In this section we discuss how to use the CRS pa-
rameters to fully supply the needs of the Hubral
and Krey algorithm, and how to deal with the nu-
merical aspects involved in. Then, we present a
revised version of the original algorithm.

The obvious advantage of having the CRS
parameters is that emergence angles and NIP-
wavefront curvatures have been already deter-
mined. Thus, nor a velocity analysis neither a trav-
eltime gradient estimation are required. Moreover,
using the well-defined coherence section provided
by the CRS method, it becomes easier to select the
interesting horizon events.

We have to take special care when dealing with
estimated quantities as input data, due to estima-
tion errors. The strategy applied was to smooth
the parameter curves. This has a physical meaning,
since no abrupt variations on the parameters can in
general occur. The method used can be stated as:
To each five neighboring points on the curve, fits
the least-square parabola and replace the middle

point by its correspondent on the parabola. This
smoothing technique can be applied a fixed num-
ber of times to each parameter curve. This method
can be applied to any curve on the plane. All we
need to know is how to follow the curve. In our
case, the curves are parameterized by the central
point coordinate. In caustic regions, many values
of the parameter are associated to the same central
point. This could generate a problem to find out
the correct sequencel.

We have formulated a criterion to unfold the
parameter curve. When the curve has more than
one value for the same central point coordinate,
the proposed criterion tries to keep the variations
of the CRS parameters between two neighboring
points on the curve as small as possible. The merit
function to be minimized is

|t — |
F(pj,pi) = =+
0

135 — B3|
I

where p; = (@}, t}, 85, K& p, K&) denotes the vec-
tor of the CRS parameters, i is the index of the
current point and j varies on the set of index of the
neighboring point of the current point. We evalu-
ate the function above for each neighbor of point
x} and then the point with minimum value is select
to be next one in the reordered sequence. We have
made tests including two more terms, one for K ;p
and one for K, but the stability of the method
was reduced. Recall that this criterion should be
applied before the smoothing process. So it must
work even if there is noise in the parameters values.
We have made several tests with this criterion and
it was really able to unfold the curve.

We deal with the over-determination on the
velocity considering a solution in the least-squares
sense. By now, we are supposing a model with ho-
mogeneous layers, but this approach can be easily
extended to incorporate velocity profiles depend-
ing, for example, linearly on the depth.

The many obtained NIP’s could be interpo-
lated to recover the interface, but this lead to a not
so smooth interface. This would be a disaster for
ray tracing processes. Better than simply smooth-
ing the interpolated NIP’s, we use them to adjust
a cubic spline in a least-squares sense. This is
performed by means of an optimization algorithm,
which really enhances the quality process overall.

Following, we present our implementation of

IThe reader could argue that perhaps the correct order
are already known. But, since the CRS parameters are ex-
tracted from the parameter sections by some picking pro-
cess, the method we are going to describe could be used to
automatically do it.
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Abstract

The Kirchhoff migration method is very useful for
determining the position of seismic reflectors, if it is
known the seismic wave velocity model and the
traveltimes through the earth model. The traveltime
calculation is a necessary step for stacking the seismic
data by means of the Kirchhoff migration operator. In
this work the traveltimes are obtained by solving the
eiconal equation of the ray theory. A developed
migration algorithm is applied to synthetic models,
providing a very good image resolution even in the
presence of random noise and reflectors below dome-
like strucrures.

Introducéo

Com a finalidade de obter mais informagdes sobre as
propriedades fisicas da subsuperficie da terra, varios
autores tém desenvolvido algoritmos de modelamento
e imageamento sismicos e aplicado em métodos de
migracdo Kirchhoff em profundidade. Estes métodos
requerem o célculo dos tempos de transito entre as
posicbes de registro na superficie e os pontos em
profundidade no modelo de velocidade. Atualmente,
ha dois métodos para o calculo dos tempos de
tr@nsito: o primeiro, 0 mais usual, emprega o tracado
de raios (Cerveny et al., 1977) o segundo, resolve a
equacdo do eiconal através de um esquema numeérico,
uma técnica recentemente desenvolvida por varios
autores como Reshef & Kosloff, 1986; Vidale, 1988;
Podvin & Lecomte, 1991; Schneider et al., 1992;
Zhao, 1998. Este trabalho se prop6em a desenvolver
um algoritmo de migracdo  Kirchhoff em
profundidade utilizando os tempos de transito a partir
da solucdo da equacdo eiconal. Este esquema calcula
somente os eventos das primeiras chegadas. Serdo
analisados os efeitos do ruido na secdo sismica
migrada e a presenca de refletores abaixo de um
domo. Diante destas situacfes veremos como se
comporta o algoritmo desenvolvido, mostrando sua
estabilidade e acuracia na reconstrucdo da imagem do
refletor.

Integral de Empilhamento de Difragéo
Considera-se que a subsuperficie é descrita por um
modelo de camadas isotropicas estratificadas, e que
também existem somente reflexdes primarias P-P
com pares fonte-receptor (S,G) dados por

Xs =xs (&), X =x() @)
em que & é um parametro na superficie que identifica

a posicdao de um par fonte-receptor. De acordo com
Schleicher et al. (1993) e seguindo o formalismo dado
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por Urban (1999), a integral de empilhamento de
difracdo bidimensional pode ser escrita como
1

Vv (M,t) =\/;n [dEwE, M)PRU(Et+Tp(EM)). ()
A

1
Na equacdo (2), 6?é 0 operador semi-derivada

temporal anti-causal e corresponde, no dominio da
freqiiéncia, ao filtro F)=/-ico. To € a curva de
tempos de transito de difracdo calculada para cada
ponto M da malha na zona alvo de migragéo, ou seja,
0 tempo de transito correspondente ao raio que liga a
fonte ao ponto M mais o tempo de transito dos raios
ligando o ponto M a cada um dos geofones. A funcéo
U (¢ ,t+ 1o (§,M) representa a componente
principal do campo de onda da onda primaria refletida
e w (¢ ,M) a funcdo peso. Tendo em vista que este
trabalho ndo se propbe a remover o efeito causado
pelo espalhamento geométrico no sinal sismico, a
funcdo peso assumira o valor um. O resultado,
portanto, da integral (2) fornece apenas uma imagem
cinemética do refletor sismico. Neste trabalho é
considerada apenas a velocidade da onda P.

Equacéo da Eiconal

Considerando-se a solugdo assintdtica da teoria do
raio (Cerveny, 1987), a propagacdo cinematica da
onda é descrita pela equacao

0 107 =52, )
conhecida como equacdo do eiconal, em que s(x) € a
vagarosidade do meio (inverso da velocidade da
onda) e T (x) representa o tempo de transito de uma
frente de onda num ponto x em profundidade. Varios
autores tém recentemente desenvolvido métodos para
calcular os tempos de trénsito diretamente sobre uma
malha regular. Neste trabalho utilizou-se um
programa desenvolvido por ZHAO (1998) , que
resolve a equacdo do eiconal. Este programa se baseia
na consideracdo de frentes de ondas curvas, sendo
portanto garantida a acuracia do calculo dos tempos e
tendo como referéncias principais os trabalhos de
Schneider et al. (1992) e Podvin & Lecomte (1991).
Este programa fornece somente os tempos de transito
das primeiras chegadas, usados para ser aplicado no
algoritmo de migracdo desenvolvido e obter uma
imagem do refletor, haja visto que os modelos fisicos
considerados neste trabalho ndo possuem fortes
variagdes laterais de velocidade.
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Modelos Geofisicos
Os modelos usados sdo bidimensionais, com uma

rede que apresenta um espacamento regular

Ax = Az = 3m, satisfazendo a seguinte relacéo
Vocars L (4)
16f 2f

onde v é a menor velocidade do meio, f a frequéncia
do pulso fonte e Az o intervalo de discretizacio da
rede. A relacdo acima é importante para estimar o
valor do tamanho de cada cela Az do grid, que deve
ser menor do que o comprimento de onda A =v/2f,

para se ter uma melhor precisdo no calculo dos
tempos de transito. As curvas coloridas, nos modelos,
representam frentes de onda e mostram como a
energia se propaga no meio, Figuras 1 e 4. O meio é
heterogéneo e isotropico. O primeiro modelo, Figura
1, é constituido por 4 interfaces, sendo as trés
primeiras, interfaces suavemente curvas abaixo das
quais encontra-se um domo salino. As velocidades na
primeira, segunda, terceira e quarta camadas sdo 2.5
km/s, 3.0 km/s, 3.5km/s e 4.0 km/s respectivamente.
O segundo modelo foi construido a partir do primeiro,
adicionando-se um refletor abaixo do domo. A
velocidade abaixo do domo é 4,5 km/s, Figura 4.

Geracdo de Dados Sintéticos

Os dados sintéticos foram gerados a partir do
programa SEIS88 (Cerveny & Psencik, 1988). Estes
dados usados para a migracdo sao sismogramas
contendo a componente vertical do vetor
deslocamento sismico, sendo desprezado o efeito da
superficie da terra, ou seja, a camada superior do
modelo é considerada um semi espaco infinito. Para a
geracdo do sismograma sintético temos a seguinte
descricdo para os dois modelos: a configuracdo
utilizada foi de afastamento comum, com um
afastamento de 50m. O numero de pares de fonte e
geofone é 83, e as posic¢des iniciais da primeira fonte
e do primeiro geofone sdo respectivamente 0.2km e
0.25km, sendo o espacamento entre cada fonte ou
geofone igual a 0.025km. O pulso fonte utilizado foi a
funcdo Gabor, com freqiiéncia dominante de 30 Hz,
sendo o intervalo de amostragem entre cada traco de
0.002s. A zona alvo (retdngulos indicados por linhas
pontilhadas) possui dimensdes 0.3 < x < 2.2 km,
0.4 < z < 1.4km, e o intervalo de discretizagio é
Ax = 0.025 km e Az = 0.0083 km. Foi adicionado
ruido aditivo ao sismograma do primeiro modelo com
amplitude maxima de 20% da amplitude maxima do
dado sintético. As Figuras 2 e 5 mostram o0s
sismogramas gerados para 0 primeiro e segundo
modelos, respectivamente.

Resultados Numéricos

Os dados sintéticos foram migrados no dominio da
profundidade, Figuras 3 e 6. No primeiro exemplo o
objetivo foi ver o desempenho do algoritmo, aplicado
a um dado sintético com ruido. No segundo exemplo,
visou-se imagear um refletor localizado abaixo de um
domo, uma situacdo muito explorada ultimamente,
como por exemplo, na investigacdo de reservatorios
que se encontram abaixo de um domo. Foi
considerado conhecido a priori o modelo de
velocidade verdadeiro acima do refletor alvo.

Conclusdes

Através dos resultados obtidos pdde-se notar a
eficiéncia e acuracia do algoritmo de migracao
desenvolvido, na reconstrucdo da imagem do refletor,
quando utilizando os tempos de transito da equacédo
do eiconal. Mesmo na presenca de ruidos nos dados
sintéticos, o algoritmo apresentou um bom
desempenho, fornecendo uma boa imagem do
refletor. Somente os tempos dos primeiros eventos
foram utilizados, e o método utilizado para o calculo
dos tempos de transito mostrou-se bastante eficiente
quando empregado na migragdo dos dados sismicos.
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Figura 1 - Modelo complexo contendo um domo. As
velocidades na primeira, segunda, terceira e quarta
camadas sdo 2.5 km/s, 3.0 km/s, 3.5km/s e 4.0 km/s

respectivamente
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Figura 2 - Sismograma contendo ruido aditivo com
amplitude méxima de 20 % da amplitude maxima do
dado sintético. O pulso fonte utilizado foi a funcédo
Gabor com freqiiéncia dominante de 30 Hz e o
intervalo de amostragem entre os tracos é de 2 ms.
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Figura 3 - Secdo sismica migrada no dominio da
profundidade usando os tempos de transitos da

equacdo do eiconal.

Foi utilizado o modelo de

velocidade verdadeiro.
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Migracao pré-empilhamento em profundidade no dominio das Ondas Planas
Jodo Roberto Simoes B. dos Santos (*), Reynam da Cruz Pestana (**), & Paul L. Stoffa (**%*)

ABSTRACT

The prestack migration tecnique in the plane
wave domain is based on the solution of acoustic
wave equation. Initially the shots gathers are
transformed to tau-p domain and sorted on common
offset ray parameter sections. After that, these
sections are transformed to frequency—source
wavenumber domain (w — k) by the Fourier
transform in order to apply the prestack migration
operator. The image is obtained when al common
offset ray parameter migrated sections are summed.
This prestack migration method can be also used on
lateral velocity medium as long as a split-step phase
correction is applied. It was tested on synthetic data
and we obtained reasonable results even on the
SEG/EAGE salt model.

INTRODUCAO

A migracdo pré-empilhamento de se¢des de
parametro de raios constante baseia-se na solucgéo da
equacdo aclstica da onda (Pestana et a., 2001). A
imagem em profundidade é construida pela combina
¢do dos componentes de ondas planas que se propa-
gam a partir das posi¢es das fontes com o campo de
ondas planas decorrente da depropagacdo das ondas
registradas nos receptores. A decomposi¢éo prévia do
campo de ondas em componentes de ondas planas é
obtida a partir dos dados registrados em tiro comum
transformados para 0 dominio tau-p (tempo de inter-
secdo — parémetro de raio) e agrupados em secoes de
parametro de raio constante. Como a operacdo de
migracéo é realizada no dominio da fregiiéncia e do
ndmero de onda (w — k), uma transformada dupla de
Fourier ainda deve ser aplicada sobre as segdes de p
comum. O operador de extrapolacdo 1-D desta migra-
¢80 guarda semelhanca com o operador DSR de mi-
gracdo pré-empilhamento do tipo “phase-shift” de
Yilmaz (1980). Nesta migracdo a construgdo da ima-
gem fina em profundidade € obtida pela simples
soma das segbes de p comum migradas separada-
mente, ou sgja, pela superposicdo de pontos de ima-
gem comum (“common image gathers’) de todas as
secbes de mesmo parémetro de raio. No caso de
meios com variagdo lateral de velocidade, imple-
mentamos uma correcdo de fase tipo “split-step”
(Stoffa et a., 1990), apenas sobres as posi¢cOes das
fontes, a cada passo de profundidade Dz, visando
corrigir as variagoes laterais de velocidade.

(*) PETROBRAS/E&P-SSE/UN-RIO/ATEX/PS, Brazil,
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TEORIA ENVOLVIDA

A equacdo acUstica 2-D da onda, em um
meio de densidade constante, para fonte e receptores,
pode ser expressa por:

e’ L 1° 1 1% o
g@*g' 7@3%@@) =S(x,,z=0,), (N

onde x, corresponde a posi¢cdo da fonte e x, as posi-
¢Oes dos receptores ao longo do levantamento, P é 0
campo de pressdo em (x,zt), devido a fonte
S(x,z=0,f) e v=v(x,z) é avelocidade de propagagéo da
onda compressional .

Aplicando-se uma transformada dupla de
Fourier naequaco (1), excluindo-se o termo fonte S,
e impondo-se a condigcdo de que a velocidade varia
apenas com a profundidade (v=v(z)), chega-se a
equacdo de Helmholtz no dominio (,,z,w), ou sgja

d?P(z)

2
y4

onde k., € o nimero de onda vertical e P=P(z) é o
campo de pressao.

Para v constante dentro de cada intervalo de
profundidade Dz, a solucéo da equacdo (2), que é de
interesse para a migragdo, € expressa da seguinte
maneira:

+k2P(z) =0 (2)

_ -ik Dz
P zw) = Bk z=0w)e 3)
onde o nimero de ondavertica k. é dado por:

_ [ e 0)
z VZ(Z) X

Na equagdo (3), o termo e corresponde
a0 operador de continuagdo descendente em profun-
didade, utilizado tanto na migragdo F-K, pos-
empilhamento com velocidade constante desenvolvi-
da por Stolt (1978), como na migragdo pos-
empilhamento por deslocamento de fase, conhecida
como “phase-shift” e descrita inicidlmente por Ga
zdag (1978).

