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Abstract

To get the best result for seismic imaging using primary reflections, data with densely-spaced
sources and receivers are ideally preferred. However, dense acquisition can sometimes be
hindered by various obstacles, like platforms or complex topography. Such areas with large data
gaps may deter exploration or monitoring, as conventional imaging strategies would either
provide poor seismic images or turn out to be very expensive. Surface-related multiples travel
along different paths compared to primaries, illuminating a wider subsurface area and hence
making them valuable in case of data with large gaps. We propose different strategies of using
surface-related multiples to get around the problem of imaging in the case of a large data gap.
Conventional least-squares imaging methods that incorporate surface-related multiples do so by
re-injecting the measured wavefield in the forward-modelling process, which makes it still

sensitive to missing data. We introduce a ‘non-linear” inversion approach in which the surface

multiples are modelled from the original source field. This makes the method less dependent on

the receiver geometry, therefore, effectively exploiting the information from surface multiples in
cases of limited illumination. However, such an approach is sensitive to the knowledge of the
source properties. Therefore, we propose a ‘hybrid’ method that combines the non-linear
imaging method with the conventional ‘linear’ multiple imaging method, which further improves
our imaging result. We test the methods on numerical as well as field data. The results indicate
substantial removal of artefacts in the image derived from linear imaging methods due to
incomplete data, by exploiting the surface multiples to a maximum extent.

Keywords: imaging with multiples, surface-related multiples, full wavefield migration,

acquisition gaps, least-squares migration

1. Introduction

Seismic data can sometimes end up with large gaps due
to several reasons such as bad topography, lack of access,
infrastructure (e.g. an obstructing platform), legal or en-
vironmental considerations or failing equipment. If we
use conventional seismic imaging algorithms that rely on
primary reflection data only, migration artefacts become un-
avoidable (Hou & Symes 2017). A common practice in such
scenarios is re-acquiring the data specifically targeting the

missed zone. For instance, to illuminate areas under physical
obstructions such as platforms, undershooting has become
a standard practice (Hill 1986; OGP 2011). However, the
large offsets between the sources and receivers take a toll on
the vertical resolution of the data and as a result more efforts
and expense are put in to acquiring high-resolution data.
For example, Games et al. (2015) describe a high-resolution
seismic undershooting survey to specifically address the
loss of vertical resolution in the case of large offset data in
conventional two-streamer undershooting around physical
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obstructions. This calls for alternative imaging strategies
that make the most out of the available data to mitigate this
problem.

Although in the past multiples have been deemed as noise,
it is well acknowledged that multiples provide better seismic
illumination, which can help in overcoming the limitations of
the employed acquisition geometry (Berkhout & Verschuur
1994; Guitton 2002; Muijs et al. 2007; Liu et al. 2011; Lu et al.
2013; Zuberi & Alkhalifah 2013; Zhang & Schuster 2014).

Free-surface multiples travel along different propagation
paths compared to primaries. This property is useful as they
not only illuminate areas that are unreachable by the pri-
maries but also contribute to the vertical resolution because
of improved angular illumination (Berkhout & Verschuur
2016). Therefore, in cases with limited illumination, mi-
gration methods that include surface-related multiples have
an advantage (Tu ef al. 2011; Makinen & Rickett 2016).
Surface-related multiples can be migrated by considering
the re-injected total measured response R"P™ as the illu-
minating source wavefield (Verschuur & Berkhout 2011).
This helps in migrating the multiples by establishing a lin-
ear relationship between the multiples and their sub-event
primaries. Since the measured data are used both as incident
and reflected field, calibration of source wavelets is no longer
necessary (Davydenko & Verschuur 2017). Surface-related
multiples have also been included in migrating the total mea-
sured response by considering the original source wavefield
S* and the re-injected total measured response R"P as the
total illuminating source wavefield (_i+ (Berkhout 2014b;
Lu et al. 2018). This helps in migrating both the primaries
and the multiples simultaneously, thereby eliminating the
need for multiple removal for migration. However, since
these methods rely on re-injection of recorded data as inci-
dent wavefield, it is assumed that the complete downgoing
wavefield has been recorded. Thus, for the area under large
gaps, current methods have been incapable of exploiting the
power of multiple scattering.

In this paper, we present a ‘non-linear’ imaging scheme
that compensates for unrecorded data by synthetically mod-
elling all the surface-related multiples, starting from the
original source wavefield. In this way the dependence on
receiver geometry becomes weaker, allowing us to over-
come large acquisition gaps. This can be viewed as the
extension of the least-squares migration method for pri-
maries (Nemeth ef al. 1999) or by using multiples (Brown
& Guitton 200S; Zhang & Schuster 2014; Liu et al. 2016)
to overcome incomplete data issues specifically by focusing
on exploiting surface multiples in various ways. Further-
more, it relates to the model-based multiple imaging method
proposed by Jiang ef al. (2007), except with a closed-loop
approach. We also discuss a hybrid method that combines
the existing methods along with our proposed non-linear
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imaging scheme in order to exploit the benefits of both
the methods. We demonstrate this methodology on finite-
difference modelled data as well as field data from the Voring
basin.

