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Abstract

Applied to multicoverage data, the Common-
Reflection-Surface (CRS) method obtains, besides a
clear stacked section, also a number of traveltime at-
tributes defined at each point of that section. The
CRS traveltime parameters provide useful informa-
tion for a variety of seismic processing purposes.
Here we investigate the role of CRS attributes in
the important task of multiple identification and at-
tenuation. We consider the 2D situation in which
the CRS method produces three parameters associ-
ated with the resulting simulated (stacked) zero-offset
(ZO) section. We propose and discuss simple al-
gorithms designed to identify and, as a next stage,
attenuate or eliminate multiples. First experiments
show that the these algorithms have the potential of
favorably replace well-established multiple suppres-
sion methods.

Introduction

The normal-moveout (NMO) method is a routine pro-
cedure designed to produce a simulated zero-offset
section by means of a stacking procedure performed
on common-midpoint gathers that relate to user-
selected reflection events. As an important part of
procedure, an NMO-velocity map on the simulated
(stacked) ZO section is also obtained. For a general
description and also practical considerations on the
NMO method, the reader is referred to Yilmaz (2000)
(see also more references therein).

The NMO method is based in the following require-
ments: (@) the stacking operation is performed on
CMP gathers only; (b) the stacking is performed on a
few user-selected reflection events and a few CMPs

only and (c) for each selected event, a correspond-
ing NMO-velocity is estimated by means of a (one-
parameter) coherence analysis carried out the CMP
gather that refer to this event. The full NMO-velocity
map results from suitable interpolation (in time and
CMP location) of the few, previously obtained NMO-
velocities.

NMO-traveltime: We consider the 2D situation, in
which the given seismic dataset stem from sources
and receivers located on a single seismic line, that is,
in addition, also assumed to be horizontal. Upon the
consideration of a given CMP location, zq, and a ZO
traveltime, ¢y, the coherence analysis and stacking
operation are carried out using the NMO-traveltime
2
t*(h) = t§ + fL : (1)
UNmo

As a function of half offset, h, the NMO-traveltime,
t(h), represents (second-order hyperbolic approxi-
mation of) the traveltime along the reflection ray that
connects the source-receiver pair, (g — h,xo + h), In
the CMP gather of z.

In recent years, the above-described requirements
of the NMO method, namely its restriction to CMP
data, user-selected events and extraction of a sin-
gle attribute (the NMO-velocity) from the data, be-
gan to be questioned by the geophysical commu-
nity. As a response to these limitations, more gen-
eral approaches to the problems of stacking and ex-
traction of traveltime parameters from multicoverage
data have been proposed. In the seismic literature,
the new approaches are referred to as macro-model-
independent or time-driven imaging methods. The
Common-Reflection-Surface (CRS) Method, as used
in this work, is one of them. For a general de-
scription of macro-model-independent methods, the
reader is referred to Hubral (1999) (see, more refer-
ences therein).

The common feature of the new approaches is the
use of general traveltime moveouts that are able to
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stack traveltimes of source-receiver pairs that belong
to much larger gathers, namely that do not conform to
the original CMP condition. Traveltime moveouts that
are able to meet the new requirements are known for
a long time. The CRS Method uses a natural exten-
sion of the NMO traveltime (1), the general hyperbolic
traveltime. It is valid for arbitrary locations of source
and receivers in the vicinity of a given ZO point, in
most cases a CMP location. In the case of a horizon-
tal seismic line, if the ZO point is located at xo along
the seismic line and if vy is the medium velocity at
that point, the hyperbolic traveltime can be written as

. 2
£2(h) = [to L 2B mo)]
Vo
2tg cos® B [ (@ — o) h? ]
vg [ Ry * Rnip |’ @

Here, 8 denotes the angle the ZO ray makes with the
normal at the measurement surface at zo and Ry
and Ryrp are the radii of curvature of the N-wave
and NIP-wave, respectively. Comparison of the NMO
and hyperbolic traveltimes (1) and (2) provides

200RN1P

2 olUNT

— 2O NE 3
UNMO to cos? B 3

As introduced in Hubral (1983), the (normal) N-wave
is the one that starts with the shape of the reflector
in the vicinity of the reflection point of the normal ray
that starts and ends at zg at the seismic line, and
travels upwards with half the velocity of the medium
until it is observed, also at z¢. In the same way,
the (normal-incidence-point) NIP-wave is the one that
starts as a point source at the reflection point of the
normal ray to xo and travels upwards with half the ve-
locity of the medium until it is observed at zo. We
also observe that the reflection point of a normal ray
on a reflector is called normal-incidence-point (NIP).

