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subtraction

Lele Zhang' and Evert Slob?

ABSTRACT

We have derived a scheme for retrieving the primary re-
flections from the acoustic surface-reflection response by
eliminating the free-surface and internal multiple reflections
in one step. This scheme does not require model information
and adaptive subtraction. It consists only of the reflection
response as a correlation and convolution operator that acts
on an intermediate wavefield from which we compute and
capture the primary reflections. For each time instant, we
keep one value for each source-receiver pair and store it
in the new data set. The resulting data set contains only pri-
mary reflections, and from this data set, a better velocity
model can be built than from the original data set. A conven-
tional migration scheme can then be used to compute an ar-
tifact-free image of the medium. We evaluated the success of
the method with a 2D numerical example. The method can
have a wide range of applications in 3D strongly scattering
media that are accessible from one side only.

INTRODUCTION

The processing of reflection of acoustic or elastodynamic waves
plays a central role in seismic exploration and seismology. Multiple
reflection is a common phenomenon that occurs in media in which
the velocity or density varies with position. For seismology and
seismic exploration, the measured data contain multiple reflections
caused by the heterogeneity of the earth. The measured data are the
reflection response of the subsurface generated by the signal emitted
by an active source acting on the surface and observed by receivers
located up to kilometers away from the source. The measured data
appear as a first arrival followed by coda waves. The multiple re-
flections present in the measured data degrade the quality of the

image (Weglein, 2016) because imaging schemes assume that only
primary reflections have occurred in the medium. Our aim is to find
a way to remove free-surface and internal multiple reflections from
the measured data set in one step without model information and
adaptive filtering.

Several schemes have been developed to mitigate the artifacts in
the image that are caused by multiple reflections. Some of them focus
on removing free-surface or internal multiple reflections from the
measured single-sided reflection response in the data domain, such
as surface-related multiple elimination (SRME) (Verschuur et al.,
1992) and the inverse scattering series (ISS) (Weglein et al.,
1997). For SRME, the free-surface-related multiple reflections can be
removed with a minimum-energy criterion. For ISS, internal multiple
reflections can be predicted approximately (Ten Kroode, 2002; Loer
et al., 2016). Van der Neut and Wapenaar (2016) propose to remove
the internal multiple reflections from the single-sided reflection re-
sponse without model information. The performance of these
schemes in 2D numerical data has been illustrated (Zhang and Star-
ing, 2018), and the application to field data has not yet been realized.
Wang et al. (2014, 2017) propose to eliminate artifacts due to reverse
time migration of free-surface-related multiples in angle-domain
common-image gathers or using the wavefield decomposition imag-
ing condition. The success has been validated by numerical exam-
ples. Recently, revised Marchenko redatuming schemes have been
introduced to remove the free-surface and internal multiple reflec-
tions in the image domain with the measured single-sided reflection
response as input (Singh et al., 2015, 2017; Ravasi, 2017). Because
Marchenko redatuming schemes create a virtual receiver inside the
medium, they require an estimate of the first arrival of the focusing
wavefield. Computing this estimate requires a macrovelocity model
to be built before these methods can be applied. To our understand-
ing, existing methods cannot eliminate the free-surface and internal
multiple reflections together without any model information and
adaptive filtering.

In this paper, we present a scheme to eliminate free-surface and
internal multiple reflections from the acoustic single-sided reflec-
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tion response in one step. The paper is organized as follows: In the
“Theory” section, we show how this scheme can be derived by start-
ing with the revised Marchenko equations presented by Singh et al.
(2017). Then, we show how a modification of the projection method
of van der Neut and Wapenaar (2016) leads to the desired method.
Finally, we show how in the new scheme free-surface and internal
multiple reflections are eliminated and primary reflections are iden-
tified, captured, and stored in a new data set. In this processing only,
the single-sided reflection response is required as input and the out-
put contains only primary reflections. Thus, we argue that perform-
ing seismic migration on the new data set is more convenient than
on the original data set to obtain a subsurface image. A numerical
example section follows to show how well the scheme eliminates
the free-surface and internal multiple reflections from the computed
single-sided reflection response.

