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Abstra
t

We present a method to obtain amplitude-versus-o�set (AVO) and amplitude-versus-

angle (AVA) 
urves at sele
ted depth points using the three attributes generated by the

Common Re
e
tion Surfa
e (CRS) sta
k, the emergen
e angle and the two hypoteti
al

wavefront 
urvatures asso
iated to ea
h zero-o�set ray simulated. Our approa
h 
ombines

the CRS sta
k/inversion pro
ess applied to multi
overage data and the use of a kinemati


Kir
hho� migration to a
hieve true-amplitudes (TA) at assigned depth points in the mi-

grated images. The proposed method 
onsists of the following steps: (i) apply the CRS

pro
ess to the given multi
overage data; the obtained CRS attributes are then used to

produ
e a simple ma
ro-velo
ity depth model; (ii) perform an unweighted Kir
hho� mi-

gration for imaging purposes only; for sele
ted points on target re
e
tors in the migrated

image, we use ray tra
ing within the ma
ro-velo
ity model to determine, by ray tra
ing,


ommon-re
e
tion-point (CRP) gathers that belong to the input data; for these rays, we


ompute the in
ident angles and the geometri
al spreadings; (iii) go ba
k to CRP gathers

and 
ompensate the amplitudes for geometri
al spreading. The whole pro
ess permits to


onstru
t AVA 
urves on the assigned CRP's. In summary, our method is designed to

aggregate amplitude information on sele
ted points of a re
e
tor, after a purely kinemati


image (migration) has been obtained. The method is tested on a syntheti
 inhomogeneous

layered model with en
ouraging results.
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Introdu
tion

One of the main obje
tives of pro
essing seismi
 re
e
tion data for hydro
arbon prospe
ting is

to obtain meaningful images of the geologi
al stru
tures, in parti
ular reservoir stru
tures in

the subsurfa
e. The geologi
al stru
tures to be imaged are de�ned by seismi
 re
e
tors given

by interfa
es of dis
ontinuity of ro
k parameters, su
h as velo
ity and density.

Kinemati
 images, in whi
h only the lo
ation and orientation of the re
e
tors (with no regard

to amplitudes) are 
onsidered, 
an be a
hieved, for example, by eÆ
ient Kir
hho� migration

pro
edures using simple weights or no weights at all. Kir
hho� migration requires a given

ma
ro-velo
ity model that in
orporates in the best possible way the a priori information, su
h

as previous knowledge of the geology, information from nearby wells, et
. Moreover, spe
ial

methods exist to 
ombine the migration output to update the model, so as to re�ne and improve

the image. The �nal result is in many 
ases a fairly adequate (kinemati
) image of the stru
tures

of interest.

The problem that 
on
erns us in this paper is how to aggregate dynami
 information (phys-

i
ally meaningful amplitudes) to the obtained image. In fa
t, the amplitudes are needed es-

sentially on sele
ted points at key interfa
es along the extension of the reservoir, where the

determination of the angle dependent re
e
tion 
oeÆ
ients is the most desirable information.

A

ording to zero-order ray theory, the amplitude of a primary-re
e
tion event 
an be

des
ribed by

U = A

R

L

; (1)

where R = R(�) is the angle-dependent re
e
tion 
oeÆ
ient of the primary re
e
tion ray, and

� is the in
iden
e angle of that ray with respe
t to the interfa
e normal. The re
e
tion 
o-

eÆ
ient is the quantity of interest to be estimated from the data. The parameter L = L(�)

is the angle-dependent geometri
al-spreading fa
tor of the re
e
tion ray. It a

ounts for the

amplitude variations due to fo
using and defo
using of the energy 
arried by the ray along its

raypath. Amplitudes are generally a�e
ted by many fa
tors other than the geometri
al spread-

ing. These in
lude, for instan
e, a
quisition footprints, transmission losses a
ross interfa
es

and attenuation. All those fa
tors 
ombined 
onstitute the overall quantity A in equation (1).

The estimation of this fa
tor is beyond the s
ope of this paper.

