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Seismic migration of blended shot records

with surface-related multiple scattering

D. J. (Eric) Verschuur' and A. J. (Guus) Berkhout?

ABSTRACT

This paper focuses on the concept of using blended data
and multiple scattering directly in the migration process,
meaning that the blended input data for the proposed migra-
tion algorithm includes blended surface-related multiples. It
also means that both primary and multiple scattering contrib-
ute to the seismic image of the subsurface. Essential in our
approach is that multiples are not included in the Green’s
functions but are part of the incident wavefields, utilizing the
so-called double illumination property. We find that complex
incident wavefields, such as blended primaries and/or blend-
ed multiples, require a reformulation of the imaging principle
in order to provide broadband angle-dependent reflection
properties.

INTRODUCTION

Multiple scattering is usually considered to be an undesired seis-
mic phenomenon (multiples are qualified as noise). In the past, a va-
riety of technologies were developed to remove multiple reflections
from the data. This is particularly true for surface-related multiples.
These multiples are generally very strong and, therefore, seriously
mask the primary reflections. One of the most successful solutions is
the family of surface-related multiple-elimination algorithms. These
algorithms are based on wavefield prediction by multirecord convo-
lution and on the wavefield operators being data-driven (Berkhout,
1982; Verschuur, 1991; Berkhout and Verschuur, 1997; Weglein et
al., 1997; Dragoset, 1999). The same concept — prediction by multi-
record convolution — has also been proposed for internal multiples
(Berkhout, 1982). The problem of internal-multiple removal is more
difficult to solve, but successful applications have been published by
Weglein et al. (1997) and by Berkhout and Verschuur (2005).

After successful multiple removal, primary reflections remain
and they function as input to the migration process. Many migration

algorithms exist, based on ray- or beam-tracing (see e.g., Keho and
Beydoun, 1988), Kirchhoff summation (Schneider, 1978), and one-
way finite difference (Claerbout, 1976). A major challenge in migra-
tion algorithms is maintaining wide-angle (preferably beyond 90°)
reflections in the wavefield extrapolation process. For this reason,
we now observe that two-way, finite-difference extrapolation algo-
rithms in a smooth background medium have gained a lot of interest.
Application of reverse time migration (RTM) to shot records is
based on the two-way extrapolation technology (Baysal et al., 1983;
Biondi and Shan, 2002). Another major migration issue is the veloci-
ty model. Today, we see that the new generation of low-frequency,
full-waveform velocity inversion algorithms opens new opportuni-
ties for better migration velocities (Virieux and Operto, 2009).

The quality of the (angle-dependent) seismic-migration output
can be significantly improved if multiple scattering is utilized in the
incident wavefield. Furthermore, by including the concept of blend-
ing (see, e.g., Beasley et al., 1998; Stefani et al., 2007; Berkhout,
2008), a dense and broadband illumination of the subsurface is ob-
tained with a limited number of physical experiments. In this paper,
we will demonstrate this property for the relatively strong surface-
related multiples.

FROM SINGLE TO DOUBLE ILLUMINATION

There is increasing evidence that multiples contain a lot of valu-
able subsurface information. This means that multiples should not
be removed and thrown away, but they should be used to improve
seismic migration and inversion results. Several past publications
show the use of multiples in the migration process. Reiter et al.
(1991) extend the Kirchhoff migration operators to include water-
layer multiple ray paths. Applications of this concept were also
found in the field of VSPs, in which primaries provide a very limited
illumination area and multiples can extend the image space consid-
erably (Jiang etal. 2005, 2007). Brown and Guitton (2005) propose a
joint inversion method to find subsurface information based on pri-
maries and multiples simultaneously. However, their implementa-
tion was geared toward a locally laterally invariant earth via the
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CMP domain, handling only preselected specular reflections. A
more advanced implementation of imaging multiples can be ob-
tained via shot-record migration (Berkhout, 1982; Berkhout and
Verschuur, 1994; Youn and Zhou, 2001; Guitton, 2002). As we will
also show, migration of multiples involves a more complex downgo-
ing source wavefield. In the case of ocean-bottom cable data, the full
downgoing wavefield and resulting upgoing wavefield can be ex-
tracted directly from the multicomponent measurements and fed
into a shot-record migration scheme, as demonstrated by Muijs et al.
(2007). However, another solution is required for recordings at the
surface. We will follow the shot-record approach that we proposed in
1994 (Berkhout and Verschuur, 1994). New is the more advanced
imaging condition, allowing the recovery of angle-dependent reflec-
tion as well. We will further show that this extended imaging condi-
tion also accommodates blended seismic data.