THEORY

We indicate the time as ¢ and the position vector of a spatial lo-
cation as x = (x, y, z), where z denotes the depth and (x, y) denote
the horizontal coordinates. The pressure free surface dDy is defined
as zo = 0. For convenience, the coordinates at 0D, are denoted as
Xy = (Xy, 29), With xi = (x, y). Similarly, the position vector of a
point at an arbitrary depth level dD; is denoted as x; = (Xy, z;),
where z; denotes the depth level of dD;. The vertical axis points
down, and we have z;, < z;. We express the acoustic impulse-reflec-
tion response as R(x'y, X, f), where x, denotes the source position
and x’( denotes the receiver position, both located at the free surface
0Dy. The Green’s function G(x;, X, ) is defined for an impulsive
source that is excited at X, and a receiver is positioned at the focal
point X;. The Green’s function is defined in the same physical
medium as the measured single-sided reflection response. We de-
fine the truncated medium as z; < z < z; in the same way as Wa-
penaar et al. (2014). Inside the truncated medium, the properties
of the medium are equal to the properties of the physical medium.
Outside the truncated medium, the truncated medium is reflection-
free. The focusing wavefield f(Xq,X;,?) is the solution of the
homogeneous wave equation in the truncated medium and focuses
at the focal point x; at r = 0. The focusing and Green’s functions
can be partitioned into up- and downgoing constituents, and for this,
we use pressure-normalized quantities.

We start with the 3D versions of the one-way reciprocity theorems
for pressure-normalized wavefields and use them for depth levels z,
and z;. In the presence of a free surface at the acquisition level z;, we
have the Green’s function representations (Singh et al., 2017)

+00
G_(Xi,X/(),t):/ dXO/
oD, 0

—rR(x'y, X, t") f7 (X0, X;, t — t")]dt’
_fl_(xl()9xist)s (1)

[R(x'o. X0, ') f{ (X0, X, 1 = 1)

G*(x;,xg,~1)=

0
—/ dXO/ [R(Xlo,XO,—t/)fl_(Xo,Xi,t—t/)
oD, —0c0

—rR(x'o.Xg,—1') f{ (X0.X;,2—1")]dt’
+fi‘r(xl07xiat)s (2)

where superscripts + and — indicate the downgoing and upgoing
fields, respectively. The reflection coefficient of the free surface is
denoted as r. We write the downgoing focusing function and the
Green’s function as the sum of a direct part and a following coda:

fT(X()’Xi’t) :de(X()’Xt’t)+me(XO9Xi’t)v (3)
G'(x;.%g.1) = G (X;.Xg. 1) + GJ,(X;. X, 1), “)

where f1, and G} indicate the direct part, whereas f7,, and G, in-
dicate the following coda. The initial downgoing focusing function
can be interpreted as the inverse of the initial downgoing Green’s
function, as Wapenaar et al. (2014) present

/dx/

= —xp)5(1), (5)

S(xin x" 0. ) f 1 (Xo. X, 0 — 1 )dt!

where 6(x) is a spatially band-limited 2D delta function in space
and 6(¢) is a delta function in time. Equation 5 shows that G} is
the inverse of f7, in the sense that it collapses f7, to a delta function
in the horizontal coordinates and time. Following van der Neut and
Wapenaar (2016), we apply this convolution integral operator to
equations 1 and 2 to find
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with U* defined as
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and v~ and v, are the convolved versions of f7 and f7,, similar to
what is shown in equation 8 for G~. Because the convolved Green’s
and focusing functions in equations 6 and 7 are separated in time
except for one time instant (van der Neut and Wapenaar, 2016), we
limit the time window in which we evaluate equations 6 and 7 and
end up with

v Xo,x 0, Xo,X Ovt)