The geometri
al spreading fa
tor L is generally 
onsidered as one of the major sour
es of

amplitude distortion in the observed data. This is the reason why the term true amplitude (TA)

is typi
ally atta
hed to a primary-re
e
tion amplitude that has been 
orre
ted for geometri
al

spreading.

In the 
ase of depth migration, the term true-amplitude refers to the 
ase in whi
h the migra-

tion output equals the observed amplitudes automati
ally 
orre
ted for geometri
al spreading

(see, e.g., Hubral et al., 1996). Referring to equation (1), the 
orresponding true amplitude of

the primary-re
e
tion would be

U

TA

= A R : (2)

True-amplitude migration algorithms, su
h as Kir
hho� weighted di�ra
tion sta
ks, are de-

signed to assign at ea
h migrated depth point an amplitude that is equal to the original

primary-re
e
tion amplitude at re
e
tors after geometri
al-spreading 
orre
tion. Full true-

amplitude algorithms are signi�
antly more expensive and time-
onsuming than their kine-

mati
 unweighted 
ounterparts. As another 
ompli
ation, the a

ura
y requirements on the

ma
ro-velo
ity depth model are higher for the appli
ation of true-amplitude migration than for
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purely kinemati
 migration. The 
exibility of using migration outputs to update the velo
ity

model is lost when su
h a heavy and demanding migration algorithm is applied. As the last and

probably best argument against the appli
ation of a full true-amplitude migration algorithm

to an overall region is that, in fa
t, the amplitude information is required only on some spe
i�


target points or re
e
tors. Away from these points, the obtained amplitudes are not useful.

In this paper, we propose a method to aggregate true amplitudes (i.e., observed primary-

re
e
tion amplitudes after geometri
al-spreading 
orre
tion, by means of AVO/AVA 
urves) at

sele
ted CRP's of interest, after an image of the subsurfa
e has been obtained. This image 
an

be, for example, the result of one or several kinemati
 migrations.

In the next se
tion, we provide an overall des
ription of the proposed approa
h. We show

with the help of a 
uxogram the general strategy of the method. Thereafter, we brie
y review

the fundamentals of the CRS method, in parti
ular the meaning of the CRS attributes. Next,

we indi
ate how the attributes 
an be used to 
onstru
t a ma
ro-velo
ity depth model. This

model is used not only for imaging through kinemati
 migration but also for the 
onstru
tion of

CRP gathers on spe
i�ed depth points. The ma
ro-velo
ity model is also used to 
ompute the

geometri
al-spreading fa
tors and in
iden
e angles for all primary-re
e
tion rays that 
omprise

the CRP gathers. Finally, we explain how the geometri
al-spreading 
orre
tions are applied to

the input data, leading to the sought-for AVA 
urves.

Strategy

The stru
ture of the method is summarized by the 
uxogram shown in Figure 1. Our strategy is

mainly divided into three pro
esses: (i) CRS attribute extra
tion & ma
ro-model inversion, (ii)

kinemati
 imaging through unweighted Kir
hho� migrations, and (iii) subsequent geometri
al-

spreading 
orre
tions to the amplitude of the input data for the sele
ted points.

CRS sta
k

The 2-D Common Re
e
tion Ssurfa
e (CRS) sta
k (see, e.g., M�uller, 1999) applied to multi-


overage data on a seismi
 line is designed to produ
e a sta
ked se
tion (an approximation of

a zero-o�set se
tion) together with three auxiliar se
tions of CRS attributes and a 
oheren
e

se
tion. To be applied, the CRS method requires the knowledge of the near-surfa
e velo
ity

distribution only.

For ea
h �xed 
entral point (e.g., a CMP lo
ation of the original data) on whi
h the output

tra
e is to be 
omputed, the CRS sta
k uses a multiparametri
 hyperboli
 traveltime formula

to sta
k all data that 
orrespond to arbitrary sour
e and re
eiver lo
ations in the vi
inity

of that point. In this sense, it di�ers signi�
antly from the 
onventional NMO/DMO/sta
k

(that employs only re
e
tions from CMP gathers) to a
hieve mu
h more redundan
y with a


onsequent improvement of signal-to-noise ratio. The three CRS attributes assigned to ea
h

point of the sta
ked se
tion are the parameters of the traveltime moveout formula. These are

the emergen
e angle of the normal re
e
tion ray and the wavefront 
urvatures of the normal-

in
idente-point (NIP) and normal (N) waves arriving at that point.