Dessa forma, o operador para continuagdo
descendente das fontes é dado por:

e tk:Dr ,onde ;s _ w? k2 (5)
z 2 N
vg (2)

e, de forma andoga, para a continuagdo dos recepto-
res temos:

- ik, Dz

- (**) CPGG/UFBA, Brazil; (***) IG ~UTEXAS, USA
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e+ onde i = 2. 6)
v ()

Combinando os operadores Eqg. (5) e Eq. (6),
chega-se a expressdo completa para a extrapolagéo
dos dados no dominio (k,k,,w,z). Sendo assim o cam-
po extrapolado, entre z=0 e z=Dz, é dado por:

o (s,r)
P(ks’kr’W’Dz):P(kmkr’WyZ=0)€ ke D 7
com v=vy,=v, , tem-se entdo que k., em funcdo de
(ks:kr, W) édado por:

2 2
(o = JW—Z s \/W_z 2. ®)

v v
A Figura 1 descreve como esse operador faz
a continuagdo das ondas planas provenientes das
fontes (s), e dos receptores (r):
CTF ;neio “off-set”

s h mh r

1

S5=r
Figura 1: modelo gréfico para a continuagdo
descendente que deve sofrer uma frente de onda
plana, na fonte (s) e no receptor (r), para chegar,
respectivamente, nas posigoes s; e r;.

O operador de extrapolacdo e D

também pode ser obtido no dominio (kpo.z, W),
depois se aplicar uma mudanca de coordenadas da
fonte (x,) e receptor (x,), para novas posi¢oes,
respectivamente, de fonte equivalente (x’,) e de
afastamento (xo). Através do principio da invariancia
para os dados nos dominios transformados, tem-se a
seguinte equivaléncia
Pk, k, ,w)° Pk, ky,w) )

Considerando que ko=wp,, entdo k. no domi-
Nio (k;po,w) corresponde a

2

2
k. =\/W—2- (k- wpy ) +\/W—2- wips . (10)
vV vV

A extrapolagdo em profundidade de cada =
¢80 de mesmo parametro de raio po, € entdo obtida
por:

P(k,, p,,w,z=Dz)=P(k,, p,,w,z=0)e™™ (11)

Finalmente, para se obter a imagem em pro-
fundidade, aplicase uma transformada inversa de
Fourier ao longo de &, na Eq. (11), obtendo-se assim

0s dados no dominio (x,po,w,z), € em seguida impde-
se a condic&o de imagem (=0 e xo=0), 0 que respecti-
vamente equivale a somar todos os componentes de
freqliéncia que estdo sendo migrados, e colocar todas
as contribui¢des das fontes e dos receptores em uma
mesma posicdo em profundidade (afastamento nulo),
que € obtido, na prética, quando sdo somadas todas as
secOes de p-constante migradas separadamente.

EXTENSAO PARA MEIOS COM VARIACAO
LATERAL DE VELOCIDADE

Essa extensdo é feita através da aplicacéo de
um termo de correcdo nos dados extrapolados no
dominio w - x,. Na prética, tal correcéo sd esta sendo
aplicada sobre o campo de ondas relativo as posi¢oes
das fontes. Nesse sentido, 0 processo de extrapolacéo
de cada se¢do de mesmo parametro de raio é feito de
forma similar a0 da migragdo pos-empilhamento do
tipo “split-step” (Stoffa et al., 1990). Os dados sdo
extrapolados inicialmente no dominio (po,k,zw),
usando-se uma velocidade intervalar de referéncia,
gue normamente é a velocidade média do intervalo
em profundidade. Em seguida, com os dados ja no
dominio (po,x,z,w), O termo de correcdo de fase €
aplicado com o objetivo de corrigir as variages late-
rais de velocidade. Para se obter esse termo de corre-
¢do, caculase a diferenca entre 0 nimero de onda
vertica (k,), computado através da vagarosidade (in-
verso da velocidade) verdadeira do meio, u(x,z), e do
nimero de onda vertical obtido através da vagarosi-
dade de referéncia, neste caso i(z). Sendo assim, a
diferenca entre o &, verdadeiro e o calculado com a
vagarosidade de referéncia, apenas para o termo fon-
te, definido agui como “ k. erro”, € dado por:

Kerro=| Wl )2 (k- W, ) - Wil (- wip,)? - (12)
Desprezando-se os termos de 2 ordem na
expansdo binomial dessas duas raizes quadradas e
coletando apenas os termos de 12 ordem, obtém-se:
k, erro» w(u(xy,z) - i(z)) 13)

Sendo assm, a corregdo durante a

extrapolacdo de cada passo de profundidade Dz,
devido a variacdo lateral de velocidade, é feita usando
0 seguinte termo de corregdo de fase, relativo as
posicdes das fontes:

ol ilutss.2)- ()| (14

onde u(x,, z) e ii(z) correspondem, respectivamen-

te, a vagarosidade verdadeira e a vagarosidade de
referéncia.
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O termo de correcdo de variacdo lateral,
referente aos afastamentos, ndo esta sendo aplicado
nesta migracéo, o que tornaria completa a corregéo
da variacdo lateral de velocidade. Entretanto, como o
termo de k., referente aos afastamentos, ndo depende
de k,, logo optamos por usar o préprio vaor da
vagarosidade , no seu célculo, ou sgja

é . 2 20
a- iw 1Ju“(xg,z)- pq Dz
e® ot 15)

APLICACAO EM DADOS SINTETICOS

A presente técnica de migracdo foi testada
sobre dois diferentes modelos geoldgicos de
subsuperficie. Iniciadlmente para um modelo de
camadas planas e horizontais com falhamento, depois
sobre um modelo mais complicado de uma amofada
de sd com diversos fahamentos (modelo
SEG/EAGE).

No lado esquerdo da Figura 4, exibe-se o
modelo geoldgico de camadas planas horizontais
com falhamento no qual foi testada a nossa migracao
pré-empilhamento. A partir desta geometria foram
modelados 150 registros de tiro comum, com 2s de
comprimento cada, 64 canais a 0.02 km de intervalo
entre estagdes e razdo de amostragem temporal de
0,004s. No lado direito da Figura 4 tem-se 0 campo
de velocidade intervalar em profundidade utilizado,
variando com a profundidade, segundo um gradiente
vertical de 0.5s.

mocdo gaddgaokm)

e
i@ & B K W I W W

8

10 20 30 40 50

i ;

Figura 4: modelo de camadas planas e horizontais
com fahamento (lado esguerdo) e o campo de
velocidade intervalar utilizado (lado direito).

A Figura 5, ilustraa se¢do “near-trace”, para
esse modelo geolégico, gerada a partir do campo de
velocidade intervalar.

Figura 5: secéo “near-trace”.

Na transformag@o de cada registro de tiro
comum para 0 dominio tau-p foram gerados 51
parametros de raio, de 0.0 até +0.5 s’/km, com
incrementos de 0.01 skm. Na Figura 6, sfo
apresentados alguns resultados desta migragdo em
profundidade, respectivamente, para uma Unica se¢éo
de parametro de raio constante, neste caso, de p=0.0
s’lkm (lado esquerdo), e para 26 segdes de parémetro
de raio constante, ou sgja, com imagem construida
pela soma de 26 segdes de p-constante migradas
separadamente, de p=0.0 a p=+0.25skm (lado
direito).

gy e o

BN S MW M
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Figura 6: resultados da migracdo em profundidade,
do modelo de camadas horizontais com falhamento.

Na Figura 7 temos o campo de velocidade
do modelo sintético SEG/EAGE, que apresenta uma
almofada de sa com diversos falhamentos e variacdo
lateral de velocidade. Os dados sismicos referentes a
este modelo correspondem a 675 registros de tiro,
com 135 canais, razéo de amostragem de 0,004 s e
comprimento de registro de 1250 amostras. A partir
desses dados foram gerados 675 registros de tiro no
dominio fau-p, cada um com 61 par&metros de raio,
variando de +0.2 até 0.4 skm, a -0,01 gkm de
incremento.

Figura 7: cémpo de velociadade do SEG/EAGE.

(*) PETROBRAS/E&P-SSE/UN-RIO/ATEX/PS, Brazil; (**) CPGG/UFBA, Brazil; (***)1G -UTEXAS, USA
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Na Figura 8, s0 apresentados os resultados
da migrag@o em profundidade no dominio das ondas
planas do modelo do SEG/EAGE. No lado esquerdo,
a migracdo da secdo de parametro de raio p = +0.2
s/km, e no lado direito, para p=0.0 gkm. A Figura 9
exibe o resultado da migragdo da secdo de p=-0.2
skm.

s e PAT T
na aE B

Figura 8: Migragcdo em profundidade das segdes de
mesmo parametro de raio dos dados SEG/EAGE (a
esquerda p=+0.2 gkm e p=0.0 gkm a direita).
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Figura 9: Resultado da migracdo em profundidade da
secdo de p=-0.2 gkm.

O resultado da migragdo obtido pela soma de
7 secBes de parémetro de raio constante de p=+0.2
s’km a p=-0.4 gkm, e com incrementos de —0.1 s’km,
ou sgja, imagem construida pelasomade 7 secbes de
p-constante migradas separadamente € mostrado na
Figura 10 (& esquerda). No lado direito, da mesma
figura, € exibido o resultado obtido através da soma
de 61 se¢des de mesmo parametro de raio, nesse caso
de p=+0.2 gkm a p=-0.4 km, e com incrementos de
-0.01 s’km.

L

Figura 10: Migragdes em profundidade obtidas a
partir da soma de 7 secbes de p-constante (lado
esquerdo), e com a soma de 61 segbes de mesmo
parametro de raio (lado direito).

CONCLUSOES

A presente migracdo de dados sismicos,
utilizando segdes de parémetros de raio constante,
apresentou bons resultados, dentro das limitagbes do
método, como confirmados pelos dois exemplos sin-
téticos exibidos. Pode-se constatar que a medida que
mais secOes migradas com mesmo parémetro de raio,
e relativas a valores mais elevados de parametro de
raio, s8o somadas para a imagem final, melhora-se a
visudizagdo dos eventos de mais alto mergulho. Esta
nova técnica de migracdo pré-empilhamento em pro-
fundidade nos possibilitou obter uma boa imagem de
superficie a um custo computacional relativamente
baixo. Com os dados do modelo SEG/EAGE, que
apresenta uma almofada de sal com falhamentos, o
resultado da migracdo de apenas 7 secbes de p
constante, j& se aproximou bastante do resultado obti-
do com o uso de 61 segBes de mesmo parémetro de
raio. Os resultados mostram que a base e o topo do sal
foram bem posicionados. Este novo método de mi-
gragdo pré-empilhamento em profundidade pode ser
aplicado em dados sismicos 3-D e também ainda
como um procedimento de andlise de velocidade em
fun¢do da sua eficiéncia computacional .
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the Hubral and Krey algorithm, with the modifica-
tions discussed above.

Determination of the first layer. For a given
central point X, draw from X a straight line that
makes an angle 3y with the surface normal at X
and has length equals to vptg/2. The extreme of
this segment of ray is the NIP. Do this for all cen-
tral points that illuminate the first interface. To
minimize the noise on this approximation, apply
the smoothing process to the obtained curve and
then adjust a cubic spline. We can now say that
this first layer is completely determined.

Subsequent layers. Proceed as stated before,
but now, the focusing conditions is solved in a least-
squares sense. The curve composed by the recov-
ered NIP’s is smoothed and a cubic spline is ad-
justed to it to finally obtain the interface (j 4 1).

Synthetic example

The method was applied to the model depicted in
Figure 4, which consists of three interfaces sepa-
rating four layers. The first and the fourth lay-
ers are homogeneous, with velocities 2.0km/s and
2.7km/s, respectively, and the second and third
ones are inhomogeneous, with velocities varying
from 2.2km/s to 2.4km/s and from 2.5km/s to
2.55km/s, respectively. The input data is the CRS

0
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Figure 4: Top: synthetic model. Bottom: inverted
model.

parameters obtained by the CRS Stack method
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performed on a noisy multi-coverage data. In Fig-
ure 4 we see the recovered model. Note that the ve-
locity recovered for the second and the third layers
are, in some sense, a mean of the actual velocities.

Conclusions

The contribution of this work is a new implemen-
tation of the Hubral and Krey algorithm, using the
CRS parameters. We also discuss the numerical
implementation of the algorithm, needed for a ef-
ficient application of the method. It is important
to point out that the method works even if the real
model does not fit in our assumptions, as in the
case of inhomogeneous layers.

Concerning more complex velocities profiles,
we could run the algorithm for separated parts
of the domain. Thus, each inverted model would
be composed by homogeneous layers that could be
glued to form a complete inverted model (homo-
geneous by parts). This approach can be adopted
independently of the inclusion of the possibility of
velocity profiles depending on the depth.

We are intensively working to improve the al-
gorithm so that the estimated velocity could lin-
early variates with the depth. This implies on some
modification on the estimation of the layer veloci-
ties and on the ray tracing method, as well on the
back-propagation of the wavefront.
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Abstract

In this paper we present a new method of prestack
time residual migration derived in the plane wave
domain. The data after slant stack transform
along the offset direction is then organized in com-
mon ray parameter sections. For each commom
ray parameter section the residual migration is
applied. Here we present the prestack residual
method for constant velocity medium and tested
on the SEG/EAEG salt model. For comparison of
the results we used the phase shift and Stolt plane
wave time migration methods (Pestana and Stoffa
(2001)). The results we obtained are reasonables
and within the limitations of the method.

Introducao

Mais recentemente o processamento sismico tem
sido abastecido de novos métodos e técnicas que
visam aprimorar as suas principais etapas e redu-
zir o custo computacional. Dentre essas etapas
estd a migragao sismica. Como referéncia tem-se
a téenica da migragao F — K (Stolt (1978)), basea-
da no processo de migragao através da transforma-
da de Fourier. Essa técnica de migragao possui um
custo computacional relativamente baixo, entretan-
to nao assimila variacoes de velocidade. Visando a
melhoria dos resultados obtidos por essa migracao
F — K, Rocca and Salvador (1982) propuseram um
meio de se corrigir os dados migrados com velocida-
de incorreta, possibilitando o colapso das difragoes
que nao foram resolvidas na primeira migracao (di-
fracoes residuais). Esse processo de corregao consis-
te de uma migracao residual dos dados, utilizando-
se uma velocidade dada por ve = \/v? — v2, onde v
é a velocidade verdadeira do meio e v, a velocidade
usada na primeira migracao. Em 1996, Stolt (1996)
desenvolveu o operador de migragao residual para
dados antes do empilhamento. Mais recentemente,
Pestana and Stoffa (2001) desenvolveram um ope-
rador de migragao pré-empilhamento do tipo Stolt
para dados no dominio tau-p.

Neste trabalho utilizamos as técnicas citadas aci-
mas e desenvolvemos um novo método de migracao
residual aplicado em segoes de parametro de raio
constante.

Teoria e o Método

A migracao do tipo Stolt (1978) implica numa ope-
racao de mudanca da freqiiéncia dependente das
freqiiéncias espaciais da fonte e do receptor. Esta
mudanca é expressa por:
_ 1 2 2052 2 24,2
e SV k202, + Jw? — k2vZ ). (1)
Supondo que uma velocidade incorreta vy foi

utilizada na migragao, resultando na freqiiéncia
modificada wy,

wU:§<\/w2—k3vg+ w2—k§v§>, (2)

a obtencao da imagem final é possivel executando-
se uma migracao residual nos dados através do ma-
peamento wy = w,,. Para isso precisamos reescre-
ver w,, em funcao de wy.