The role of multiples as a secondary illumination of the subsur-
face can be easily understood from the feedback model (Figure 1). In
the following, we will use a formulation in the space-frequency do-
main (Berkhout, 1982):

P, =X,S* (primary data, single illumination), (1a)

P~ =XS" (total data, single illumination), (1b)
or

P~ =X,Q" (total data, double illumination), (lc)

where
Q" =R"P~ +S™ (total downgoing wavefield).
(1d)

In equations 1a and 1c, the subscript O represents the situation with-
out surface-related multiples. In equations 1b—1d, matrices P~ and
Q" represent the multidimensional upgoing and downgoing wave-
fields at the surface (z,), respectively. Each column of matrix S*
represents a downgoing manmade source wavefield leaving the sur-
face (geometry and signature). Transfer operator X, quantifies
wavefield propagation and reflection in the subsurface (z > z,) that
may include any complexity such as refraction and diffraction. Op-
erator R™ equals the reflectivity at the lower side of the surface (z
= 7). Note the difference between operators X and X,. Operator X
includes the strong surface reflectivity, but in X, the reflective sur-
face is not present. It can be easily seen from equations 1c and 1d that

Reflection atthe  R™P”
surface

S" Sources at
the surface

Detectors at. P~
the surface

R7P +8*

Double
illumination

Propagation and
reflection in the
subsurface

Figure 1. Feedback model, showing the upgoing and downgoing
wavefields at the surface. Note that the surface-related multiples are
generated by feedback operator R". Also note that all surface-re-
flected wavefields re-illuminate the subsurface, leading to the con-
cept of double illumination.

impulse response matrix X, is not only present in the primaries (P,
=X,S"), but is also present in the multiples (M~ = X,R"P").
Hence, both wavefields contain information about subsurface opera-
tor X,

The difference between X and X, is very important (Figure 1): X
is a complex operator that contains complex Green’s functions be-
cause it includes the highly reflective surface (represented by opera-
tor R") and X is relatively simple because the influence of the re-
flective surface has been removed (R" = 0). The feedback model in
Figure 1 relates the two (substitute equation 1d in equation 1c):

P~ =P, + X R"P~ (primaries plus multiples),
(2a)

P, = XS+ being the response of the earth with a reflection-free sur-
face (representing primaries plus internal multiples) and X,R"P~
representing the surface-related multiples (M ~). Using equation Ia,
equation 2a can also be written as

P~ =X,(S* + R"P") (double illumination), (2b)

showing double illumination, meaning that both primary sources S *
and secondary sources R"P~ illuminate the subsurface.

Using equation 2a, preprocessing algorithms are now being de-
veloped that separate primaries and multiples by simultaneously es-
timating S* and X, from both the primary and multiple wavefields.
Note the first proposals by Berkhout (2006), using the inverse data
space, and by Van Groenestijn and Verschuur (2009), estimating a
parameterized version of X, directly from P ~. Parameterization can
be done with bandlimited spikes (Van Groenestijn and Verschuur,
2009), with curvelets (Lin and Herrmann, 2009), or with Green’s
functions (Berkhout and Verschuur, 2010). Note that with such pa-
rameterization methods, the effective downgoing source wavefield
S can be estimated (with its proper absolute amplitude scale) in or-
der to build the total downgoing wavefield Q* =R"P~ + S*. In
fact, this information can be extracted because we make use of both
primaries and multiples.