+oo
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where #, denotes the minimum two-way traveltime from a surface
point x’; to the focusing level z; and back to the surface point x'/
These two equations can be seen as the projected version of the re-
vised Marchenko equations for the single-sided reflection response
with free-surface related multiple reflections presented by Singh et al.
(2017). These two equations can be solved for v~ and v}, using only
the single-sided reflection response (the f7, collapses to a delta func-
tion in the projected version). The obtained v~ and v}, from equa-
tions 9 and 10 can be used to compute U~ from equation 6 as

U~ (x",xg, 1)

Lo

—rR(x'y, Xg, )07 (%9, X", t — ')]dt', forty < < +oo. (11)

X O’X()’z)

R(x9, X, t") vy (X0, X"'g, t = 1)

The explanation of U~ can be given as follows. When the focusing
point is at, but just above, an actual reflector as shown in Figure 1a,
the Green’s function in equation 1 is the upgoing field at the surface
generated by an impulsive source at the focusing point. The reflection
from that reflector will be the first event in G~. By convolving this
Green’s function with G} as given by equation 8, we have redatumed
all focusing points at dD; back to a location at the surface to obtain
U~. The first event in U~ indicated by the red arrow in Figure 1b has
two-way traveltime 7, and is the primary reflection of the reflector
below our original focusing level. When the fo-

cusing point is far from a reflector, the value in

U~ with two-way traveltime 7, (indicated by

internal multiple reflections are removed in one step, where no
model information and adaptive subtraction are required. The re-
trieved data set is more suitable for velocity model estimation
and standard imaging than the original data.

EXAMPLE

The aim of the current method is to retrieve the primary reflec-
tions by removing the free-surface and internal multiple reflections
in one step given the measured single-sided reflection response at
the pressure free surface. A 2D numerical example is given to
illustrate the method. Figure 2a and 2b shows the values for the
acoustic velocity and density as functions of depth and horizontal
position. The source emits a Ricker wavelet with a 20 Hz center
frequency. Absorbing boundary conditions are applied at two sides
and bottom of the model; the top boundary of the model is set as the
free surface (the reflection coefficient of the free surface r is —1).
We have computed the single-sided reflection responses with 601
sources and 601 receivers with spacing of 10 m at the free-surface
boundary. One of the computed single-sided reflection responses
R(x'g,x"’y, 1) (the hat indicates that quantity has been convolved
with the source wavelet) is shown in Figure 3a. Note that free-sur-
face and internal multiple reflections occur and the later primary
reflections labeled by P7, P8, and P9 cannot be identified. This
reflection response is used as input to solve equations 9-11 for U~.
Then, the procedure as described using equation 12 leads to the
retrieved data set R,(xg,x"'y, f) as shown in Figure 3b. Note that
free-surface and internal multiple reflections visible in Figure 3a
have disappeared, whereas the last three primary reflection events
labeled by P7, P8, and P9, which cannot be distinguished from
multiple reflections in Figure 3a, are clearly retrieved in Figure 3b.

the green arrow in Figure 1d) is zero and the first a) ¢ ] b) ¢ / ]
event in U~ (indicated by the red arrow in Fig- > A A * > 2 A
ure 1d) has a longer two-way traveltime than z N z \ sy
t,. We can now conclude that 7, in equation 11 AL //;1 \\ PR
describes a fictitious focusing level in the sub- £ 5 a 4 >
. 7Y Y N s Y
surface, where we have focused to and projected / // \ P //
. . . \
back from. When the focusing level coincides 4 7 \\,l 7
with an actual subsurface reflector, the first event *\ ,'M N /'N
in U~ at time instant ¢, will be the primary reflec- Y. -
tion of that reflector with two-way traveltime ¢,.
Otherwise, the value in U~ at time instant ¢, will
. _ 2 ) t | | d | |
be zero. This means that U~ can be evaluated and e 4 A R t, . 1 A
its first event can be picked to represent a possible Zl , ;‘ 79 Zl*\ * p; 31 7]
primary reflection event of the medium. The time ’&I ,{ A ’&l ,J
instant #, can be chosen as z, and we collect the ,/ / \ ,/
value of U~ for each value of 7 and store it in a sX 7Y N XN
new function containing only primary reflections. * ,/ 5 , ‘\ ,’ 5 ’
We can write it as AV ” o2 ”
N v s Y
\I , \ ,

R,(x"y,x'y,t =1) = U™ (x",x'p, 7),

(12)

where R; denotes the retrieved primary re-
flections.