Elevando a equacao 2 ao quadrado, isolando a raiz
e novamente elevando ao quadrado, podemos obter
w em funcio de wy dado pela relagao (Stolt (1996)):

2

1 k2 — k2)?
w :w3+§(k3+kz)vﬁ+gv4. (3)

16wy

Podemos agora reescrever w,, substituindo w pela
expressao de wy

l EENTIRE
Win = 5 I"\/(L‘-}U + T{]gvg> - k;(”r?n - ’03)

K-k \? |
+ (wu + %vﬁ) — kX (v2, — v (4)

wo

obtendo assim o mapeamento residual de w,, a
partir de wy, para secoes no dominio do nimero
de onda de fonte-receptor. Partimos agora para
a obtencao do operador residual no dominio do
pardmetro de raio de afastamento py. Primei-
ramente vamos fazer a mudanca do dominio do
nimero de onda de fonte-receptor para nimero
de onda da fonte-afastamento (Pestana and Stoffa
(2001)) dado por:

ke = K —k (5)
k?g — k?u (6)
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Fazendo uma segunda mudanga de dominio,
do dominio dos nimeros de onda do afastamento
e da fonte, k; — kg, para o dominio do nimero de
onda da fonte e parametro de raio do afastamento,
k; — po, através da seguinte relagao:

pU:k—U<:>kU = wpg (7)
w
Através dessas mudancas de varidveis, obte-
mos o operador de migracao no dominio do niimero
de onda da fonte e do pardmetro de raio do afasta-
mento, que é dado por:

1
o = 3 a4 402 = i, =

+ (w0 + B2 = by —wopo)2 (03, — )| (8)

onde;
A’ = (kb - wUpU)Z - wapa 3 (9)
4w
e
) 202 _ (L — 2
B = wypy — ( wopo) ”121 (10)

4!.0[]

Notemos agora que sem a presenca dos termos A
e B’ o operador residual tem a mesma forma do
operador inicial (Eq. 2), apenas com as alteragoes
de dominio e pela substitui¢io v}, — vi = v que é
a velocidade residual.

No grafico da figura 2 estd representado a

razao entre o w;b, que ¢ w calculado com os
pardmetros A" e B', e w', calculado desprezando-
se esses parametros. O grafico foi feito com uma
variagao do parametro de raio py de —0,40 <
po < 0,20 s/km e do pardmetro de raio de tiro
ps também de —0,40 < p, < 0,20 s/km. Fo-
ram tracados graficos para velocidades iniciais v
de 1,40 km /s < vy < 4,5km/s, sendo que o maior
valor de erro encontrado foi de 0.07.
A partir desses resultados os pardmetros A eB
puderam ser considerados como despreziveis. Esse
fato levou a conclusao de que para a migragao Stolt
o operador residual;

1
Wi = 5 |:wl] \/1 —pavé + \/wlZJ - (k.s - WUPU)2'U§ (11)

tem a mesma forma do operador inicial. Sendo
entao os dados remigrados com a velocidade resi-
dual ve.
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Figura 1: Esquema grafico representando as mu-
dancas na freqiuiéncia devido a migracao direta e a
migracao residual.

~ ! ’
Razao entre w, e w (calculado

Figura 2:
desprezando-se A e B’)7 para uma variacao de pg
eps de -0,4 £z £ 02 s/kmevy = 1,8 km/s e
Vyperd = 2,2 km/s.

Aplicacao em modelo sintético

O modelo utilizado para o teste foi o SEG/EAGE,
representando uma almofada de sal e diversos fa-
lhamentos. Os dados sismicos correspondem a 675
registros de tiro, cada um com 61 pardmetros de
raio, variando de -0,4 até +0,2 s/km, com compri-
mento de registro de 1250 amostras (5s) cada.
A migracao phase shift em tempo de secoes de
pardmetro de raio (Pestana and Stoffa (2001))foi
aplicada nos mesmos dados, utilizando-se o modelo
de velocidade intervalar em tempo (Fig. 3) cons-
tituido de 675 amostras em x e 1250 amostras no
tempo, para efeito de comparacao dos resultados.
A aplicacao da migracao residual no modelo foi
realizada em 4 etapas. Na primeira etapa deter-
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Migracao residual de se¢oes de parametro de raio constante

675 amostras
400

3.0
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Figura 3: Modelo de velocidade em tempo do
SEG/EAGE simulando uma almofada de sal e di-

versos falhamentos

minamos o campo de velocidade a ser utilizado em
todo o processo. O campo de velocidade utilizado
foi gerado contendo 3 faixas de velocidade distin-
tas. A primeira faixa, com velocidade v; = 1,8
km/[s, compreendida no intervalo de 0 a 1,10s
(0-275 amostras), a segunda faixa, com velocida-
de v = 2,0km/s, no intervalo de 1,10 e 1,85s
(175 amostras). A dltima faixa inicia em 1,85s
estendendo-se até o final da secao, com velocidade
vy = 2,2km/s.

A migracgao inicial foi executada com a velocida-
Em seguida foi realiza-
do um primeiro corte nos dados retirando-se to-

de v; da primeira faixa.
da a primeira faixa migrada. A secao resultante
foi submetida a segunda migracao, com velocida-
de residual ve, = 0,87km/s. Um segundo corte
foi realizado nos dados com o objetivo de retirar
a faixa intermedidria. A dltima porcao dos da-
dos foi entao migrada com a velocidade residual
ve, = 0,92km/s. Através desse procedimento po-
demos obter todas as faixas devidamente migra-
das.

das secoes, partindo de baixo, a terceira faixa foi

Em seguida iniciou-se o processo de juncao

unida a segunda e posteriormente unida a primeira.
A figura 4 mostra algumas se¢oes CIG (“com-
mom image gathers”), obtidas com a migracao re-
sidual. Comparando os resultados da migragao re-
sidual (Fig. 4a) com os da migragao Stolt conven-
cional (Fig. 4b) podemos perceber uma grande me-
lhora no resultado da migracao, com o melhor ali-
nhamento dos parametros de raio na secao migrada
residualmente, e com o colapso da difragao existen-
te no refletor localizado aproximadamente em 1,8s,
que a migragao Stolt convencional nao conseguiu
colapsar.
Comparando os resultados obtidos com os da mi-
gracao phase shift (Fig. 4b), considerada como

ideal para efeito de comparacao, podemos observar
uma boa relagao no alinhamento dos pardmetros de
raio das duas secoes. Nas secoes empilhadas, po-
demos observar respostas bem parecidas entre as
duas técnicas empregadas, com a migracao phase-
shift sobressaindo na delimitacao do flanco esquer-
do da almofada de sal e pelo colapso das difracoes
nas falhas localizadas entre 6 e 7 km e 1,0 a 2,0
s. Em contrapartida o tempo foi um grande trun-
fo da migracao residual, ji& que todo o seu pro-
cesso foi desenvolvido em trés horas, enquanto a
migracao phase-shift foi realizada em aproximada-
mente quinze horas num computador Pentium III
750MHz com 1Gb de meméria RAM.

Conclusao

A migracao residual de secoes de parametro de
raio constante apresentou resultados bastante sa-
tisfatrios, com uma boa relacao de custo-beneficio.
O método destaca-se pela sua rapidez de processa-
mento (vantagem da migracao Stolt) e pela possi-
bilidade de se incorporar faixas de velocidade dis-
tintas com o tempo, um empecilhio da migracao
Stolt.
considerdvel em relacao a migracao Stolt convenci-
onal e mostraram-se comparaveis aos obtidos com
a migracao phase shift em tempo.

Os resultados demonstraram uma melhora
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Figura 4: Modelo da SEG/EAGE.(a) Migracao residual Stolt com 3 janelas de velocidade; (b) Migracao
Stolt convencional com v, = 2,0 km/s;(c) Migracao phase shift (Pestana and Stoffa (2001))

Distancia (km) Distancia (km)
3 4 5 6 7 8 9 1011 12 13 0 1.2 3 4 5 6 7 8 9 1011 12 13

(a) (b)

Figura 5: (a) Secao residual final obtida pela soma das 61 secoes de pardmetro de raio constante migradas

individualmente; (b) Sec¢ao final migrada pelo método phase shift (Pestana and Stoffa (2001)) obtida pela
soma das 61 secoes de parametro de raio constante
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Introducio

Neste trabalho realiza-se uma andlise qualitativa
das imagens em profundidades, obtidas a partir da si-
mulacdo bidimensional do esquema de Migracdo Re-
versa no Tempo via Método das Diferencas Finitas,
verificando-se a estabilidade da metodologia em rela-
¢do a suavizagdo do campo de velocidades; também sdo
apresentados alguns testes relativos a presenca de refle-
x0es laterais provenientes do emprego de um sismo-
grama obtido através de uma modelagem acustica 3-D.

A metodologia adotada mostrou-se extremamente
eficaz na identificagdo de camadas contendo um cleva-
do contraste de velocidades, como no caso simulado
numericamente onde se tem a presenca de um domo de
sal no modelo geoldgico, com diferentes niveis de sua-
vizagdo do campo de vagarosidade e com fortes refle-
x0es laterais.

Modelo Geolégico

Utilizou-se um modelo geoldgico baseado no mo-
delo proposto pela SEG/EAGE [1], apresentando carac-
teristicas tipicas do Golfo do México, com a presenga
de um domo de sal em seu interior. As alteragoes reali-
zadas foram, basicamente, um acréscimo de 500 metros
na lamina d'dgua existente no modelo original, cortes
em suas laterais, e a realizagdo de um resample alteran-
do-se o espacamento do grid de 25 m para 12.5 m.

Um ponto importante a ser destacado neste modelo
geologico sdo as interfaces estratigraficas entre suas
camadas. Excluindo-se tais interfaces o modelo de
velocidades apresenta uma variagdo muito suave nos
valores de sua impedancia acustica, sendo que as Unicas
camadas que se encontram bem definidas pelo valor da
impedancia s3o: a lamina d’4gua e o domo de sal.

Nas modelagens actsticas 3-D o modelo geoldgico
empregado é composto por 1061 x 1061 x 459 pontos
do grid, respectivamente para as direcdoes X, Y e Z,
perfazendo um paralelepipedo de 13.250 x 13.250 x
5.725 Km. A velocidade de propagagdo da onda neste
modelo possui uma variagdo de 1500 m/s, referente a
lamina d’agua, a até aproximadamente 4500 m/s no
domo de sal.

A seguir, na figura 1, apresentam-se alguns planos
de corte ao longo do modelo geoldgico. Destaca-se na
figura 1b plano de corte ao longo da direcdo Y (segdo
Y) empregado nas migragdes € nas modelagens acusti-
cas 2-D realizadas neste trabalho.

Metodologia

Os resultados das simulagdes numéricas apresenta-

das a seguir, Modelagens Actsticas e Migragdes Rever-

sas no Tempo, foram obtidos com o emprego do Méto-
do das Diferencas Finitas utilizando-se de operadores
centrais de 2% € 4" ordens, respectivamente para as deri-
vadas temporais e espaciais presentes na equacao dife-
rencial que rege a propagacao de ondas acusticas [2].

. 1500 m/s

4500 m/s
TN .

(@) (b)
Figura 1 — (a) planos de corte ao longo do modelo geologico
3-D, perpendiculares as dire¢des coordenadas; (b) secdo Y,
plano de corte ao longo da dire¢ao Y.

Para as modelagens acusticas 3-D desenvolveu-se
um software que langa mao dos recursos do processa-
mento em paralelo, através do uso das bibliotecas do
PVM (Parallel Virtual Machine), tornando possivel tais
simulagdes em um cluster de microcomputadores. A
estratégia de paralelismo empregada ¢ a Decomposicao
de Dominio (Domain Decomposition) [3].

A modelagem acustica do modelo geoldgico 3-D
demandou um total de 5.75 Gb de memoria. Conside-
rando-se apenas a se¢do Y, simulagdo 2-D, necessitou-
se de 5.58 Mb de memoria para as modelagens actsti-
cas, e nas migragdes de 9.30 Mb.

Suavizacao do Campo de Velocidades

Um fator de fundamental importancia nos algorit-
mos de migracdo ¢ a suaviza¢dao do campo de vagarosi-
dade (S) (i.e., o inverso do campo de velocidade). Para
tal fim, nas simula¢des 2-D, empregou-se a média mo-
vel aplicada ao longo das diregdes coordenadas, equa-
¢do 1, sendo n o numero de amostras empregadas.

< S()
() Zn: 2n +1 M
Resultados Numéricos

Apresentam-se na tabela 1 os principais pardme-
tros utilizados nas simulagdes numéricas, tanto para o
modelo geolodgico 3-D quanto para o 2-D.

Inicialmente realizaram-se as modelagens acusti-
cas 2-D e 3-D, obtendo-se para a se¢ao Y os respecti-
vos sismogramas. Observa-se que, de acordo com a
figura 2, no sismograma 3-D ha a presencga de reflexdes
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laterais que ndo se encontram no 2-D, acarretando em
uma maior complexidade. Tais reflexdes competem em
ordem de grandeza com as oriundas das reflexdes ao
longo da secdo Y, fazendo com que as reflexdes sobre a
secdo Y ndo aparegam em destaque no sismograma 3-
D. Na figura 7 apresentam-se 2 planos de corte no
modelo de velocidades 3-D e alguns snapshots onde se
observam as reflexdes laterais.

Tabela 1 — Parametros utilizados nas simulag¢des 2-D e 3-D.

Espagamento da malha (grid) - (h) 12.5m
Intervalo de tempo 0.0005 s
Tempo total de analise 6.0s
Intervalo para saida de snapshots 0.1s
Freqiiéncia de corte 28 Hz

2D 3D
Figura 2 — Sismogramas oriundos das modelagens acusticas
2-De3-D.

Os sismogramas apresentados foram utilizados pe-
lo algoritmo de Migracdo Reversa no Tempo bidimen-
sional. No algoritmo de migracdo como condi¢do de
imagem utilizou-se o valor maximo da amplitude ao
longo do tempo total de analise durante a modelagem
[4].

Inicialmente apresentam-se as imagens em profun-
didade empregando-se apenas uma Unica fonte sismica,
obtida a partir do sismograma 2-D e com o campo de
vagarosidade ndo suavizado. Estd corresponde a simu-
lacdo numérica onde se espera alcangar uma imagem
em profundidade com a melhor qualidade. A figura 3
ilustra a situacdo, onde se tem a imagem sem nenhum
tratamento prévio (figura 3a), apenas com um ganho
para ressaltar as baixas amplitudes. Na figura 3b tem-
se esta mesma imagem apos a aplicagdo de um filtro
polinomial [5], cortando os baixos niimeros de onda
presentes na imagem inicial.

Destaca-se que algumas das imagens em profundi-
dade apresentadas a partir deste ponto foram tratadas
com a aplicacdo do mesmo procedimento empregado
na figura 3b, isto ¢, fazendo-se uso de um filtro poli-
nomial.
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A seguir na figura 4 faz-se uma analise qualitativa
da estabilidade da metodologia empregada em fungao
da suavizacdo do campo de velocidades, variando-se o
numero de amostras utilizadas para tal.

A utilizacdo da suavizagdo do campo de vagarosi-
dade na Migracdo Reversa no Tempo faz com que se
altere a aparéncia da condi¢do de imagem, pois se alte-
ram os contrastes do modelo de velocidades e conse-
qiientemente o tempo de transito ¢ as amplitudes regis-
tradas durante a propagacdo das ondas sismicas.