The N- and NIP-waves are �
titious eigenwaves introdu
ed by Hubral (1983) for the analysis

of the a
tual propagation of the zero-o�set ray, as well as for its 
orresponding paraxial rays.

Their wavefront 
urvatures at the 
entral point 
arry important information about the velo
ity
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Figure 1: Flow
hart of the method: The CRS sta
k method is applied to the multi
overage data to

obtain the CRS attributes, that are subsequent used as input for the CRS inversion. The obtained

velo
ity model is then used by the kinemati
 migration algorithm. After migrating all 
ommon-

o�set se
tions of the multi
ovarage data and sta
king them to build a kinemati
 image, we 
an easily

sele
ted interested points to analyse, by means of AVO/AVA 
urves. Using the information in the

geometri
al-spreading fa
tor tables, namely traveltimes and re
e
tion point positions, the CRP gathers

are extra
ted from the multi
overage data. Finally, pi
king the interested amplitude, the geometri
al-

spreading 
orre
tion is applied to build up the AVO/AVA 
urves.

model in whi
h the wave propagation takes pla
e. The N-wave 
an be 
on
eptually visualized

as the one that starts as a wavefront that 
oin
ides with the re
e
tor and travels to the surfa
e

with half of the medium velo
ity. It arrives at the 
entral point at the same time as the zero-

o�set ray. The NIP-wave 
an be visualized as starting as a point sour
e at the re
e
tion point

of the zero-o�set re
e
tion ray and propagates upwards with half of the medium velo
ity. It

arrives at the 
entral point at the same time as the zero-o�set ray, too.

The CRS attributes are extra
ted upon the use of a 
oheren
y analysis strategy dire
tly

applied to the data. The development of more eÆ
ient and a

urate parameter extra
tion

methods is a topi
 of a
tive resear
h (see, e.g. Birgin et al., 1999).

Ma
ro-velo
ity model inversion

The philosophy of the CRS method is to use as mu
h data as possible during the sta
king

pro
ess. Therefore, the most relevant events are well de�ned on the sta
ked se
tion and available

for further inversion.

The input data for the CRS ma
ro-velo
ity model inversion are the CRS attributes related

to sele
ted target re
e
tions. Also, the near-surfa
e velo
ity �eld needs to be known. In fa
t,

this is already a requirement for the appli
ation of the CRS sta
k method.

The 
lassi
al layer-stripping velo
ity inversion algorithm of Hubral and Krey (1980) 
an be

re
ast in terms of the CRS attributes. We have developed an improved pro
ess that inverts the

sele
ted time re
e
tions to 
orresponding interfa
e positions together with layer velo
ities in
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depth. The interfa
es are 
onstru
ted as 
ubi
 splines, adjusted in a least squares sense, whi
h

are suitable for further blo
ky ray tra
ing algorithms. Currently, only homogeneous layers 
an

be re
overed by the method. This limitation is under a
tive resear
h. An extensive des
ription

of this method will be published in a separate paper.

Kinemati
 image

On
e the homogeneous layered velo
ity model is provided by the CRS inversion, it is smoothed

in order to perform a kinemati
 migration. The traveltime tables are generated \on the 
y" by

the wavefront 
onstru
tion method, and therefore seismi
 tra
es 
an be migrated independently

from ea
h other. To enhan
e the signal-to-noise ratio, the �nal image is built by sta
king all


ommon-o�set migrated se
tions.

Geometri
al-Spreading Corre
tion

On the sta
ked migrated se
tion, it is possible to 
hoose depth points on a target re
e
tor.

For ea
h 
hosen point, we 
ompute traveltimes, in
ident angles, and geometri
al-spreading

fa
tors, by standard dynami
 ray-tra
ing, using the inverted homogeneous layered model. These

quantities enable one to extra
t a CRP gather from the original data.