We envision that acquisition systems, measuring both pressure
and particle velocity, will be routinely used to allow an accurate de-
composition of upgoing and downgoing wavefields — P~ and
R"P~, respectively — without any assumption on R". Early experi-
ments in the marine environment show promising results (Cambois
etal., 2009).

MIGRATION OF COHERENT PRIMARIES
AND MULTIPLES

The double illumination concept shows that surface-related mul-
tiple removal can be omitted in the seismic migration scheme (com-
pare equations la and 1c). This can be done if we use total downgo-
ing wavefield Q* instead of primary source wavefield S* in the for-
ward extrapolation process of a shot-record migration algorithm.
Figure 2 visualizes the computational diagram. It is important to re-
alize that for complex incident wavefields, simple correlation — as
used in the standard imaging principle — must be replaced by multi-
dimensional wavefield deconvolution (Muijs et al., 2007) or, even
better, by a least-squares minimization process (Verschuur and
Berkhout, 2009). In terms of our matrix formulation,

[WHP~ — RVWQ ™| + &RV = minimum,  (3)
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where W is the propagation operator, W is the adjoint version, || ||2
denotes the L2 norm, and RV is the unknown reflectivity. The mini-
mum norm stabilization term in this equation, with weight factor &2,
can optionally be replaced by other constraints, like an L.1 norm or a
lateral continuity constraint. Note that the forward and backward
propagation processes are explained here in terms of applying the
propagation operators W and WH, respectively, but it may also be
formulated by applying forward and reverse time modeling. Once
the reflectivity operators are obtained from this inversion process,
the angle-dependent reflection information can be easily extracted
by transforming each column of the R-matrix to the wavenumber or
linear Radon domain (see Berkhout, 1982; de Bruin et al., 1990;
Berkhout, 1997).

The message of equation 3 is not that the wave-
field extrapolation processes are modified, but
that the input and the output are changed. The

P =P +M

A9

nally, we take Q* = S* + R"P~ to improve the estimate of RY by
using both primaries and multiples (P ).

Figure 3 illustrates the principle on a single reflector at 200 m
depth in a homogeneous velocity medium for a coarse selection of
shot records. The top row shows one of the involved shot records and
the bottom row shows the angle-dependent properties as extracted
from the input data, displayed in the horizontal slowness domain.
Note that the reflector has been chosen to have angle-independent re-
flection properties, such that we expect a constant amplitude reflec-
tion function within the minimum and maximum slowness values
present in the data. Equation 3 was solved for using only five shot
records, with a spatial sampling of 400 m between sources. The in-
version was implemented such that the reflection operators were es-

Velocities Q"' =S"+R"P"”

source matrix S* is replaced by Q* and the out-
put data matrix P, is replaced by P, respective- Upgoing wavefield " Downgoing wavefield
oy . . . . orward modelin
ly. In addition, the well-known imaging principle atthe surface I:j atthe surface
(crosscorrelation) is replaced by a least-squares Miorati
o e . . . . i i igration
minimization process to avoid cross-talk in the Foreach | pownward Migration Y Downward | For each
. . depthlevel | extrapolation operator operator extrapolation | depth level
migration output.
It is important to realize that migration of mul-
tiples (M) is independent of the source signal: Reflected wavefield For each Incident wavefield
the result is always zero phase. This creates the at depth gridpoint at depth
possibility to estimate during migration the

source signal at each depth level as well. This
means that equation 3 is applied in three steps.
First, we replace P~ by M~ (output of SRME) in
equation 3 and use Q* = R"P~, yielding a first
estimate of RY (columns of matrix RY). This esti-
mate of RY is based on multiples only, meaning

Least-squares
deconvolution

Migration
result

that it is independent of S*. Next, we replace P~
by P, and we use Q* = S* to solve for the un-
known source signals (columns of matrix S *). Fi-