Na figura 5 tém-se algumas imagens do campo de
velocidades, obtidas a partir da superposicdo de 29
imagens para diferentes posi¢des da aplicagdo da fonte
sismica, variando-se o niimero de amostras empregadas
na suavizagdo do campo de vagarosidade. As posi¢des
das fontes no grid sdo: 110, 160, 210, 260, 310, 360,
410, 460, 470, 480, 490, 500, 510, 520, 530, 540, 550,
560, 570, 580, 590, 600, 650, 700, 750, 800, 850, 900 e
950.

A figura 6 apresenta as imagens em profundidades
comparando-se os resultados obtidos com o algoritmo
de migragdo bidimensional, com a aplicagdo de apenas
uma unica fonte sismica, utilizando-se os sismogramas
2-D e 3-D. O campo de vagarosidade encontra-se sua-
vizado empregando-se 9 amostras.

Conclusoes

A aplicagdo de um filtro polinomial mostrou-se um
excelente recurso para melhor acentuar as interfaces
das camadas do modelo de velocidades presentes nas
imagens em profundidade obtidas a partir do algoritmo
de migragio reversa no tempo.

O esquema de migragdo empregado revelou-se es-
tavel em relag@o a suavizagdo do campo de vagarosida-
de. De acordo com os resultados apresentados obser-
vou-se que & medida que se aumenta o nimero de a-
mostras utilizadas para a suavizacdo torna-se mais
dificil a obtencdo de imagens das estruturas que se
encontram abaixo do domo de sal, pois a suavizagdo do
campo de vagarosidade acarreta em um erro na avalia-
¢do do tempo de transito e nos valores de amplitude, o
que prejudica a formagdo correta da imagem em pro-
fundidade.

De maneira geral o algoritmo de migragdo mos-
trou-se extremamente robusto, a ponto de gerar uma
imagem em profundidade representando o topo e base
do domo de sal, mesmo quando da presenga de refle-
x0es laterais no sismograma empregado para a migra-
¢do (i.e., considerando-se o uso do sismograma 3-D em
uma analise 2-D), obtendo-se, desta forma, resultados
com uma qualidade semelhante & obtida com o uso do
sismograma 2-D.
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Figura 3 — Imagens em profundidade, provenientes da Migragdo Reversa no Tempo 2-D, empregando o campo de vagarosidade
ndo suavizado e o sismograma 2-D. 1(a) — Imagem sem filtro; 1(b) — Imagem com filtro cortando os baixos niimeros de onda.

Campo de Vagarosidade Suavizado - 9 amostras

Cmo de Vagarosidade Suavizado - 18 amostras

T NN, —

= == —

Campo de Vagarosidade Suavizado - 27 amostras

Figura 4 — Modelo de velocidades e Imagens em profundidade com o campo de vagarosidade contendo diferentes niveis de suavi-
zagdo, provenientes da Migragao Reversa no Tempo 2-D com apenas uma unica fonte sismica, empregando o sismograma 2-D.
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Migracao Rever ®ho Tempo 2-D

Sismograma 2D

‘Sismograma 3D

Figura 6 — Imagens em profundidade, provenientes do algoritmo de migragdo 2-D, utilizando-se os sismogramas obtidos da mode-
lagem acustica 2-D e 3-D, aplicag@o de apenas uma Unica fonte sismica (campo de vagarosidade suavizagdo com 9 amostras).

Figura 7 — Planos de corte no modelo de velocidades 3-D e alguns snapshots para diferentes instantes de tempo.
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New advances in the Common-Reflection-Surface Stack

Jiirgen Mann! Steffen Bergler! German Hocht! and Peter Hubrall

Abstract

The Common-Reflection-Surface Stack was origi-
nally introduced as a data-driven method to simu-
late zero-offset sections from 2-D seismic reflection
pre-stack data. The noteworthy results received for
various synthetic and real data examples encour-
aged us to transfer the approach to more general
problems, namely the simulation of finite-offset sec-
tions for 2-D pre-stack data as well as the simula-
tion of zero-offset volumes for 3-D data. In this con-
tribution, we focus on these generalizations of the
Common-Reflection-Surface Stack and briefly indi-
cate implementation strategies for the zero-offset
simulation in 3-D and the finite-offset simulation
in 2-D.

Introduction

The Common-Reflection-Surface (CRS) Stack was
introduced by Miiller (1998) and Miiller et al.
(1998) as a data-driven zero-offset (ZO) simulation
method for 2-D that does not require an explicit
knowledge of the macro velocity model. The under-
lying model assumptions of the CRS stack method
are more general than the models of, e. g., Kirchhoff
migration or normal moveout/dip moveout/stack
which are based on diffractors or ZO isochron seg-
ments in the subsurface, respectively. The CRS
stack assumes the subsurface to be set up by reflec-
tor segments with arbitrary location, orientation,
and curvature. Obviously, this subsurface model is
more appropriate to describe reflectors in the sub-
surface than any other method based on a less gen-
eral approach.

A model-based application of the CRS stack
is hardly applicable as it requires a detailed de-
scription of the model including all interfaces—a
smooth macro velocity model is not sufficient for
this task. However, in the scope of paraxial zero-
order ray theory, the three properties of the re-
flector segment are associated with a set of wave-
field attributes that represent propagation direc-
tions and curvatures of certain hypothetical wave-
fronts. With these wavefield attributes, an ana-
lytic approximation of the kinematic reflection re-
sponse of the reflector segment can be derived. This

TGeophysical Institute, University of Karlsruhe, Ger-
many

approximate response, in the following also called
CRS stacking operator, and its associated wavefield
attributes can be directly determined from the pre-
stack data by means of coherence analysis. In other
words, the optimum CRS stacking operator for a
particular ZO sample to be simulated can be de-
termined in a data-driven way without the need to
know the actual location, orientation, and curva-
ture of the corresponding reflector segment. Thus,
the CRS stack approach implies a generalization
of the well-known velocity analysis. However, in-
stead of only one wavefield attribute, the stacking
velocity,! the CRS stack provides an entire set of
wavefield attributes that parameterize the subsur-
face model and serve for various applications.

Applications of the CRS stack for the simula-
tion of 2-D ZO sections can be found in Mann et
al. (1999) and Jager et al. (2001). Further improve-
ments of the “classic” CRS stack for 2-D, namely
the handling of conflicting dip situations, were in-
troduced by Mann (2001).

3-D zero-offset simulation

For the ZO case, the reflector segment’s proper-
ties and the associated wavefield attributes are re-
lated to each other by two hypothetical experi-
ments. For ZO, we assume only unconverted pri-
mary events with normal incidence on the reflecting
interface. In this case, the up-going and down-
going ray branches coincide. The up-going ray
branch is called the normal ray in the following.
For the first experiment, a point source is placed at
the normal incidence point (NIP) of the normal ray
on the reflector segment. The wavefront emanat-
ing from this experiment, the so-called NIP wave,
propagates along the normal ray and emerges at the
acquisition surface with well-defined curvature and
propagation direction. In the second experiment, a
simultaneous excitation of the entire reflector seg-
ment (exploding reflector experiment) is performed
to obtain the so-called normal wave. Again, a wave-
front propagates along the normal ray and emerges
with a certain curvature and the same propagation
direction as in the first experiment.

For the 2-D case, both curvatures as well
as the propagation direction can be expressed as

1Tn 3-D, the stacking velocity in genedhpers on the

azimuth
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Figure 1: Hypothetical experiments yielding the wavefield attributes for the 3-D CRS stack for ZO. The
normal ray (bold blue line) connects the normal incidence point on the second interface (brown grid) with
the acquisition surface (brown plane). The red and green surfaces represent the emerging NIP and normal
wavefronts, respectively, for three different instances of time.

scalars. Thus, we receive three wavefield attributes
for this simplest case. The 2-D ZO case was thor-
oughly discussed by Mann et al. (1999) and Jager et
al. (2001). These concepts can be immediately gen-
eralized to the 3-D case by performing the same hy-
pothetical experiments as in 2-D. Some snapshots
of the emerging wavefronts are displayed in Fig-
ure 1 for a model consisting of three homogeneous
layers. Obviously, the curvatures can no longer be
described by scalars but take the form of 2 x 2 ma-
trices. The propagation direction can now be de-
scribed by a unit vector with three components or,
more convenient, by its projection onto the acqui-
sition surface. Considering the symmetry of the
curvature matrices, we come up with a set of eight
wavefield attributes. Nevertheless, the hyperbolic
CRS stacking operator formally remains the same
as for the 2-D case:

2 2 ?
t"=(tg+ — wyom
v

2 . 2 R
20 T Am+ i pTR .
v v

(1)
+

The matrices A and B depend on the curvatures of
the normal and the NIP wave, respectively, and the
projected propagation direction w,. The vectors
m and h denote the relative midpoint displacement
and the half offset, respectively. As in the 2-D case,
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to is the traveltime to be simulated, and v denotes
the near-surface velocity.

To fit the optimum stacking operator to an
actual reflection event, a global optimization in
an eight-dimensional parameter domain is required.
However, the computational effort for such an op-
timization is unacceptable. Similar to the imple-
mentation strategy for 2-D (see, e.g., Jager et al.,
2001), the eight-parameter problem can be split
into separate optimizations with less parameters.
Among other strategies, one way to solve this prob-
lem is to decompose it into a set of 2-D problems:
in case of sufficient azimuthal coverage in the pre-
stack data, the CRS stack for 2-D can be applied in-
dependently for lines with three different azimuths.
The 3 x 3 wavefield attributes from this approach
can be combined to the eight wavefield attributes
in Equation (1).

In case of poor azimuthal coverage, the cur-
vature of the NIP wavefront cannot be fully deter-
mined because of the lack of information in the ac-
quired data: if, e. g., only one small azimuth range
is covered, the five-dimensional (¢,m,h) data do-
main is virtually four-dimensional as all half-offset
vectors h are almost parallel. An additional as-
sumption, e.g., spherical NIP wavefronts, is re-
quired for a complete description of the CRS stack-
ing operator.



=

0.2 0.2

-0.2 -0.2

©
=
o
=

Depth [km]

=}

(2]
Depth [km]
: I3

(2}

4
©
o
©

T2 T4 s 18 2 22 24 26 1T 12 14 1s 18 2 22 24 26
Distance [km] 2) Distance [km] b)

Figure 2: Hypothetical experiments yielding the wavefield attributes for the 2-D CRS stack for FO. The
FO ray (bold green line) connects the reflection point on the second interface with the acquisition surface.

The blue lines represent the a) CS and b) CMP wavefronts, respectively, for different instances of time. The
propagation directions along the FO ray are given by s and B¢ at the shot and the receiver, respectively.

K1, Ko, and K3 denote the wavefront curvatures at the indicated locations.

2-D finite-offset simulation

For ZO simulation, we considered rays with coinci-
dent up-going and down-going ray branches. How-
ever, in case of finite offset (FO) and/or converted
waves, the two ray branches no longer coincide.
However, the described two hypothetical experi-
ments with NIP and normal wavefronts provide
only information about the reflector segment and
the propagation along the normal ray. Thus, differ-
ent hypothetical experiments are required to asso-
ciate the reflector segment’s properties with wave-
field attributes in the time domain—these experi-
ments have to provide information about both ray
branches of the FO ray.

Appropriate hypothetical experiments for the
FO case were introduced by Zhang et al. (2000).
The first experiment is the so-called common-shot
(CS) experiment? for which a point source is placed
in the shot point of the considered FO ray. The
CS wavefront propagates along the down-going ray
branch, is reflected at the reflector segment, and
propagates back to acquisition surface along the
up-going ray branch. This experiment defines three
wavefield attributes, namely the curvature of the
wavefront K; emerging at the receiver and the
propagation direction along the FO ray at the
source and the receiver, respectively. The prop-

2«Common” refers to the paraxial rays in the vicinity of
the central FO ray.

agation directions can be described by the angles
between the FO ray branches and the acquisition
surface normal. The CS experiment is depicted in
Figure 2a for a model consisting of three homoge-
neous layers.

The second experiment, the so-called
common-midpoint (CMP) experiment?, is more
difficult to explain: the initial curvature of the
wavefront starting at the source is now no longer
zero (as in the CS experiment) but takes a finite
value K,. This wavefront also propagates along
the FO ray via the reflecting interface to the
receiver and emerges with the curvature K3 (see
Figure 2b). The propagation direction along the
FO ray is the same as for the CS experiment.
Thus, we come up with a a set of five wavefield
attributes for the FO case. For offset zero, the
number of attributes again reduces to three: the
two angles, Bs and B¢, coincide and the three
curvatures, K;, K5, and K3, can be expressed in
terms of the two curvatures related to the normal
and NIP wave experiment introduced for the ZO
case.

The hyperbolic approximation of the kine-
matic reflection response of the reflector segment
for FO in terms of the five wavefield attributes is
given in Equation (2). (%o, o, ho) defines the FO
sample to be simulated, whereas z,, and h denote
the midpoint and half-offset coordinates of the con-
tributing traces. The near-surface velocities at shot
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and receiver are given by vg and vg, respectively.
Similar to the ZO case, the search for these at-
tributes can be performed in separate steps and
specific gathers. In each gather, the CRS stacking
operator is a two-parameter hyperbola. We deter-
mine two parameters in the CMP gather, two in
the common-offset (CO) gather, and the last one
in the CS gather (the second CS parameter is not
independent).

The presented approach for the simulation of
2-D FO sections can be generalized to the 3-D case
by performing the same hypothetical experiments.
As for the ZO case, the propagation directions are
then given by two component vectors, whereas the
curvatures are symmetric 2 x 2 matrices. This
yields a total of 13 wavefield attributes. The de-
velopment of efficient strategies to determine these
attributes remains as a future research topic.

As already indicated above, the CRS stack for
FO simulation can also handle converted waves. In
this case, the near-surface velocities at shot and
receiver, vg and wvg, refer to the respective wave

types.

Conclusions

The CRS stack method, originally introduced for
the simulation of 2-D ZO sections, has been gen-
eralized for the simulation of 3-D ZO sections as
well as 2-D FO sections. For an efficient imple-
mentation, the 3-D ZO CRS stack can, e.g., be
decomposed to separate 2-D ZO problems. An im-
plementation strategy for the 2-D FO CRS stack
was discussed. Its generalization to 3-D remains as
subject for future research.

The data-driven simulation of FO sections
opens up new possibilities for various applications.
As an example, the FO CRS stack can be used to
simulate a set of FO sections with high signal-to-
noise ratio which are well suited as input for tomo-
graphic methods.
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Offset-dependent resolution of seismic migration
Jorg Schleicher and Lucio T. Santos, State University of Campinas

Summary

In this work, we study the resolving power of seismic
migration as a function of source-receiver offset. We
quantify horizontal resolution by means of the region
around the migrated reflection point that is influenced
by the migrated elementary wave. To obtain an estimate
for the mentioned zone of horizontal influence after mi-
gration, we investigate the migration output at a chosen
depth point in the vicinity of the specular reflection
point, i.e., when the output point is moved along the
reflector. The width of the spatial resolution resulting
from migration of the reflection event is compared with
the resolution predicted from theoretical ray-theory
formulas for various data sets with different offsets. We
find that the region of influence increases linearly with
offset. In other words, the resolution power of seismic
depth migration decreases when migrating data from
larger offsets.

Introduction

Seismic resolution after depth migration has been theo-
retically discussed by various authors (Berkhout, 1984;
Beylkin, 1985a; Cohen et al., 1986; Bleistein, 1987). A
recent comprehensive study on the subject was carried
out in Vermeer (1999), where additional references on the
subject can be found.

It is widely accepted among geophysicists that “depth
migration reduces the Fresnel zone.” Although this is
a very sloppy expression, because the Fresnel zone is a
fixed-size frequency-dependent quantity associated with
the reflected ray, we will see in this section that there is
a lot of truth in it.