The hyperbolic traveltime (2) depends on three at-
tributes (8, Ry, Rnyip), called CRS parameters, de-
fined for each ZO location, zo and traveltime, t,.
For a grid of preassigned points (zg,%;), and as-
suming that the near-surface velocity, vy is known
at each zy, the CRS method produces the param-
eter maps, 8 = fB(zo,t0), RN = Rn(zo,to) and
Rnrp = Rnip(zo,to), as well as a corresponding
simulated (stacked) ZO section u = u(zo,ty). As we
see, in the same way as the NMO method, one of the
results of the CRS method is also a (simulated) ZO

section. However, as opposed to the NMO method
that produces one single parameter estimated from
a CMP gather, the CRS method produces a triplet of
parameters estimated from a multicoverage gather.

In the following, we consider that, for a given multi-
coverage dataset, the CRS method has already been
applied. As a consequence, both the CRS parameter
maps, as well as the CRS stacked section are avail-
able. We then consider the use of the obtained CRS
parameters for the purpose of multiple attenuation.

Basic remarks on the CRS method

A. The general hyperbolic moveout gives rise to
three parameters, (8, Rnrp,Rn), as opposite
to the single-parameter, vnaro, Obtained by the
NMO method. The three parameters allows for
a better identification or discrimination of a (pri-
mary or multiple) reflection event. Note, more-
over, that the simple relationship (3) determines
the NMO-velocity by means of the the two pa-
rameters g and Ryp. For the illustrative layered
model containing primaries and multiples, Fig.
1) displays three panels, showing the behavior
of the CRS parameters 3, Rn1p, as well as the
NMO-velocity, vy o, obtained by the combina-
tion of the two previous parameters.

B. As opposed to the NMO method in which the
NMO-velocity, vy p0, is estimated on a few user-
selected events and interpolated at all the other
points, the CRS method automatically estimates
the parameters (8, Ry1p, Rn), at each point at
the simulated ZO section. The CRS method is,
thus, bound to yield more detailed and precise
velocity maps. Due to the involved interpola-
tions, the NMO method will in many case provide
velocities that are incorrect for primaries and cor-
rect for multiples (see Fig. 2).

C. When the CRS parameters along a multiple are
well identified, that multiple can be modelled and
eliminated in any (pre-stack) domain. This is due
to the fact that the hyperbolic equation (2) well
adjusts, not only to the CMP, but to any measure-
ment configuration. Moreover, in the case the
amplitude of a primary is altered by the simulta-
neous arrival of a multiple, the correct amplitude
of the primary can be recovered using the ampli-
tudes of traces of nearby CMPs (see Figure 4).
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Figure 1: CRS attributes for primaries and multiples on a ZO section: (a) Identified primaries Ap, Bp, Cp e Dp
and multiples Am1, Am2, CAm e CBCm; (b) Values of Ryrp for the trace (CMP) 300 of zero offset section (a); (c)

Values of g for the trace (CMP) 300 of zero offset section (a), and (d) NMO-velocity for the trace (CMP) 300 as
obtained from Ryrp and g.
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Figure 2: Left: Simulated stacked section with primaries and multiple; Right: NMO stacked section using primary-

reflection velocities. Note that, even though multiples are not flattened by the NMO-velocity analysis, they are
nevertheless also stacked.