Figure 2. Using the double illumination concept (Figure 1), primaries (P, ) and multiples
(M ™) are simultaneously migrated. Hence, for migration purposes multiple removal is
not required anymore and, above all, the rich information contained in multiples is uti-
lized (Berkhout, 2009).
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Figure 3. Angle-dependent migration result for five selected shotrecords (Ax = 400 m) using (a) primaries, (b) multiples, and (c) primaries plus
multiples. The top row shows one of the five shots and the bottom row displays the result of angle-dependent imaging along the boundary at
200 m depth. It is interesting to observe how well multiples illuminate the reflector. This property confirms our expectation that multiples are go-
ing to play an important role in future imaging technology.
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timated in the space-time domain as convolution operators that are
short in time and space. Thus, this multidimensional imaging condi-
tion requires the solution of a small least-squares problem for each
grid point in the subsurface. In Figure 3a, one can observe that the
obtained angle-dependent reflection information from the prima-
ries-only data is very limited (almost single-fold illumination per re-
flector point). Note the excellent illumination properties of the mul-
tiples in Figure 3b. Note also that in Figure 3¢ primary and multiples
were not separated, but were simultaneously migrated. For these ex-
amples, we estimated the source wavelet with the proper amplitude
scale in order to ensure a well-balanced contribution from primaries
and multiples in Figure 3c. It can be concluded that including multi-
ples will greatly enlarge the subsurface illumination, being of great

PT=RT+MT Velocities

Blended upgoing
wavefield at the

surface Forward modeling

Q'I'=ST+R"PT

importance for the 3D seismic situation where crossline source spac-
ing in the order of 400 m is common.

MIGRATION OF INCOHERENT PRIMARIES
AND MULTIPLES

In blended acquisition, time-overlapping shot records are gener-
ated in the field by using incoherent source arrays (Beasley et al.,
1998; Stefani et al., 2007; Berkhout, 2008). It allows finer source
sampling in the field in an attractive economic manner. It also allows
accurate migration of rich 3D data sets (e.g., by wave equation mi-
gration or RTM), using fine source sampling with a small number of
shot records. Figure 4 shows the computational diagram. In our algo-
rithm, the reflectivity for each depth level is computed by an exten-

sion of equation 3:

[WAP-T — RYWQ T + RV

= minimum, (4)

Blended downgoing

wavefield at the

where I" equals the blending operator. Berkhout

surface . . .
(2008) proposes using simple time delays for the
For each Downward Migration Migration Downward For each blending process. This type of blending allows
depth level | extrapolation operator operator extrapolation | depth level the use of conventional sources in acquisition

Blended reflected
wavefield at depth

For each
gridpoint

Least-squares
deconvolution

Migration
result

Figure 4. Simultaneous migration of blended primaries (P, ') and blended multiples
(M~TI'). Note that wavefield deblending, signature deconvolution, and multiple removal

are an integral part of the migration process (Berkhout, 2009).

Blended incident
wavefield at depth

and, therefore, will be used in the next examples.
Note that incident wavefields Q *I" have superior
illumination properties with respect to what is
used today (S* only), which is incoherent double
illumination. The concept of using blended
source wavefields in an (inversion-type) migra-
tion process was already demonstrated by Rome-
ro et al. (2000), Dai and Schuster (2009), and
Tang and Biondi (2009), however, with the re-
striction of angle-independent scattering.

We repeat the example of Figure 3 by including
blending as well. Figure 5a shows the blended
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Figure 5. Angle-dependent migration result for five shot records with (a) blended primaries, (b) blended multiples, and (c) blended primaries
plus blended multiples. The top row shows one of the five blended records and the bottom row shows the corresponding angle-dependent images
at the reflector. The comparison with Figure 3 indicates that the use of multiples and the application of blending improve the quality of seismic

images significantly.
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primary shot records and the angle-dependent migration result. The
difference with Figure 3a is very clear: blending has significantly
improved the illumination property. This conclusion can also be
drawn by looking at the migrated blended multiples (compare Fig-
ure 5b with 3b). Finally, the result of migrating the total blended shot
record (blended primaries plus blended multiples) is shown in Fig-
ure 5c. Note again the ex-cellent illumination property. Based on the
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Figure 6. (a) Subsurface model with high velocity salt layer. (b)
Prestack depth migration (PSDM) of nine primary shot records. (c)
PSDM including multiples. (d) PSDM of nine primary blended shot
records. (¢) PSDM of blended primaries and multiples.

results for Figures 3 and 5, we can conclude that either blending or
including multiples provides a large improvement in illumination of
coarsely sampled data.