We discuss horizontal resolution in a completely analo-
gous manner to the discussion of the pulse stretch in Tygel
et al. (1994) that is closely related to vertical resolution.
Note that we implicitly define now resolution in a slightly
different way from what is usually done in the literature.
Conventionally, resolution is quantified by the minimal
distance of two objects such that their images can still be
recognized as two distinct ones. In this way, resolution is
clearly a frequency-domain concept. For a more practi-
cal, time-domain concept, we need a different definition.
Guided by the above section on pulse distortion, we quan-
tify horizontal resolution by means of the region around
the migrated reflection point Mg that is influenced by the
migrated elementary wave at Mg.

To obtain an estimate for the mentioned zone of “horizon-
tal influence” after migration, we investigate the migra-
tion output at the chosen depth point M g in the vicinity
of the specular reflection point Mg (see Figure 1), i.e,

z migrated reflector image

Fig. 1: Horizontal resolution: influence of the migrated event at
the specular reflection point Mg on the migration result at the
neighboring point Mg on the reflector.

when the output point is moved along the reflector X .

In particular, we study the horizontal resolution of seismic
migration as a function of offset. As shown by Tygel et
al. (1994), the vertical resolution is the worse the greater
the offset becomes. For a horizontal reflector below a
constant-velocity overburden, it decreases proportionally
to the cosine of the reflection angle. A similiar behavior
is expected for horizontal resolution.

Theoretical background

As the starting point, we consider the time-dependent
diffraction-stack integral in the form of Tygel et al. (1994).
For an arbitrary depth point M, it reads

vono = g1 [ ae s e+ Tate 1)

1)
where F' is the seismic source pulse, B includes the weight
function and the seismic data amplitude, and Tg;e(€, M)
is the difference between the stacking surface, i.e., the
diffration traveltime 7p (&, M), and the reflection trav-
eltime Tr(&). The time derivative is needed to correctly
recover the pulse shape. At an actual reflector point, Mg,
the asymptotic evaluation of the above integral upon the
use of the Method of Stationary Phase (Bleistein, 1984)
yields in second-order approximation

V(MR) =~ F[0] Y(§; Mr) , (2)

where the new amplitude factor Y(&*; M) includes the
amplitude factor B of integral (1) together with some
additional factors that appear as a consequence of the
stationary-phase analysis. Moreover, £ denotes the sta-
tionary or critical point.
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To understand how the migrated result at Mg influences
reflector points M g in its vicinity, we calculate the deriva-
tive of the above stacking integral in equation (1) with
respect to the horizontal coordinates xr of Mp. After
application of the Method of Stationary phase to the re-
sulting integral expression, we find for the migration re-
sult at M g

V(Wr) = Flyxn HexalTEMe), ()
where Hp. is the Fresnel zone matrix as defined in Hubral
et al. (1992). Observe that the amplitude factor Y (&, Mg)
appearing in equation (3) is the one calculated at the
central point Mg, not at M g.

The physical interpretation of this result is straightfor-
ward. Recall that F[t] is a wavelet of finite length, i.e.,
it has values different from zero only inside the interval
0 <t < 7., where 7c is the pulse length. Thus, the
influence of the migrated wavefield at Mg ends at that
particular point M r, where

(4)

1

Ex rR -Hpxr=7T:.
This is exactly the definition of the time-domain Fresnel
zone (Hubral et al., 1992). Thus, the area affecting the
reflected field in the vicinity of Mg is the area of the
time-domain Fresnel zone at Mg.

Let us appreciate the meaning of this result. We know
that forward wave propagation distributes the informa-
tion scattered from each “diffraction point” M in the seis-
mic data over one projected Fresnel zone, which is there-
fore the minimum aperture for seismic Kirchhoff prestack
depth migration (Schleicher et al., 1997). The present re-
sult tells us that Kirchhoff depth migration smears the
information pertaining to each depth point M in the mi-
grated section over its time-domain Fresnel zone. This is
exactly what should be needed to undo the effects of wave
propagation, that is, to recover the migrated image with
a perfect resolution.

Since the migration operator is proven to be valid in
paraxial approximation, i.e., up to second order, we might
expect that the migrated data will show a residual uncer-
tainty in lateral resolution that is roughly equivalent to
the quality of the paraxial approximation of the Fresnel
zone. In the next section, we investigate this expectation
with a simple numerical experiment.

Synthetic example

To demonstrate the lateral resolution of seismic Kirch-
hoff depth migration, we have devised the following sim-
ple numerical experiment. Consider a horizontal interface
below a homogeneous halfspace with an acoustic wave ve-
locity of 6 kin/s (see Figure 2). Below the interface, we
consider a vertical fault at « = 0 km, separating two ho-
mogeneous blocks with velocities of 5 km/s and 5.5 km/s
on the left and right side of the fault, respectively. In this
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Fig. 2: Earth model for a simple numerical experiment. Also

shown is the ray family for a common-offset experiment with a

source-receiver offset of 3000 m.
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Fig. 3: A numerically simulated common-offset dataset for the
model in Figure 2.

model, we have simulated an ensemble of common-offset
seismic surveys with source-receiver offsets ranging from
0 m to 4000 m. The reflection angle for the largest off-
set is about 68°. A typical common-offset dataset (for a
source-receiver offset of 3000 m) is depicted in Figure 3.
The numerical modeling was realized by an implementa-
tion of the 2.5-dimensional Kirchhoff integral. The source
wavelet is a symmetrical Ricker wavelet with a duration
of 64 ms.

The model was chosen to demonstrate the capacity of
Kirchhoff migration to collapse the Fresnel zone. The
simple fault model is ideal for this demonstration as it
allows for a quantitative estimate of the residual Fresnel
zone after migration. The Kirchhoft data show how the
information of the fault is distributed in the seismic am-
plitudes over a projected Fresnel zone. To make this even
more evident, we have picked the peak amplitude along
the seismic event in Figure 3. This amplitude is shown in
Figure 4 as a function of midpoint coordinate. Also indi-
cated in Figure 4 are the boundaries of the time-domain
projected Fresnel zone. For a common-offset experiment
over a model with a horizontal reflector below an over-
burden with a constant velocity v, the projected Fresnel
zone is an ellipse with semi-axes

b=VvvTz, a b

cos3/2ag ’

()

where 7: is the length of the source wavelet, z is the re-
flector depth and ar is the reflection angle. Indicated in
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Fig. 4: Seismic peak amplitude along the reflection event in Fig-
ure 3. Also indicated are the boundaries of the time-domain pro-
jected Fresnel zone in the direction of the seismic line.
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Fig. 5: Depth section after a true-amplitude Kirchhoff migration
of the data in Figure 3.

Figure 4 is the size of the greater semi-axis a that quan-
tifies the extension of the Fresnel zone in the direction of
the seismic line. In Figure 4, we observe that the abrupt
horizontal velocity contrast leads to a smooth amplitude
increase along the seismic reflection event, almost cover-
ing a complete projected Fresnel zone. Note that for a
good estimate of the transition zone, 7: is not the full
length of the seismic wavelet but an effective length being
the mean half-period of the wavelet.

Figure 5 shows the data of Figure 3 after application
of a seismic prestack Kirchhoff depth migration. The
same prestack depth migration has been performed on
all other corresponding synthetic common-offset sections
with source-receiver offsets between 0 m and 4000 m. The
results of these migrations are similar to that of Figure 5
and are, thus, not depicted here. We already recognize
in Figure 5 that the amplitude change from one side of
the fault to the other has become much steeper than in
the original data (cf. Figure 3). This comes as no sur-
prise since it is well-known that migration increases the
lateral resolution. To better quantify this effect, Figure 6

Amplitude
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Fig. 6: Picked peak amplitudes of the migrated reflection event in
Figure 5.
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Fig. 7: Residual Fresnel zone after Kirchhoff depth migration.
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3500

shows the picked peak amplitudes along the seismic event
in Figure 5. In this figure, it is much easier to observe
than in Figure 5 that the change in amplitudes between
the two values of the reflection coefficient at both sides
of the fault is much more abrupt than in Figure 4. The
Fresnel zone has indeed been strongly reduced by Kirch-
hoff migration. Our estimate for the size of the residual
Fresnel zone after migration is indicated by two vertical
bars.

To put this investigation on a broader basis and make its
results more conclusive, we have repeated this numerical
comparison for the other source-receiver offsets between
0 m and 7000 m. Figure 7 shows the size of the resid-
ual Fresnel zone after migration as a function of offset
(crosses, plus signs, and circles). The size of the resid-
ual Fresnel zone after migration was estimated by deter-
mining where the amplitude values in the transition zone
reach the value of the reflection coefficient as recovered by
the true-amplitude migration. Because of the numerical
error, this cannot be used as an exact criterion. We there-
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fore chose the value of the recovered reflection coefficient
to be reached where the error was less than five percent.
Figure 7 compares the size of the residual Fresnel zone as
estimated in this way to its expected size (dashed line) as
calculated by the difference of the paraxial and true time-
domain Fresnel zones. We observe a good agreement of
estimated and expected values over up to a half-offset
of 2000 m. The larger offsets, however, show that this
expectation overestimates the residual Fresnel zone after
migration. A heuristical curve (bold line) that increases
linearly with offset better follows the observed values over
the whole range of half-offsets.

Note that the size of the migration aperture also affects
resolution. The crosses in Figure 7 were obtained for
a smaller migration aperture. For half-offsets beyond
2000 m, they do not represent a realistic measure of the
achieved resolution. Here, the boundary effects reach into
the transition zone. As a consequence, the migration am-
plitudes never reach the true value, that is, the correct
reflection coefficient.

By means of the present analysis, we have now gained
a much more quantitative understanding of what the
common expression “depth migration reduces the Fresnel
zone” means in quantitative terms. It is to be remarked,
however, that the above resolution is reached only with
perfect, that is, noise-free, correctly sampled, unbiased
data that were acquired with short intervals between two
adjacent shots and receivers. Any additional distortion
due to the wave propagation in an inhomogeneous reflec-
tor overburden, such as transmission losses, focusing and
defocusing, caustics, etc., as well as acquisition effects
such as irregular source and receiver spacing, source and
receiver coupling, uncalibrated traces, etc., will not only
affect the recovery of the best possible amplitudes but will
also degrade the seismic resolution.

Final remarks

In this paper, we have discussed the horizontal resolution
of true-amplitude Kirchhoff depth migration in depen-
dence on the source-receiver offset. We have seen that
the region around the reflection point affected by the
reflected wavefield after migration increases with offset.
This means that the resolving power of seismic migration
decreases with increasing offset. A possible explanation of
this behavior is that Kirchhoft migration is an algorithm
that is based on a second-order approximation. There-
fore, it can be expected to be correct only up to second
order. However, this expectation explains the observed
resolution only for a certain range of offsets.

Qualitatively, we observe the expected behavior of a de-
creasing horizontal resolving power with increasing offset.
However, the quantitative behavior of horizontal resolu-
tion as a function of offset is different from that of vertical
resolution. As shown by Tygel et al. (1994), for constant
velocity and a horizontal reflector, the vertical resolution
decreases proportionally to the cosine of the reflection an-
gle. Horizontal resolving power, however, seems not to be
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a simple function of that angle. The best fitting curve
increases linearly with offset.

Note that a decreasing resolution with increasing offset
may have consequences for a post-migration stack and for
AVO analysis. The image after a post-migration stack
can only be expected to exhibit the worst resolution of
the individual images, i.e., that of the largest offset to
be used in the stack. An AVO analysis may be affected
when studying the AVO trend too close to an amplitude
contrast along a reflector. Because of different resolution,
amplitude might be correct for smaller offsets but wrong
for larger offsets.
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Abstract

Development and application of the inverse scatte-
ring problems of acoustic and seismic waves for
seismic data processing and investigation of sedi-
mentary cover is an actual and perspective ten-
dency. In this report we describe practical realiza-
tion of the Wave Analog of Common Depth Point
Method (WCDP) for 2D seismic data processing
and represent its testing on synthetic data corre-
sponded to typical geological objects: dipping re-
flectors, diffraction points and salt dome tectonic
model.

Introduction

The WCDP method is a method for multi chan-
nel seismic data processing. Among migration me-
thods on unstacked data the WCDP method stands
out by the fact that it is based on the strict solu-
tion (in linear approximation) of inverse acoustic
scattering problem using overdetermined multifold
data, A.N.Kremlev (1979, 1985). This problem
consists for 2D case in reconstruction of function
a(p) describing medium inhomogeneities by wave
field u(z,xo,t) registered for different source (zo)
and receiver (z) positions on free surface. This
wave field satisfies to the following Cauchy pro-
blem, Bleisten (1979):

O = A+ a@)u+ 05— ), (D)

ult<o = 0,

where ¢ is the velocity of acoustic waves in back-
ground medium and (7, go,t) € R? x R?> x R, 0 =
(z2), Po = (zoz0). The result of the inverse sca-
ttering problem solution for Cauchy problem (1) is
linear focusing operator:

dw dx dxp

by Eg%(p, X> Xow) ufXow),

a(p) =
(2)

which allows to calculate vizualization function
a(p) averaged over domain with size determined

by the signal wave length. In formula (2) function

Al 5 Xo,w) is the spectrum of observed field,

2 w2

w
= 9(0—2 - XQ)@(U—2 -Xo) (3)
w? w?
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+
i

is the kernel of focusing operatordfe O() is
Heaviside s function and v is apriory input wave ve-
locity.Bponential factor i) fdescuibeg

phase shift migration of source and receiver coor-
dinates analogot#l¢ago (1978) ddt
(1978) migration, but proceedings multipliers are
the result of strict inverse problems solution. It
is necessary to note that stacking formula (2) uses
input data overdetermination completely, like the
CDP method, and realizes useful signal accumu-
lation. It increas¢maiignahtio in obtained

stack and can be used for velocity analysis too.

Practical implementation of the
WCDP method

For practical realization of the WCDP algorithm
we use transform in (2) from the coordinates
”source-receiver” to the coordinates ”common mi-
dle point- offset” by the formulae:

m=(x+x0)/2, | =z —ux. (4)

In (x,z) coordinates aperture used for approxi-
mates calculation of the vizualiztion function a(p)
is guare ABCD situated on general seismic plane,
(seeBg. 1), with diagonal AC oriented along CMP
m-axes. In this case of increasing of investigion
depth and inclination angles of reflected bound-
aries it is necessary to increase summation base,
too: AC — AC,. As it seesifrom 1, the
number of seismic traces involved simuleneously in
data processing increasegadraticallyrthe-

more, domais (as Bi#ingles 2K andDLD ») ap-
pear which don t have real seismic data and which
we need to fill by zéro s traces I6F implemen-
tation. This step has artificial character and does
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not increase infomativity of profile. In (m,l) co-
ordinate aperture A’B’C’D’ is rectangle one and
volume of calculation increases linearly under in-
creasing of summation base. Taking into account
(4) and making the change

q=1( ——x +\/——xo

we obtain final stacking formula

ay(m,t) =/ ﬁe_’qt/ ﬁe’”m (5)
—0o0 —00
* dv 4
/ Z—(I)v(m,t,,u/,l/,q)U(/l/,V,q),
—_oo &T

where integrals with respect to variables g and p are
Fourier integrals which can be calculated by FFT
algorithm. Here ®,(-) and U(-) are the kernel of
focusing operator and the wave field spectrum in
new coordinates, correspondengly. Outline, also,
that computations in stacking formula (5) for fi-
nite aperture increase linearly with stacking base
increasing with constant offset range. It is very
important for reconstruction of inclined deep re-
flectors.