For ea
h tra
e, we pi
k the amplitude, using the 
omputed re
e
tion traveltime, and mul-

tiply it by the 
orresponding geometri
al-spreading fa
tor. A su

essive appli
ation of the

pro
edure to all tra
es in the CRP gather leads to the desired AVO/AVA 
urves.

Numeri
al examples

The syntheti
 model, depi
ted in Figure 2, is 
omposed by four layers separated by smooth

interfa
es. The �rst and fourth layers are homogeneous with 
onstant 
ompressional velo
ity

of 2.0 km/s and 2.7 km/s, respe
tively. The se
ond and the third layers are inhomogeneous.

Their velo
ities are linear 
ombinations of the velo
ities just below the upper interfa
e and the

velo
ity just above the lower interfa
e of the layer. In other words, these interfa
es 
an be seen

as isovelo
ities lines, implying a variation on the velo
ity not only in the z-dire
tion, but also in

the x-dire
tion. For those layers, the 
ompressional velo
ity varies from 2.2 km/s to 2.4 km/s

and from 2.5 km/s to 2.55 km/s, respe
tively. The shear velo
ity in ea
h point of the model

has been set equal to the 
ompressional velo
ity divided by

p

3. The density is unitary in the

whole model.

The syntheti
 data was modeled by elasti
 ray tra
ing. The multi
overage data is 
omposed

by 501 
ommon-shot (CS) experiments where the sour
es are 20 m spa
ed. Ea
h CS se
tion

has 151 re
eivers, 20 m spa
ed. The signal-to-noise ratio in the data is 7:1. Figure 3 shows a

typi
al 
ommon-o�set se
tion. Ea
h 
ommon-o�set se
tion was migrated separately. All the

migrated se
tions were then summed up to generate the sta
ked migrated se
tion of Figure 3.

The velo
ity model employed on the migration pro
ess (see Figure 4) was obtained from the

CRS attributes by the inversion pro
ess brie
y des
ribed above. Note that the inverted model


onsists of a \best possible" homogeneous layers only, sin
e ea
h layer velo
ity was re
overed

as a mean of the a
tual layer velo
ity distribution, in a least square sense.

Sin
e the migration was 
arried out with a reasonable approximated model and several


ommon-o�set migrated se
tion were sta
ked, the obtained sta
ked migrated se
tion provides
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Figure 2: Velo
ity model for syntheti
 data. Top: 
ompressional wave velo
ity map. Bottom: shear

wave velo
ity map.
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Figure 3: Left: A typi
al 
ommon-o�set se
tion for the o�set 1500 m. Right: Sta
ked migrated

se
tion. The white 
ir
les show the three sele
ted points that are further analyzed.
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Figure 4: Top: Compressional velo
ity model obtained by the CRS inversion algorithm. Bottom:

Per
entual relative error between the real and the inverted model.

an a

urate kinemati
 image in depth. Using this image, we 
an sele
t points on target re
e
tors

for whi
h AVO/AVA 
urves are desired. We have 
hosen three points: one is lo
ated at the �rst

interfa
e and two at the se
ond interfa
e (see Figure 3). For ea
h point, we have 
onstru
ted by

forward modeling (on the inverted model) the 
orresponding CRP se
tion. This means that the

traveltime, the re
e
tion angle and the geometri
al-spreading fa
tor for ea
h ray of the CRP

gather are known. This information is used to pi
k and 
orre
t the amplitudes of the re
e
tion

events within the input data.

Figure 5 shows the CRP se
tion asso
iated with the �rst sele
ted point, lo
ated at the �rst

interfa
e. The white strip indi
ates the region around the traveltime 
omputed by modeling,

along whi
h we have performed the amplitude pi
king. The pi
ked amplitudes are 
orre
ted by

multiplying them by the geometri
al-spreading fa
tor 
omputed by modeling on the inverted

model. When plotting the 
orre
ted amplitudes versus o�set, we generate the AVO 
urve

depi
ted in Figure 5 (top right). The blue 
rosses are the 
orre
ted amplitudes normalized

by the 
orre
ted amplitude of the �rst tra
e and the solid red line is the 
orre
t (modeled)

normalized re
e
tion 
oeÆ
ient. Note that, due to the very a

urate mat
hing, it is quite

diÆ
ult to see the red 
urve. When we plot the same amplitudes versus the re
e
tion angle