Equation 12 shows that only primary reflec-
tions end up in R,. Note that the free-surface and

Figure 1. (a) The 1D sketch of the reciprocal of G™ in equation 1 with the focusing point
at, but just above the third reflector, (b) the corresponding U~ in equation 8, (c) 1D
sketch of the reciprocal of G~ in equation 1 with the focusing point far from the re-
flectors, and (d) the corresponding U~ in equation 8. The dotted horizontal line in
(c and d) indicates the focusing level. In each plot, the red star indicates the focusing
point (source), the red arrow indicates the first event, and the green arrow indicates a
zero-valued event at #,. The solid blue line indicates the pressure-free surface.
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We pick the zero-offset traces from the data sets shown in Figure 3a
and 3b and show them in Figure 4. It can be seen that free-surface
and internal multiple reflections have been successfully removed,
and primary reflections labeled P1, ..., P6 in Figure 3 have been
well-retrieved. There is a mismatch of the last three primary reflec-
tions labeled by P7, P8, and P9 in Figure 3, which is illustrated in
Figure 4. This is caused by the fact that the last three primary re-
flections are overlapped with multiple reflections in the trace from
the original shot gather. The dotted red line (ER) indicates the trace
from the retrieved data set, and both traces have been normalized by
the same normalization factor.

Equations 9 and 10 can be solved by the Neumann series expan-
sion or unconditionally convergent methods, e.g., the least-squares
scheme or matrix inversion presented by Dukalski and de Vos
(2018). In the derivation of the current method, we assumed a loss-
less medium. The method can be adapted to work with two-sided
reflection and transmission data in dissipative media (Slob, 2016).
We further assumed that the projected Green’s functions and the
focusing functions can be separated in time except for one time in-
stant, that the source wavelet can be well-recovered and the evan-
escent waves are absent (Wapenaar et al., 2013) as well as
refractions. These restrictions limit the application of the current
method, but not more than existing methods that require model in-
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Figure 2. (a) The velocity and (b) density models that will be used
to model the single-sided reflection response.

formation or adaptive filtering before the free-surface and internal
multiple reflections are removed. For situations in which these as-
sumptions are fulfilled, the current method has a nearly perfect per-
formance as is shown with the 2D numerical example.
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Figure 3. (a) The modeled reflection response and (b) the retrieved
primary reflections. Dashed red lines indicate zero-offset traces
plotted at the right side, P1, ..., P9 label the primary reflections.
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Figure 4. Comparison of zero-offset traces from Figure 3. The solid
blue line (OR) comes from the original shot gather shown in Fig-
ure 3a, and the dotted red line (ER) comes from the retrieved pri-
mary reflections shown in Figure 3b.



Downloaded 12/19/18 to 83.82.59.156. Redistribution subject to SEG license or copyright; see Terms of Use at http://library.seg.org/

Multiple elimination A1l

CONCLUSION

We have shown that the single-sided reflection response can be
used to remove its own free-surface and internal multiple reflections.
The reflection response is convolved and correlated with an
intermediate wavefield that exists within a specific time window.
From this intermediate wavefield, the primary reflection is computed
and stored in the new data set. The 2D numerical example shows that
the method effectively removes free-surface and internal multiple
reflections in one step without any model information. We expect
that the current method can be used in seismic reflection imaging
and monitoring of structures and processes in the earth’s interior.
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