Reconstruction of typical geo-
logical objects

Fig.2 shows the result of pointwise reflectors recon-
struction disposed on different depth and different
parts of summation base. We can see good qual-
ity of such subjects reconstruction and, it’s worth
to note, the precise of diffractors reconstruction is
closed to its theoretical wave length limit. Figs.3
and 4 show the results of dipping reflectors recon-
struction in the case when (a) background velocity
used in the inversion, coincides with the real wave
velocity ¢ of the medium and for the case when
(b) these velocities differ one from another on 25%.
Note that for the case (b) inclined reflectors are re-
constructed stably inspite of big velocity difference,
though they move a little from their real positions.

Salt dome structure reconstruc-
tion

A model of salt-diaper structure is shown on
Fig.5.That model is highly representative for Cam-
pos Basin (Atlantic Ocean, Campos Offshore Deep
Water). The synthetic data were calculated by nu-
merical solution of the acoustic wave equation using
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finite-diffrence approach, acording to algoritm pro-
posed by Oliveira (1999), which considered both
variations in velocity and density of medium. The
data consists of 521 shot gathers spaced by 30m for
96 receivers spaced with same distance. Fig.6 and
Fig.7 show the results of the model reconstruction
with background velocity 1500m/s and 1600m/s.
All reflectors, including dipping reflectors and un-
dersalt interface are good rebuild though the last
one move away from their real positions due to
strong lateral velocity variations. We can see some
noise in the data due the presence of multiples,
spetially the water botton multiple. This indicate
the necessity of demultipling the data previous to
WCDP processing. Finally, it is important to men-
tion that the CPU time required by WCDP is com-
parable to the Stolt prestack algorithm.
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Abstract

The use of prestack depth imaging has been
expanding rapidly over the past few years. During
this time we have seen a dramatic evolution of the
technology and methods involved. This development
continues today and depth imaging methods and
practices will evolve further over the coming years.
The majority of the prestack depth migrations done
during this period have been in the Gulf of Mexico
and the North Sea. Our intent in this paper isto
review the history of prestack depth migration and
then consider the lessons learnt along the way. We
will examine how to make the most of this experience
as we consider each new prestack depth migration
project. To do thiswe will focus more on some of the
components of prestack depth migration such as the
velocity model building and the migration a gorithms.
We will then consider the above in the context of the
various exploration areas in and offshore Brazil.

Introduction

An understanding of prestack depth migration has
been available since the 1970’s. It was considerably
more recent before the use of prestack depth
migration became common. Since depth migration
began to be an accepted method the quantity of
prestack depth has grown dramatically. The mgjority
of prestack depth migration experienceis centred on
certain areas and within these areas despite the level
of experience, depth imaging is still animmature
technology.

In areas where there is less experience and exposure
to these technologies, it is beneficial to draw on
appropriate experience from other areas. Thisisone
of the themes of our paper. We must stress
“appropriate” and this leads us to an analysis of how
one would define which methods and from where will
best contibute to new projects.

To understand these factors we can consider the
reasons for doing prestack depth imaging and the
requirements for prestack depth imaging. Armed with
this knowledge we can start to identify similaritiesin
velocity model building requirements and in
migration algorithm requirements from one area to
another. Generally these similarities will be related to
the geology, but the geologies from one areato
another are never identical. For example, a steeply
dipping salt flank near the surface may impose

different demands on the velocity model building and
migration algorithms than a deeper salt flank,
especialy as the overburden changesin each case.

Finally we will consider some of the specifics of the
current and potential areas for prestack depth imaging
in Brazil. Particularly where depth imaging can
potentially improve the imaging of the subsurface,
and from where we can draw experience to help this
work.

Why do prestack depth migration?

Depth migration has the ability to better image datain
the presence of lateral velocity variations. Prestack
depth migration can improve the image quality when
alternative stacking methods (DM O, prestack time
based methods etc.) can not perfectly stack the data.
Virtualy every seismic survey contains lateral
velocity variations to some extent. The obvious
question is not “why do we do prestack depth
migration”, but “why don’t we always do prestack
depth migration”.

Why don’t we always do prestack depth
migration?

A theoretically preferable imaging method can only
bejustified if the lift in quality and accuracy will
change the decisions based on the final product
enough to justify the additional effort. Our main
concern here isto answer this question from the
technical point of view. However, we cannot ignore
some practicalities that will often be the reasons for
not pursuing prestack depth migration. These factors
are essentially cost and time. Prestack depth
migration requires a velocity model, which takes time
to produce and prestack depth migration isitself a
relatively time consuming process (compared to time
processing). The extratime and the additional
computational effort correspond to additional cost.

In addition to the practical aspects of the additional
time taken to build a velocity model, there isthe
question of accuracy of the velocity model. Optimum
prestack depth migration results require a perfect
velocity model. If we cannot produce a perfect
velocity model then the advantages depth migration
has over conventional processing isreduced. In
reality this means there is a point where even with
some level of lateral velocity variation time
migrations can produce an image which is
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comparable to the prestack depth images. Typically,
the differences will increase as the amount of |ateral
velocity variation increases. Simply because larger
lateral velocity variations exist, we should not assume
they will be represented in the velocity model
accurately enough to produce the expected
improvement. There have been examples where
prestack depth migration has been inferior to time
products. This should never happen, but it can if

large velocity variations are put in the model
incorrectly. If avariation cannot be identified
accurately a smoother version of that variation should
be in the model and thiswill tend to lead the results
towards those of the time migration. If the variationis
accurately defined results should be superior to the
time migration.

We can now see a set of guidelines are starting to
appear to govern the choice of imaging approaches.
Lateral velocity variations have to reach a certain
level to justify depth imaging. Once we have |ateral
variations we have to recover them adequately in the
velocity model. To develop these guidelines we
should consider some of the different varieties of
lateral velocity variations that we encounter.

Prestack depth imaging and lateral velocity
variations

Lateral velocity variations come in many categories.
It isinstructive to divide these categoriesinto
relatively few, ranging from abrupt and significant
lateral changesto slowly varying lateral variations.
For example we can consider |ateral variations which
are due to an abrupt change in velocity such as a salt
boundary or fault. Lateral variations which are dueto
boundaries between dipping layers such as a dipping
water bottom. Lateral velocity variationsthat are due
to gradual changesin properties, for example gradual
changesin lithology. There are geological situations
that can have any of these characteristics such as gas
clouds. If the nature of al lateral velocity variations
in an area can be defined the chances of successful
imaging increase dramatically. When these variations
are difficult to define, it will be difficult to get agood
image of the energy propagating through these areas
of velocity uncertainty. Velocity boundariesthat are
difficult to interpret or gradual velocity changes
which must be recovered from velocity analysis
methods will be difficult. Velocity variations that can
be accurately defined viainterpretation are much
more reliable.

In the Gulf of Mexico the dominant cause of lateral
velocity variation isthe salt. If the salt boundary is
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readily interpreted then depth imaging should start to
be superior to timeimaging. Thisiswhy there are a
large number of examples from the Gulf of Mexico
showing depth imaging improving the image.
However, to achieve better images of the deeper
structure, especially where the salt becomes more
complicated involves a number of additional
considerations (O’ Haraet al., 2000). Particularly,
the migration algorithm must be adequate for the
demands of this environment. The apertures required
to image this data are extremely large. We should not
forget that not all algorithms are able to be extended
to these apertures and produce good results.

In environments where there are a larger number of
factors affecting the velocity variations then the
process becomes more difficult. For example, if we
have gradual lateral velocity variations above an
abrupt variation, both of these issues must be dealt
with. Thisisacommon scenario in the North Sea.
Two aspects of model building become critical: the
tools we use and the way we use them. Different tools
are more efficient and more accurate in different
situations. Often we see practitioners using the same
tools regardless of the data they are working on. This
restriction may be enforced by the range of reliable
tools at their disposal, but this restriction will aso
compromise their abililty to handle the range of
geological situations that exist. If we approach every
project with the full set of available methods rather
than some predetermined subset the probablility of
building an adequate velocity model significantly
improves.

When we are assessing these problems the most
reliable indicators of problems are the data. Lateral
velocity variations will start to produce
inconsistencies in the time imaged seismic data which
can often be recognised and used to determine a
model building approach. In addition we would want
to understand the geological context of an areato
assess as many factors that can play aroleinthe
model building as possible. One factor that is often
encountered is anisotropy.

Anisotropy

Anisotropy is present in the majority of the rocks we
image through. Particularly offshore Brazil thereisa
lot of evidence for significant anisotropic behaviour.
Figures 1 shows a CMP gather from the Santos basin.
This gather has had NMO applied on the basis of the
hyperbolic moveout equation. The near offsets are
nicely flattened and we can see that no single vleocity
will flatten the whole gather. As soon as we flatten
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higher offsets the near offsets would be
undercorrected. There are anumber of factors which
can cause this phenomenon. The location in this case
was chosen to try and avoid dip, crossline dip, lateral
velocity varions etc. Vertical variations will be
present and figure 2 shows a gather with a4 term
moveout applied. Thisis designed to take account of
the issues of the vertical variation in velocity. The
vertical variation induces bending of the raypath. The
gather is better corrected than figure 1 but there is still
moveout at the high offset which cannot be removed
by this method. Assuming this isareflection, and the
other possible complications are not present, that
|eaves anisotropy. The fact that we can see similar
behaviour from top to bottom of the gather we are
showing reduces the chances of it being due to any
other affects. Figure 3 shows the gather with
anisotropic moveout applied, the gather can now be
flattened across the entire offset range.

This sequence of dealing with vertical variations and
anisotropy is common throughout at |least the Santos
and Campos basins.

The above approach is appropriate to optimally stack
the data during time processing. However, it does not
fully correct for overburden propagation effects as we
must do for depth imaging. As we move into more
complex territory the anisotropy is still present and
even if the targets are below the regions of
anisotropic behaviour, energy must propagate
throught the overburden to reach the targets. Inthis
scenario the prestack depth imaging approach should
account for anisotropy. Here we can draw on
experience, from elsewhere in the world , in
anisotropic model building and anisotropic prestack
depth migration (Bloor et al, 2000).

Depth imaging in Brazil

Brazil has alarge number of prospective offshore
basins. Each of these basins pose different seismic
imaging problems. Some of these problems are
clearly depth imaging related as in the basins off
eastern Brazil whilst others are less obvious such as
in the basins offshore north Brazil.

Massive salt is present in the eastern Brazilian basins.
In the Santos and Campos basins there are a range of
salt related problems to be solved by depth imaging.
Superficially these basins appear to have alot of
similarities to the Gulf of Mexico. The overburden
above the autocthonous Brazilian salt contains
various calcareous layers and sometimes lava
intrusions. The best prospects of Campos basins are

on turbidites of the Upper Cretaceous and Tertiary,
these are generally situated on salt related structures.
These basins are also the ones in which we have the
best evidence for anisotropy. Accurate definition of
the turbidites would benefit from the use of
anisotropic imaging.

Eocene lava flows became pervasive in the northern
Espirito Santo Basin, here the main problems are
related both with the lava, imaging of salt structures
and with identifying sub-basalt features. The most
relevant area from the rest of the world is probably
the Faeroes where similar basalts exist. Whilst depth
imaging is dtill required, multiples and noise
attenuation are significant problems and a large
portion of the effort will be dedicated to dealing with
these.

Offshore Bahia, in the Camamu-Almada basin, the
imaging problems both on the shelf and in the slope
are connected with the correct understanding of the
rift geometry and prospects within it. Depth imaging
can more accurately define the faulting beneath the
lateral velocity variaitons of the overburden.

Moving to Sergipe-Alagoas there are evaporites and
carbonates with fault blocks beneath them. These
have some similarities to parts of the North Sea.
Prospects need to be depth imaged in the faulted syn-
rift as well asin the overburden.

The rift section offshore north Brazil is characterized
by block-faulting that are related to the geometry of
the equatorial fracture zones. The most interesting
area for depth imaging is the Amazon Cone where as
result of thick Miocene and Pliocene sedimentation,
shale diapirs have formed. The lateral velocity
variations induced by the diapirism and overpressure
zones around the diapirs pose a depth imaging
problem. Hydrocarbon prospects are situated around
the diapirs.

Summary

Depth imaging is still adeveloping field. Whilst there
isalot of experience around the world, new projects
often require modifications to existing approaches. To
produce good depth migration results we need to
draw upon appropriate experience, use the most
appropriate tools and acknowledge the fact that we
are working with a new dataset and it will be different
to previous projects. Given these prerequisites depth
imaging is capable of giving improved results and has
the best chance of fulfilling the objectives of the
project.
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Depth imaging in Brazil is necessary for the
appropriate understanding of the syn-rift geometry
and for the correct structural and stratigraphic
mapping of carbonates, autocthonous salt and shale
diapirs. In addition, it adds to the high-resolution

imaging of turbidite reservoirs.
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INTRODUCAO

De especial interesse € a determinagdo de
propriedades de rocha e fluido pelos métodos geofisi-
cos envolvendo a propagacdo de ondas sismicas em
pocos (perfis) ou em subsuperficie (métodos sismi-
cos). Na sismica o objetivo central é obter uma ima-
gem realista dos refletores de interesse e também
inverter os dados registrados para atributos sismicos
que melhor caracterizem os meios geoldgicos nos
quais inserem-se os refletores. Dentre os algoritmos
de imageamento sismico destacam-se os métodos de
empilhamento Kirchhoff, nos quais somam-se o0s
dados sismicos ao longo de curvas especificas multi-
plicadas por funcBes peso que garantem o controle
das amplitudes.

O processamento convencional, sem um tra-
tamento adequado de preservacdo de amplitude, mas-
cara ou até inviabiliza o mapeamento de propriedades
petrofisicas, prejudicando a correlagdo entre o dado
sismico e a informacédo de perfil. Uma forma de esti-
mar corretamente as amplitudes e, por consequéncia,
os coeficientes de reflexdo nas interfaces sismicas, é
efetuar uma migragdo pré-empilhamento em verda-
deira amplitude, onde a distorcdo das amplitudes
devido ao espalhamento geométrico ao longo do raio
de reflexdo é compensado pela operacdo de migracéo.
Entretanto, esse processo tem um custo elevado, sen-
do também dependente do modelo de velocidades
utilizado.

Uma rotina menos dispendiosa e mais esta-
vel em relagéo a erros no modelo de velocidade, con-
siste na transformacédo da secdo sismica obtida com a
geometria de aquisicdo no afastamento comum em
secBes simuladas de afastamento nulo em amplitude
verdadeira. Neste caso, as amplitudes das reflexdes
primarias em afastamento comum s&o transformadas
de tal forma que o fator de espalhamento geométrico
original (dependente do afastamento) é automatica-
mente substituido pelo correspondente fator de espa-
Ihamento geométrico do afastamento nulo. O coefici-
ente de reflexdo é, no entanto, preservado, possibili-
tando a sua aplicacdo em estudos de AVO. A opera-
¢do de transformacdo de uma se¢do sismica de afas-
tamento constante para a sua correspondente em afas-
tamento nulo recebe o nome de migracdo para afas-
tamento nulo em verdadeira amplitude (TA MZO).
No caso de um meio com velocidade constante, a
curva de empilhamento do MZO e a funcéo

peso se reduzem a férmulas analiticas, minimizando o
esforco computacional.

A METODO UNIFICADO DE IMAGEAMENTO
SISMICO EM MEIOS 2,5D

Neste método considera-se a situagdo 2,5D
(Bleistein, 1986): onde a propagacdo da onda sismica
é 3D e 0 modelo geoldgico é 2D. Seja, também, a
subsuperficie formada pela sobreposicdo de camadas
estratificadas, isotropicas, e ndo homogéneas separa-
das por interfaces refletoras suaves, de tal forma que a
propagac¢do da onda é descrita pela teoria do raio de
ordem zero para reflexdes primarias (Cerveny, 1985 e
1987).