(
omputed by modeling), we generate the AVA 
urve depi
ted in Figure 5 (bottom right). The

same good adjustment 
an be seen. Figures 6 and 7 show the CRP se
tion and the AVO/AVA


urves for the two sele
ted points at the se
ond interfa
e. The se
ond point is lo
ated at the top

of the dome stru
ture. The 
omputed traveltime is again very pre
ise. The blue 
rosses in both

AVO/AVA 
urves, depi
ted in Figure 6 (right), are well distributed around the true normalized

re
e
tion 
oeÆ
ient. The same behavior 
an be observed in Figure 7, for the third sele
ted
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point, lo
ated at the left 
ank of the dome stru
ture. Note that the signal-to-noisy ratio of 7:1

is mu
h more problemati
 for deeper events, sin
e their amplitudes are more attenuated.
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Figure 5: Point 1 on the �rst interfa
e. Left: CRP se
tion. The white strip 
on�nes the region where

the pi
king pro
ess was 
arried out. This region was determined by the traveltime estimation that


ame out of the modeling pro
ess. Right: AVO and AVA 
urves (pi
ked amplitudes, normalized by

the amplitude of the �rst tra
e, versus o�set and re
e
tion angle, respe
tively).

Con
lusions

We have presented a method that provides a 
omplete pro
ess to obtain 
orre
t amplitude


urves for 
hosen points on target interfa
es. It 
onsists of three steps: (i) 
onstru
tion

of a layered ma
ro-velo
ity model by using CRS attributes (obtained from the multi
over-

age data); (ii) kinemati
 migration of data using that ma
ro-velo
ity model; (iii) a posteriori


orre
tion for sele
ted points on the migrated se
tion (using traveltime, re
e
tion angle and

geometri
al-spreading fa
tor 
omputed on the approximated model) with subsequent estima-

tion of AVO/AVA 
urves. The numeri
al results are en
ouraging, 
on
erning a

ura
y and


omputational e�ort. As a next step, further tests in real data will be 
arried out.
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Figure 6: Point 2 on the se
ond interfa
e. Left: CRP se
tion. The white strip 
on�nes the region

where the pi
king pro
ess was 
arried out. This region was determined by the traveltime estimation

that 
ame out of the modeling pro
ess. Right: AVO and AVA 
urves).
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Figure 7: Point 3 on the se
ond interfa
e. Left: CRP se
tion. The white strip 
on�nes the region

where the pi
king pro
ess was 
arried out. This region was determined by the traveltime estimation

that 
ame out of the modeling pro
ess. Right: AVO and AVA 
urves (pi
ked amplitudes, normalized

by the amplitude of the �rst tra
e, versus o�set and re
e
tion angle, respe
tively).

9



Referen
es

[1℄ E. G. Birgin, R. Biloti, M. Tygel, and L. T. Santos. Restri
ted optimization: a 
lue to a fast

and a

urate implementation of the 
ommon re
e
tion surfa
e method. Journal of Applied

Geophysi
s, 42:143{155, 1999.

[2℄ P. Hubral. Computing true amplitude re
e
tions in a laterally inhomogeneous earth. Geo-

physi
s, 48(08):1051{1062, 1983.

[3℄ P. Hubral, J. S
hlei
her, and M. Tygel. A uni�ed approa
h to 3-D seismi
 re
e
tion imaging,

Part I: Basi
 
on
epts. Geophysi
s, 61(03):742{758, 1996.

[4℄ Peter Hubral and Theodore Krey. Interval velo
ities from seismi
 re
e
tion time measure-

ments. So
. of Expl. Geophys., 1980.

[5℄ T. M�uller. Common Re
e
tion Surfa
e Sta
k Method: Seismi
 imaging without expli
it

knowledge of the velo
ity model. PhD thesis, Geophysi
al Institute, Karlsruhe University,

Germany, 1999.

10