CRS parameters of primaries and multiples reflector’s dip, depth and shape, respectively. We use

— . . this very qualitative observation to guide us on how
Useful insight for the geometrical meaning of the Y 4 g

CRS i b ined by th derat to use the CRS attributes to identify or discriminate

; parc’l:\me ﬁrstcan_ € ghame y the constlj_era |o|n multiple and primaries. For example, if we have at
o a sihgie retiector in a homogeneous medium. in point (zg, to) on the CRS-stacked section the param-
this simplest situation, we see that the CRS parame-

. eter values Ry = oo (very large Ry) and 8 = 0,
ters, B, Rvrp and Ry (roughly) inform us about the we can associate it with a horizontal and planar re-
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Figure 3: Left: Simulated ZO section; Right: CRS stacked section otained under the use of parameters of primaries

only. Note the good attenuation of the multiples.
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Figure 4. Left: ZO section containing primaries and multiples; Right: ZO section after removal of multiples by

modelling.

flector. As a second example, suppose for the same
trace location, zo, we have two events at traveltimes
to,1 < to,2 for which the corresponding Ryrp param-
eters satisfy Ryrp1 > Rnrp2. This would indicate
that the second event would be a multiple.

This situation is well illustrated in the marine-data
synthetic example of Figure 1. The depth model (not
shown in the figure) consists of four curved inter-
faces, A, B, C and D, below the see surface, denoted
by S. The primaries of all interfaces are denoted Ap,
Bp. Cp and Dp, respectively. The events Am1 and
Am?2 are first- and second-order (surface) multiples
of first interface A. Also, CAm is the first-order multi-
ple, SCSAS, of interface C with respect to the water
surface S. Finally, CBCm represents the internal mul-
tiple, SCBCS, that starts at S, reflects at C, reflects

at B, reflects at C and returns to S.

Looking at the events Ap, Aml and Am2, we can
readily verify their periodicity and almost constant in-
crement of the values Ry;p and 5. This, in turn,
leads to very close NMO-velocity values for these
events, in agreement with the expected behavior as
free-surface multiples (see next section). We now
note that the Ryrp values of the multiples Am2 and
CAm are significantly smaller than the Ryrp values
of the previously identified primaries. In both cases,
we observe the combination of an increasing arrival
time together with a decreasing value of Ryyp, an
expected behavior of a multiple. We finally consider
the multiple CBCm. Although their CRS parameters
Ryrp and B do not present any particular behavior,
the NMO-velocity (as obtained by the combination of
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these parameters) is smaller than the NMO-velocity
of the primary Cp, also a characteristic behavior of a
multiple.

Free-surface multiples for a dipping sea bottom

We consider the typical marine situation of free-
surface multiple reflections from the sea bottom. As
shown by Levin (1971), in the situation for a planar
dipping sea bottom and a CMP gather, traveltime of
a primary reflection can be written as

4h?

2
ti(h) = (tg,p) + V2
NMO,p

; 4
where tg, p is the ZO traveltime of the primary at the
CMP location and Vo, p is its NMO-velocity. Note
that, in the present situation, the CRS emergence
angle and NIP-wave curvature parameters, 3, and
Rni1pp, posses the simple interpretations

Bp=¢, and Rnipp=votop/2, 5)

in which ¢ is the reflector’s dip, and vg is the medium
(water) velocity. For the same CMP gather, the trav-
eltime of any multiple of the previous primary has an
analogous expression

4h*

to,(h) =t m +
’ VI%MO,m

; (6)
in which ¢y, m and Nyaro,m have analogous mean-
ings of their primary-reflection counterparts. Let us
assume that (3,,, Rnrp,m) represent the CRS emer-
gence angle and NIP-curvature parameters multiple.
Denoting by N the order of the surface multiple, one
can the write that (see Levin (1971))

t sin S t v _ cosBy v
0,m sinf, F NMOm = 08 By MO
)
sin By,
Bm = (N+1)Bp,, RNnipm= sin B, Rnip, ,

Interbed multiples in horizontally layered media

In the case of plane horizontal homogeneous lay-
ers (8 = 0 for all interfaces), the NIP-curvature pa-
rameter of a primary reflection at the N-th interface,
Rn1pp, can be expressed as

1 N
R%IP,p = %Z'Ulztz . (8)

=0

We consider a symmetrical multiple (Hubral and Krey
(1980)) between the interfaces N and n, (n < N)
that corresponds to the previous primary. To compute
its NIP-parameter, Ryrp,», We have to take into ac-
count the extra propagation between the interfaces n
and N. From simple geometrical arguments, we can
show that

N
1
N,
RNTpm = R%IP,]J + % Z ”]Z'tj ) 9)
j=n

With the knowledge of R%’ﬁzm and also taking into
account that 5 = 0, we can determine the NMO-
velocity of the symmetric multiple by

. 2vg N,
VJ%IMO = KRNI%,m : (10)

It is to be noted that, in the case of dipping planar
interfaces, analogous expressions for R?,’}"Rm and
vymo can be readily obtained. These depend, how-
ever, also on the reflector dips and will not be shown
here.