Sob estas condicfes, as ondas emitidas por
uma fonte pontual localizada no eixo x sdo registradas
por receptores também localizados no eixo x propa-
gando-se idealmente no plano (x,z). Portanto, “podem
ser descritas pela teoria dos raios (Bleistein, 1986).

O objetivo do MZO tipo Kirchhoff é trans-
formar as reflexdes primarias que sdo encontradas na
secdo de afastamento comum ao longo das curvas de
tempo de transito na sua correspondente de afasta-
mento nulo em amplitude verdadeira. A expressdo
analitica que em um Unico passo representa essa ope-
racdo é uma integral de empilhamento ponderado tipo
Kirchhoff (Tygel etal., 1998)

Uy(&y.ty) = wzo (6, Ng) DY2U(E,1)

(D

t=Tmzo(z,Ng)

1

N ;[ dé K
onde t = 1yzo (&Ng) é a curva de empilhamento para
0 MZO, & é a coordenada do ponto médio variando
ao longo da abertura A, D*? representa o operador de
meia derivada em tempo negativo e Kyzo(é,,Np) € a
fungdo peso. Pela expressdo (1) vé-se que cada ponto
No na secéo de afastamento nulo a ser simulada sera
posicionado um valor de amplitude obtido pelo empi-
Ihamento ponderado ao longo da curva de MZO.
Como mostrado em Schleicher et al (1993), a integral
(1) pode ser avaliada assintoticamente pelo método da
fase estacionaria (Bleistein, 1984) para as altas
frequéncias, no ponto estacionario.

A curva de empilhamento do MZO ¢é o lugar
onde se localizam todas as contribuicdes na secdo de
afastamento comum para a determinacdo  da
amplitude em cada ponto Ng = (&,t,) na secdo de
afastamento nulo a ser simulada. Ela representa, con-
sequentemente, a relacdo entre o tempo em afasta-
mento nulo e o ndo nulo, podendo ser deduzida, do
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ponto de vista cinematico, a partir de raciocinio seme-
Ihante ao da resposta impulsiva do DMO.

Tygel et al. (1998) mostraram que a curva de
empilhamento e a fungdo peso para a migracdo em
afastamento nulo para velocidade constante (t = fyzo)
sdo formulas analiticas, sendo a primeira fungdo do
tempo no afastamento nulo (t) e da velocidade (v)

2h vt, )
2N+ 20| g2 ,

" (5] w
)

enquanto a segunda é dada por

a()vt

KMZO(EvNo):T(ZaZ(n)—l)’ (3)

onde, em ambas as expressdes acima, foi utilizada a
notacdo de Black et al.

t=

a@) = Il =1&-&|<h.

T

(4)
n

Ao aplicar-se 0 MZO aos dados sismicos,
representa-se o refletor imageado por uma faixa
migrada de largura distinta daquela original. Este
efeito € definido como distor¢do do pulso, ao qual
relaciona-se um fator de estiramento que sera
denotado como myzo. Como demonstrado em Tygel
et al. (1998) o fator de estiramento no MZO é

Myzo (§r+ Nor) = €0SO, ®)

onde © define o &ngulo de incidéncia da reflexo
original no afastamento comum, ou seja o sinal de
reflexdo simulado em afastamento nulo é estirado em
relacdo ao sinal sismico original em afastamento
comum ou em relagdo a uma secdo de afastamento
nulo real de um valor correspondente ao coseno do
angulo de incidéncia, consequentemente o conteido
de frequéncia sera escalonado por este valor.

Observando-se a equagdo para o fator de es-
tiramento no MZO (5) percebe-se que a aplicagdo da
migracdo para afastamento nulo aos dados sismicos
em afastamento comum fornece uma medida inde-
pendente do &ngulo de incidéncia ©, desde que seja
possivel estimar a assinatura da fonte antes e depois
do MZO. Como a estimativa da assinatura da fonte é
probleméatica, um método de obter os angulos de
reflexdo para cada afastamento comum que comp8dem
0 experimento sismico, mais especificamente, em
estudos de AVO é executar um segundo MZO com
uma funcdo peso modificada de forma conveniente
(Bleistein, 1987, Tygel et al., 1993 e Bleistein et al.,
1999). Considerando a segunda funcdo peso como
sendo

IZMZO(EiNO):COSOKMZO(ElNO)’ (6)
onde K,,.(&,N,) € a fungdo peso original para o
algoritmo do MZO. Tomando-se, em seguida, a razédo
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entre as duas respostas de saida, obtidas das integrais
ponderadas do MZO, com os diferentes pesos
Ko (EN,) € Kygo(&,Ny)tém-se a estimativa do

angulo de incidéncia
Uy ($o.No) - Kizo (€1 No)
Ljo(forNO) KMZO({!NO)

)

=Cc0sO.

MODELO SINTETICO E A RESPOSTA SiSMI-
CA

Na figura (1) observa-se 0 modelo sintético
utilizado, onde a interface plano-inclinada é o fundo
do mar com profundidade de 100 a 500 m. A segunda
interface é curva e representa um marco sismoestrati-
grafica do Oligoceno Inferior cuja profundidade varia
de 2500 a 3700 m. A Ultima interface que aparece no
modelo em profundidade de 3000 a 4100 m é o topo
do reservatorio, estando a acumulacao de 6leo restrita
a feicdo démica segmentada por duas falhas. As velo-
cidades intervalares, para este modelo, sdo v1 = 1500
m/s para o meiol. v2 = 3000 m/s, v3 = 3400 m/s, v4
= 3800 m/s para 0 meio 4 que representa um arenito
saturado com 6leo e v5 = 4300 m/s para a areia com
agua. As densidades, para todos os meios, sdo cons-
tantes e iguais a unidade.

Coordenadas (m)

Xl

X, X, X,
o8 . 15000 "2 o0 2 2mon T4

16000

33000 4000
V,=1500 m/s
=1g/cm®

V, = 3000 m/s

P, =1glcm?

Profundidade (m)

V3= 3400 m/s

—2 =1g/cm? !h

MOO ms

p,=1glem®

V5= 4300 m/s
o0

ps=1glcmd

Figura 1: Modelo da Terra em profundidade

A imagem sismica foi gerada no CWP/Cshot
tendo sido o intervalo de tiro e de receptores de 50 m,
a banda de frequéncia, para construgdo da assinatura
da fonte, de 4 — 72 Hz, com o comprimento do opera-
dor de 150 ms, a razdo de amostragem de 4 ms e o
tempo de registro igual a 4 seg. Trinta se¢Bes sismi-
cas sintéticas em afastamento comum foram modela-
das com afastamentos variando de 100 até 3000 m
equiespacados de 100 m. Uma secdo em afastamento
nulo também foi imageada de modo a fornecer uma
comparagdo com o resultado proveniente da aplicagédo
do MZO a verdadeira amplitude.



Recuperacéo de Atributos Sismicos Utilizando a Migracéo para Afastamento Nulo

As secdes sismicas em afastamento comum
foram processadas utilizando dois fluxos de proces-
samento contidos na figura (2) com o mesmo modelo
de velocidade (figura 3). Quatro pontos médios foram
selecionados para realizagdo das analises de A-
VO/AVA (figura 1) apés a .aplicacdo da migracao
para afastamento nulo no dado modelado e do DMO
FK.

CONSTRUCAO DO
MODELO GEOLOGICO

GERACAO DO DADO
SINTETICO (CO e ZO)

ANALISE DE VELOCIDADE

REFINAMENTO DO

l MODELO DE VELOCIDADES l

MZO NMO

DMO FK

Figura 2: Sequéncias de Processamento

Namero de Ponto de Tiro

Valores de Velocidade (km/s)

0.0
400
800
1200
1600

2000
2400
2800
3200
3600
4000

1 100 200 300 400 500 600

Figura 3: Modelo de Velocidades RMS

Colecionando as amplitudes de pico, nos
CMPs selecionados, e exibindo-as contra o afasta-
mento obteve-se as respostas de AVO do arenito com
agua (CMPs X; e X,) e do arenito com 6leo (CMPs
X, e X3), para as duas sequiéncias de processamento
realizadas (figura 4). A comparacdo deste AVO pa-
drdo com o AVO teorico, obtido segundo a equacao
acustica do coeficienete de reflexdo, assumindo as
mesmas velocidades e densidades do modelo geol6-
gico, pode ser realizada mediante um esfor¢co compu-
tacional adicional. No entanto, a aplicacdo de um
segundo MZO, com peso ligeiramente diferente do

primeiro, fornece a estimativa do angulo de incidén-
cia, permitindo uma comparacédo direta entre 0 AVA
obtido da aplicacdo da migracdo para afastamento
nulo em verdadeira amplitude e 0 AVA tedrico.

Resposta de AVA no CMP X, Resposta de AVA no CMP X,
+ ——-———"_‘—‘—-‘
Resposta de AVA no CMP X, Resposta de AVA no CMP X,

Figura 4: Respostas de AVO para os CMPs selecio-
nados.

DISCUSSAO DOS RESULTADOS

Este exemplo sintético desrespeita a hipdtese
de velocidade constante, com um modelo de veloci-
dade relativamente acentuado. As respostas de AVO,
contidas na figura (4), indicam valores similares obti-
dos tanto com DMO FK quanto com TA MZO. Nesta
figura nota-se com maior evidéncia os valores de
amplitudes discrepantes nos afastamentos curtos para
o0 TA MZO.

Neste estudo, como o0 meio de propagacao é
acustico a diferenga dos coeficientes de reflexdo ted-
ricos para o arenito saturado com agua ou com 6leo
esta exclusivamente nas velocidades dos meios en-
volvidos que sejam o reservatorio (arenito) e a rocha
encaixante (marga). Nota-se que a resposta de AVA
tedrica para o arenito com &gua aproximadamente
duas vezes a resposta obtida para a areia com 6leo. As
comparac0es realizadas com a curva tedrica de AVA,
figura (4), mostram que nos CMPs X;, X, e X4, 0S
resultados fornecidos pelo TA MZO passam a exibir
valores satisfatorios a partir do afastamento de 1000
m, indicando uma tendéncia de aumento da amplitude
com o angulo de incidéncia para as duas alternativas
de processamento (TA MZO e DMO FK) tanto para
agua (CMPs X, e X,) quanto para 6leo (CMP X,), o
que estd de acordo com os modelos de saturacdo, ja
que estes dois fluidos apresentam propriedades petro-
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fisicas semelhantes. Apesar dos valores de amplitude
resultantes do TA MZO estarem deslocados da curva
tedrica, no CMP X, eles ainda exibem um aumento
da amplitude com o angulo de incidéncia o que néo
ocorre com os valores provenientes do DMO FK.
Portanto, a estimativa do AVO gradient, para 0 TA
MZO, fornece um melhor resultado.

Os graficos de erro comparando os resulta-
dos das duas sequiéncias de processamento utilizadas
estdo apresentados na Figura (5), permite visualizar a
distribuicdo dos erros. Neste exemplo, onde a distan-
cia entre tragos é de 50 m, o problema na abertura do
operador torna-se mais critico e os valores de ampli-
tude passam a exibir erros muito elevados nos afas-
tamentos curtos.

A comparacdo das respostas de AVO/AVA e
dos graficos de erro realizadas entre 0 TA MZO e o
DMO FK permite afirmar que as amplitudes obtidas
pela migragdo para afastamento nulo a verdadeira
amplitude melhoram a analise de AVO/AVA. Isto se
deve ao fato do TA MZO fornecer melhores aproxi-
macdes das perdas por espalhamento geométrico que
0 DMO FK. Esse fato contribui para que acha uma
melhoria na estimativa dos atributos de AVO.

Problemas na funcdo velocidade, apesar de
ndo fornecer grandes erros na parte cinematica, po-
dem levar a valores de amplitude ndo confiaveis, o
que impossibilitaria a sua utilizacdo em analises de
AVO/AVA. A interpretacdo de velocidade se mostrou
ser o ponto critico para a correta obtencéo dos valores
de amplitude, onde velocidades mais altas que a ver-
dadeira levam a um decréscimo nas amplitudes en-
quanto que velocidades mais baixas levam a um au-
mento nas amplitudes. Uma outra dificuldade do TA
MZO esta relacionada a amostragem espacial que
pode deteriorar a qualidade da imagem nos afasta-
mentos curtos e diminuir a fidelidade das curvas de
AVO/AVA. Portanto, as analises de AVA/AVO, nos
refletores mergulhantes, devem ser restritas a uma
banda de freqliéncia ndo falseada, podendo no intuito
de minimizar o problema realizar uma interpolacdo de
tragos no dado sismico. Recomenda-se 0 uso de um
filtro anti-alias para preservacdo das amplitudes.

Este trabalho empregou um modelo acustico
e com gradiente pequeno de velocidade, pois num
primeiro momento desejava-se testar a potencialidade
do TA MZO em estudos de AVO/AVA, obtendo
respostas rapidas e sem perda de generalidade. O
natural prosseguimento deste trabalho deve aplicar a
metodologia desenvolvida em exemplos mais realis-
tas e em dados reais.
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Figura 5: Gréficos de erro para as respostas de AVO
encontradas segundo os dois fluxos de processamento
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Time to Depth Conversion by Multivariate Mapping
Paulo Eduardo Miranda Cunha' , & Eduardo Filpo Ferreira da Silva®

Abstract

The method performs a conversion of time migrated sections to depth. The algorithm distributes
the samples of the time migrated section along the image ray (Hubral and Krey, 1977) for which
the trajectory is in general different from the vertical ray, in the presence of lateral variations
of the velocity field. Its main function is to correct the effects of mis-positioning of the time
image, due to lateral velocity variations when the option is to use the fast time migration (TM)
instead of prestack depth migration (PSDM). In many cases the comparison of PSDM with TM,
followed by the time to depth conversion (TDC), give similar results. This favours the use of
the latter which is less expensive in many applications. This method uses ray tracing with an
adaptive time step size control (Cunha, 1999) which is necessary for obtaining high precision in
the ray coordinates/times and, as consequence, in the precision of the depth of the reflectors.
This method reduces the sources of errors leaving only the uncertainties of the velocity field
analysis.

Introduction

It is well known that the pre/pos-stack time migration methods (Hubral and Krey, 1977), such as Kirchoff, solve
the wave equation by a process equivalent to a weighted amplitude sum along a curve, with times defined by the
stack velocity. The velocity analysis is made in time and for each pair of points, £ at the surface and ¢ (time) in
the seismogram v = v(&,t). It is normal practice to assume a hyperbolic difraction curwe, which is reasonable for
near offsets. One point (&, %) of the time stack section is fixed as appex of the hyperboloid where the resuk of
the summation is located. This procedure avoids ray tracing for determining the transit times. These times and
amplitudes are an aproximation of the Greens function centered in point (o, z9) of the depth section. The greater
the lateral velocity variations, the larger the differences in horizontal coordinates of both points, & # z¢, Fig-2. The
reason for this is the Fermat principle, which determines that the ray which links the point ¢, yg, 2o to the aquisition
surface, must emerge orthogonally to the surface, i.e., image ray, (Hubral and Krey, 1977) and its path is different,
in general, from the vertical ray. Although ray-tracing is an efficient tool, its use in the construction of the Green
function may be very expensive and justifies the use of time migration for a large number of cases. The TDC by
image ray often becomes a necessity in common situations such as the continental slope, where the water column
works as an optical prism bending the image ray far from the vertical, which can cause errors in the interpretation.