Now, let us consider a more complex example, using the subsur-
face model of Figure 6a and finite-difference modeled data. We start
with using nine unblended shot records, the sources having a separa-
tion of 600 m. Note that this can represent the situation of coarse azi-
muth sampling. Figure 6b shows the result of migrating primaries
(P, ) only. The depth image shows the estimated angle-averaged re-
flection coefficient for each subsurface point. The effect of coarse
azimuth sampling is clearly visible. Next, we remigrate the same
data but we now only use the surface multiples (M ~) as input. The
result is shown in Figure 6¢. Note the significant improvement in the
image.

Then, in another experiment, we use nine blended shot records,
each incoherent source array consisting of 10 sources. Figure 6d and
e shows the migration result of the blended primaries and the blend-
ed primaries plus multiples, respectively. The difference with Figure
6b (unblended primaries only) is significant. For the same number of
shot records, the application of blending together with the utilization
of surface multiples promise a major step forward in imaging.

Finally, we choose one boundary in the model (the top of the high
velocity layer) and apply the angle-dependent imaging for the case
of all primary shot records (Figure 7a, being the reference result), for
nine shot records without and with multiples (Figure 7b and c), and
for nine blended shot records without and with multiples (Figure 7d
and e). Note the poor illumination of using only nine primary shot
records (compare Figure 7b with 7a). It is remarkable to observe the
improved illumination and accurate reconstruction of angle-depen-
dent reflection properties when including blending and/or multiples
(Figure 7c-e), considering we are using only nine shot records.

DISCUSSION

As we have demonstrated, the use of blending and surface-related
multiples will increase the illumination of the subsurface to a large
extent. This works very well because the surface is a strong and de-
terministic reflection. Note that in our 2D examples (Figures 5-7),
the effect of including multiples in blended data does not provide
much extra illumination, because blending already contributed to a
good subsurface coverage. However, in the full 3D case, blending
and including multiples will have complementary effects in filling
the offset-azimuth domain.

This concept could be extended to internal multiples, such that we
can make use of indirect illumination of subsurface structures. Mal-
colm et al. (2009) demonstrate this property for the deterministic
case of one known horizontal reflector that was used to image a com-
plex area from below. Also, in the field of nondestructive testing,
such as inspection of welds in pipelines, this is a known technique
where the back wall is used for secondary illumination (see, e.g.,
Portzgen et al., 2007).
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Figure 7. Angle-dependent image along the top of the high velocity
layer in Figure 6a. (a) Reference result, using all 90 shot records, pri-
maries only. (b) Result for nine primary shot records. (c¢) Result for
nine shot records including multiples. (d) Result for nine blended
primary shot records. (e) Result for nine blended shots with multi-
ples.

CONCLUSIONS

Migration of blended primary wavefields can be generalized by
including blended multiple scattering in the input data. In this paper,
we focused on the relatively strong (blended) surface-related multi-
ples.

In our solution, this generalization is not done by extending the
Green'’s functions but by extending the incident wavefields, leading
to the concept of double illumination. The advantage of this ap-
proach is that Green’s functions stay the same and, therefore, no ex-
trainformation of the subsurface is required.

Because of the complexity of the incident wavefields, a reformu-
lation of the imaging principle, from wavefield correlation to wave-
field minimization, is required. The involved inversion process can
be efficiently implemented via the estimation of a short convolution
filter for each subsurface grid point.

If primaries and multiples are simultaneously migrated, the sepa-
ration of primaries and multiples (or the removal of multiples) is not
needed anymore. Instead, knowledge of the source signature is re-
quired.
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