Methods for multiple attenuation or elimination
1. CRS stacking using primary-reflection parameters

The method consists of performing the CRS stack-
ing using only the CRS parameters that pertain to
previously-identified primaries. An application of this
procedure is shown in Figure 3.

2. Elimination of a multiple by modelling

If the three parameters of a multiple are known (e.g.,
using the methodology as in Figure 1), its moveout,
in any configuration, is well described by hyperbolic
equation (2). This permits a more precise traveltime
determination of the multiple and, as a consequence,
a better discrimination from concurrent events. We
observe that the CRS parameters of a multiple can
be obtained either by inspection on the CRS-stacked
section or by the use of suitable parameter relation-
ships. Examples of the latter are the above-derived
formulas for the specific cases of free-surface or in-
terbed symmetrical multiples.

Extension for inhomogeneous layered media
with curved interfaces

In the case of a general model with inhomogeneous
layers and curved interfaces, the modelling and sup-
pression of a multiple reflection can be performed
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in an analogous manner as before. If the multiple
has been already identified (i.e., its CRS parame-
ters are known) then its elimination can be done
by the above-described modelling procedure. In the
case the primaries are well identified (i.e., their CRS
parameters are known), then the CRS parameters
Bm. Rnipm, and consequently, the NMO-velocity,
vNMo,m. Of the corresponding multiples can be ap-
proximated by means of equations (7) and (3). Note
that, although these equations were derived under
simplifying assumptions, they can provide useful ini-
tial parameter values in some optimization scheme.

Multiple elimination in the common-shot domain

A very interesting and promising multiple elimination
method has been proposed by E. Landa and co-
workers (see Landa et al. (1999)) in the framework of
the multifocus method. Similar to CRS, the multifocus
method uses a different traveltime moveout formula,
that also depends on the the same three parameters
B, Rnrp and Ry . For a description of the multifocus
method, and moreover to its relationship to the CRS
and other imaging methods, the reader is referred to
Hubral (1999). In Landa et al. (1999), it is shown that
the traveltime of each multiple can be decomposed
as a sum of traveltimes of a number of primaries.
The CRS (or multifocus) parameters of each these
primaries are seen to satisfy a so-called multiple con-
dition (namely a relationship between the emergence
angles of the primary components of the multiple).
The procedure is carried out in the common-shot or
common-receiver domains and, in the same way as
the proposed methods in this paper, does not require
any knowledge of the subsurface velocity model.

Conclusions

The CRS method offers a good alternative to treat a
number of sesimic processing tasks. The main rea-
sons are the consistent use of the full available data
and also the automatic extraction of several parame-
ters that are related to the involved seismic propaga-
tion. In the case of a single seismic line (the so-called
2-D situation) the number of parameters is three.
This is to be contrasted to the single-parameter that
the NMO method extracts from CMP data. Here, we
have discussed the used of parameters and stacked
sections obtained by the CRS method to identify and
eliminate multiples. We have considered two situa-
tions, namely (a) the elimination of a multiple that has
been already identified in the CRS stacked section
and (b) the identification and elimination of a multiple

by means of the behavior of its CRS parameters. The
latter case was restricted to the particular cases of
free-surface multiples and symmetrical interbed mul-
tiples. As it is very often in geophysics, the full theo-
retical analysis can be carried out on simple models
(homogeneous layers separated by planar horizontal
or dipping interfaces) only. In these situations, our
results were very encouraging. It is expected, how-
ever, that, under suitable approximations, the results
of this paper can be extended to more realistic cases
or real datasets. This we intend to do in future work.
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