Method Fundations

Here we present a new implementation of 2D/3D TDC based on the multivariate mapping Fig-1. This function
M (&,n,t) = (z,y,2) is a map linking the point (£,7,t) in time section to another (z,y, z) in depth. The surfaces
of constant ¢ are horizontal planes in the time section and isochrons in the depth section. The surfaces of constant
& and 7 are vertical planes in the time section and surfaces formed by image rays in the depth section. In ray-tracing
a method was used (Cunha, 1999) which adapts the time interval between points to the variations of the gradient
of the slowness field. This achieves high precision ray-tracing, eliminating the errors except for the uncertainties n
the velocity analysis. After this the time section is re-sampled at a constant time interval. One point (&g, 70, 0)
in the time migrated section corresponds to a unique point (x,yo,20) in the image ray. The image ray starts in a
surface point of coordinates (£o,70) which correspond to the inline and crossine CDPs, respectively. The time to
depth convertion of this point is made by moving the time section amplitude, A(&y,70,t0), to a corresponding depth
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point A(zo, Yo, 20). But the latter doesn't necessarily agree with the depth grid. Hence the ray-tracing is made for

each surface cell and always there will be one image ray near each depth grid point. The amplitude of a point of the

depth grid can be calculated by a second order Taylor expansion with a source point in the image ray:

0A(Z » . 10%A(%
@) | i iy o+ LPAD

A@) = A(d) + ox' |z, 2 0zt Qxd

(2" — ) (acj —x%) + 0 [|f—.fo|3] . (1)

Zo

— 2 — .
The derivatives: nggf) e gwﬁ;g are not known, but the Jacobian matrix [giﬁ] of the mapping M and its determinant

Jnm allows its conversion to time derivatives by some tensorial relations.

Then for each image ray point A(xo,yo,20): a) the derivatives of the time section amplitudes are calculated
by finite difference, with a 4! order precision operador, b) the Jacobian matrix, its determinant and its inverse are
determined, based in the image ray coordinates, ¢) all of the nine time derivatives are converted to depth and the
coefficients of the Taylor series are determined. With these coefficients, the amplitude A(zq,yo,20) are scattered for
all grid points inside a square window (2D), a cubic window (3D) Fig-3, with a weight factor proporcional to the
inverse of the distance from the image ray point to the grid depth point.

Examples

The result of the pre-stack depth migration Fig-4, with depth velocities, is close to the post-stack time migration,
followed by image ray TDC, Fig-5, assuming the use of the same velocity field. This result demonstrates the good
behavior of both processes. However, Fig-6 shows that the results are not satisfactory for a TDC using time velocities
converted to depth by vetical ray.

Conclusions

e The time migration followed by image ray TDC using depth velocities resulted in a good equivalence to PSDM
in the present case of moderate geological complexity.

e The same process using stack velocities did not achieve satisfactory results.

e TDC by vertical ray using stack velocities is not a good solution, even in a situation of moderate geological
complexity.

e These results are a warning to the risks of a geological interpretation based on a time migrated section. This
interpretation is equivalent to one based on vertical ray TDC using a constant velocity field.

e The TDC process recquires a good depth velocity analysis.

Reliable tools (i.e. migration, tomography) are needed to properly convert time velocity field to depth.
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Linha Camamu: migracao pre-empilhamento em profundidade

Figura 4: Pre-Stack Depth Migration.
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Figura 5: Time Migration plus Image Ray TDC
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Velocity field smoothness via spatial dependence information for seismic imaging
Paulo Sérgio LUCIO, ICEx-UFMG - Brazil, lucio@est.ufing.br

Abstract

The purpose of this work is to present an overview of
velocity seismic sampling with emphasis on spatial
stochastic processes, focusing on the variographic
information of seismic velocity field. Seismic
imaging - by ray tracing to estimate the Green’s
function  values taking into account the
migration/inversion ~ accuracy  requirements  of
geological structures with strong velocity non-
homogeneity - requires an accurate determination of
the distribution of the propagation velocities and the
trade-off between resolution and computing costs.
Construct the smooth seismic velocity model based
on the spatial data analysis filtering and cardinal
cubic B-spline parameterization seems to be quite
attractive for this goal.

Smoothing the velocity grid by cubic B-splines
procedure assures the existence of second derivatives
on each knot of the velocity field, a necessary (but
not sufficient) condition for ray tracing algorithms to
estimate the required travel-times and geometrical
spreading. It is not necessary to introduce interfaces
into the model, which greatly facilitates the ray
tracing and is also attractive for ray-based depth
migration. In the applications on the Ray Tracing
algorithms, the velocity macro model is smooth,
represented by cardinal cubic B-splines (the
continuity of the second derivatives is necessary for
the continuity of the Fréchet derivatives).

For the sake of simplicity, only 2D problems are
considered (Marmousi Model). The smoothness
proposed here, has to yields excellent results, which
give a better qualitative and quantitative resolution,
compared with those carried out by conventional
Gaussian windowing interpolation. If the velocity
map is to be used to look for spatial patterns in the
data, it is important to map smoothed values that take
into account the spatial non-homogeneity of
variances, as well as any spatial dependence between
locations.

Keywords:  geostatistics;  variogram;  kriging;
structural modeling.

Introduction

The problem of smoothing velocity models is quite
interesting. A possible method consists on optimizing
the splines coefficients for that the velocity field been
as close as possible of the initial model discretised by
a regular grid. But this method can not conserve the
travel-time between two points of the model and the
true amplitude. Any way, we know that is not

possible with a smoothed model to respect the same
kinematics and dynamics parameters of the layered
model of all points located on the model. A practical
smooth method, based on the spatial information, is
proposed to approximate the velocity field as close as
the real one. This method improves the interpolation
accuracy and requires little computational effort, or
none at all if the velocity model makes it possible to
take advantage of overall ray-shooting number
reduction.

The numerical application of the final migration
formula with multiple arrivals requires the
computation of multivalued maps of travel-times,
amplitudes, the angles of rays and the KMAH index
[5]. Such maps can be computed accurately by the
wavefront construction code DRTUWFC-2D™ [3] or
DRTUWEC-3D™ [4]. It is quite common for prestack
imaging algorithms to generate Green’s function
using smooth-velocity macro models defined by
means the convolution of a Gaussian windowing
filter following by the determination of B-splines
knots.

Geostatistics is a set of numerical tools to be
added to the large tool chest of the geologist; it
allows transporting quantitatively a geological model
all the way to process design and engineering. So, to
creating the velocity model, it is necessary to know
how many degrees of freedom (independent variables
or spatial structural dependency of knots) we need for
its description correctly. For the 2D or 3D ray tracing
algorithms ([3] and [5]) we use a parameterization of
the velocity model based on B-splines, after an
adequate description of the field that must present
smooth spatial variation, here mentioned as
variographic analysis.

Variographic analysis
The mean (u(x)=E[V(x)]) of the variable V(x)
relates the number of events in arbitrary volumes
(xe2D), and clearly depend on the size of the
particular basic volume involved. First order (u(x))
proprieties can be described in terms of intensity.
Second order proprieties or spatial dependence, when
one assume that the variance of V(x) exists for all
x € 2D, involves the relationship between numbers of
events in pairs of the basic area (or volume). This can
be formally described by the second order intensity,
called spatial covariance, defined by
Cov(V(x),V(x +h))=C(h).

A weaker assumption than that of stationary (or

quasi-stationary) processes [2] is intrinsic stationary
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which is defined through a constant mean and a
constant variance in the differences between values at
locations separated by a given distance and direction,
that is
E(V(x)-V(x +h))=0and Var(V(x )- V(x + h)) = 2y(h)

(2y(h) is the variogram function). This second
moment is said to be stationary. Stationarity is a
model decision, not some intrinsic property of the
actual distribution of the values over the domain
region. For a stationary process, the second order
intensity depends on only the vector difference, h
(direction and distance), between two sample points
and not on their absolute locations. The process is
called isotropic, if the dependence is purely a
function of the length h, of the vector and not its
orientation; that is, purely a function of the distance
and not direction [2]. (Fig.1)

Spatial information

Prediction is a primary interest in the analysis of
spatially continuous phenomena. The interest is on
the description of possible patterns in the locations of
the events. It is attributed values over Re 2D (the
region under study), based on observed values at a
pre-defined and fixed set of locations. The locations
of the attribute value are simply the sparse grid
velocity. The situation considered is one where the
series of observations on a spatially continuous
attribute, have been recorded at corresponding spatial
locations.

The objective of these analyses is to infer the
nature of spatial variation in the attribute over the
whole of R, from the sampled point values. We can
seek description in terms of a smooth-surface, which
captures large-scale global trends (modeling first
order variation in the mean value of the process).
Alternatively, one might wish to study aspects of
local variability (modeling second order variation or
spatial dependence between two locations in R).
Particularly, if the primary objective is one of
accurate interpolation or prediction of the value of the
attribute at points other than the sampled one, it is
involve a mixture of methods. Some designed to
examine large-scale heterogeneity in the mean value
of the attribute over R. Others, where one shall
examine areas within which one assume the process
to be stationary and/or isotropic and look for spatial
dependence by means of variogram or covariogram
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information, attempting to capture the spatial
information (covariance) structure of the process.

Typically, one can observe high covariance or
correlation at short distances and lower covariance or
correlation at greater distances, for many spatially
continuous phenomena, where seismic velocity field
is concerned.

The critical step of covariance or variogram
inference and modeling allows determination of all
required covariance values.

First of all, the interest is in using the
covariogram, or variogram, simply as exploration
devices to examine spatial dependence in the
observed data. Then, we can see how these functions
play a major role in the modeling of such data. In
order to estimate C(h) or y(h) for an observed
seismic velocity spatial process it is in practice
necessary to make some sort of micro scale quasi-
stationary assumption, otherwise one can not estimate
the second order proprieties.

So, one begin an exploratory analysis of second
order proprieties or covariance structure by first
estimating an isotropic variogram, by mean of a
coordinate transformation in case of geometric
anisotropy behavior detection. Subsequent analysis
can then proceed to calculate directional variograms
in almost four broad directions in order to explore for
possible directional effects or anisotropy.

For a stationary process the sample variogram
should rise to an upper bound, the sill corresponding
to C(0). The distance at which this occurs is referred

to as the range (a). The discontinuity at the origin of
the sample variogram is often referred to as the
nugget effect or white noise (C,). Clearly, a
variogram consisting of pure nugget effect
corresponds to a process with no spatial dependence.
If the variogram rises as unbounded concave-upwards
curve away from the origin, this may indicate a first
order drift or trend in the process. In our case the
contrast velocity field is defined as a stochastic
process {V(x),xe R} where V(x) is assumed to be the
random variable from the regionalized phenomenon
(velocity contrast).

To have a better structural model, a local
estimator that can yield the spatial distribution of
parameters throughout the structure should base
localization of characteristic parameters on sparse
samples by the kriging approach.
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Kriging interpolation
Spatial interpolation corresponds to the case where
the data relate to the same attribute but at different
locations.

Consider an unknown value v, (the target for

prediction) as an outcome of the random velocity.
The n velocity data values are
themselves interpreted as n outcomes of n random
velocity "reponse" variables V,,o=1,..,n associated

Ve, 00=1,..,n

with locations, the sampling design. The model is
typically defined indirectly by full conditionals,
V./v,vj=i]. The set V,V,..V,, real-valued
stochastic process called signal processes, is
characterized by assuming a probability model, an
expression for the means: EfV(x,)}=u,,a=0]l,..,n,
assumed known, and an the
covariances:
Cov{V(xy ),V (xg )} == Cpp, YU,B = 0 ,...1.

The unknown value v, , the conditional distribution

expression for

of the rarget given the data, can be estimated by a
linear combination of the n velocity data plus a shift

parameter, by the relation: V, =2, +3 2.V, (best
a=l

choice needs a criteria: the best predictor minimizes
the MSE, given by the conditional expectance). The
expected value of the prediction error is

E{V,~V,}=m, -2, — Y. A,m, . So, by the unbiasedness
o=l

BLUP)

V,=m+ YA [V, - m,]. To determine the n weights

o=l

A, , We act upon to minimize the error of prediction

(this is a constraint we  obtain

variance. By this way, we establish the normal
system equations, also known kriging system:

N . .
ﬁZkﬁC(XB =C,,Va=1,.,n (assuming a stationary
=1

Gaussian process for the signal). The corresponding
minimized error variance, the normal kriging

. . N .
variance, is then: o} =Cy, - Y 1,Cyp . In matrix
a=1

notation, the system can be written by A=K'x,
where K=[C,] and x=[C, Jo,p=1..n. Because
the conditional variance does not depend on the
observed data, the prediction mean square error is
equal to the prediction variance.

This system, yields one and only one solution as
soon as the data covariance matrix K is positive

definite. Defining the residual data matrix as R the
kriging estimator can be written as:
V,=m, +N.R, =m, +x" K R,.

The minimized estimation variance is:

Ot =Cpp— % K x.
The choice of covariance functions must be allows
minimizing the resulting error variance [2]. The
predictor compromises between its unconditional

mean and the observed data. Besides, the kriging
estimator is an exact interpolator.

Case-study

The Marmousi Model (Fig.2 (a)) is a well-known 2D
synthetic acoustic model (15500/-/5000 m/s). It often
is considered as a reference for testing imaging in
complex area [5]. It was build by the IFP-France for
simulating a 2D marine seismic acquisition from
Angola [1]. Data were computed by finite differences
of the acoustic equation, and the model was given by
dense velocity and density grids sampled in each
coordinate to 4.0 meters. A hydrocarbon trap is
located just under the complex structure with abscises
between 5500 and 7,500 meters and ordinate (depth)
about 2,500 meters.

We assume that the Gaussian Marmousi Model
holds when the data vector is transformed
component-wise. The differentiability of the
Gaussian stochastic process guarantees that the
degree of smoothness is a property of the spatial
interpolation. The mean-square differentiability is
directly linked to the differentiability of its
covariance function.

To have a better structural model, a local
estimator that can yield the spatial distribution of
parameters throughout the structure should base
localization of characteristic parameters on sparse
samples, a re-sampled model (16x4.0m=64.0m). An
optimum estimator for this purpose can meet by
filtering the velocity field by the variogram law
(Fig.1), providing that estimation variance is defined
properly for the random velocity field.

The 2D ray-tracing code requires smooth-velocity
models. For this application, a kriging filter of the
exact velocity field can obtain the background
velocity model, taking into account the spatial
correlation length (the influence ratio), that gives the
local cutoff frequency of this filter. The smoothed
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model then is projected on the cardinal cubic B-
splines basis.
The database was filtered using a exponential
variogram framework information:
Y(h)=C, +C(1-e>"?),h>0.
The spatial variability of velocity was analyzed by
the variogram function where C,=0., h=16.0m,

C(0)=440000.0 and a=128.0m(or a=2560m), see
Fig.1. The geometrical anisotropy factor is 0.1. The
layers are well represented on the final image (Fig.2).

Conclusions
A case-study performed on a set of data distributed
spatially indicates that kriging provides reasonably
accurate prediction of local distribution of the
velocity field and good estimates of the
corresponding average of the final image, prepared
for ray tracing algorithm. For a more smoothed
model, it is sufficient to increase the range of the
variogram model (Fig.2 (b) and (c)). Even in caustic
zones the control of the prediction error can be done,
once the variability depends only on the theoretical
spatial correlation structure defined by the variogram.
Additional researches should include an extensive
case study using the results of migration to compare
how smooth the velocity field we need to do not
affect the final image. Sensitivity analyses of the
predictions on the indices of accuracy and hardness
of the information. And, of coarse, the application to
the 3D domain [4]. Exhaustive analyses based on 2D
Ray Tracing [3] algorithm will be showed.'
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Fig.1: The four principal direction variograms for the Gaussian
Marmousi Model, where a geometric anisotropy is detected.
Remark the anomalous laterally comportment.
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Fig.2: (a) Exact Marmousi Model (2301x751) points at 4.m , (b)
and (c) Smoothed Re-Sampled Marmousi (577x189) points at

16.m , a=128.0m and a=256.0m.
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