Note that in this paper we are only concerned with the use
of surface-related multiples in imaging. However, the forward
model that we describe can be extended to include internal
multiples (Berkhout 2014a; Davydenko & Verschuur 2017).
In that case, internal multiples from primaries and internal
multiples from the surface-related multiples are included
as well. Such extension will be limited to internal multiples
that travel in a down-up-down mode (so with three, five,
seven, etc. subsurface bounces). Zuberi & Alkhalifah (2014)
and Aldawood et al. (2015) describe how imaging could
be extended to include internal multiples from so-called
duplex waves (i.e. with two bounces in the subsurface).
Marchenko-based methods for internal multiple imaging
(Wapenaar et al. 2014; Slob et al. 2014; da Costa Filho et al.
2015) or internal multiple removal (Zhang & Slob 2019) are
usually applied after surface multiple removal, so they might
be less adequate in this case.

2. Theory

2.1. Review of migration schemes that use surface-related
multiples

We use the discrete matrix notation as given by Berkhout
(1982) to describe the forward modelling in the frequency
domain (for a given frequency). The monochromatic wave-
field for one source experiment measured at the depth level
z,, is indicated as ﬁ(zm). Wavefield operators that connect
wavefields between two levels z,, and z, are written as
a matrix. For example, the matrix W*(z,, z,) denotes a
monochromatic one-way forward wavefield propagation op-
erator that extrapolates wavefield from depth level z, to z,,.
The superscripts 4+ and — describe downward and upward
propagation, respectively.

In order to include surface-related multiples in a migra-
tion method, Verschuur & Berkhout (2011) made some
modifications to the incident wavefield. Instead of using
only the source wavefield St (z,) generated at the surface,
the total downgoing wavefield at the surface Q*(z,), com-
prising both the original source wavefield St (z,) and the
downward reflected total wavefield, is used as the incident
wavefield:

Q+(Zo) = §+(z0) +R" (2, Zo)f’_(zo)- (1)

Here P~ (z,) refers to the total recorded’ wavefield at the
acquisition surface and R"(z,, z,) represents the downward

reflectivity operator at the surface z,, which is usually taken
as R"(z,,z,) = =1 (Verschuur & Berkhout 2011). (We
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use the upgoing wavefield at the surface after receiver
deghosting.) The downgoing wavefield 1_5+(zm, z,) at
depth level z,, is given by forward extrapolating Qt (zo)
toz,:

1_5+(sz Zo) = W+(Zm’ ZO)Q+(Z0): (2)

while the upgoing wavefield ﬁ_(zm, z,) at depth level
z,, comes from inverse-extrapolating the total recorded

wavefield P~(z,) to z,,:

ﬁ_(zm; Zo) = [W_(ZO, Zm)]_lﬁ_(zo)
~ [WH(z,,2) 1P (z)). (3)

Similar to imaging using primary data, every event now
(primaries and surface-related multiples) is accounted for
in the primary event and primary subevent of the mul-
tiple, therefore leading to a ‘linear’ relationship between
the forward modelled data and reflectivity [if the effect of
internal multiples is excluded—note that if full wavefield
migration (Berkhout 2014b) is used, internal multiples will
be included]. Reflectivity can now be derived approximately
using one of the traditional imaging principles [e.g. by the
correlation of P*(z,,z,) and P~(z,,z,)], thereby migrat-
ing the primaries and multiples simultaneously (Berkhout
& Verschuur 1994; Verschuur & Berkhout 2011; Zuberi
& Alkhalifah 2013; Weglein 2015). Since conventional
imaging conditions are not equipped to handle complex
re-injected wavefields, it is replaced by a least-squares
minimisation process with an iterative inversion method
(ie. a closed-loop approach) (Davydenko & Verschuur
2012; Verschuur & Berkhout 2015). Figure la depicts the
flowchart of the closed-loop process. In each iteration for
a given velocity model and a starting reflectivity model,
we compare our forward modelled data with the measured
data to obtain the residual (P,,, — P, ;). The field data is
re-injected in the forward modelling to explain the multi-
ples. The iterative minimisation method takes care of the
cross-talks generated with every progressing iteration. This
produces an image that explains the multiples properly; given
the forward model includes sub-event primaries. The cost
function J; of the iterative minimisation process is given by

Jo= Y Y IB (20) = W (20,2, RVP* (2, 201
shots @

(4)
For a given iteration i, the current reflectivity operator matrix
RY is used to model seismic data using the propagation
operators W (Berkhout 2014a). (We refer to ‘R as ‘R’
from here on, as we do not consider downward reflectivity
in our modelling, except at the free surface.) The scattering
is generated by the reflectivity model while the propagation
effects are handled by the velocity model. In these method-
ologies, since we assume the reflection parameter to be

angle-independent, R, is taken to be a diagonal matrix. The
residual data is then used to update the reflectivity, thereby
also suppressing possible cross-talk (Berkhout 2014b). In the
case of multiples-imaging, the method can overcome the lim-
itations of coarse source sampling (Lu et al. 2014; Davydenko
& Verschuur 2017). However, as the recorded wavefield be-
comes the incident wavefield for imaging, the performance
of the method is dependent on good receiver coverage and
density.

2.2. Incorporating surface multiples in a non-linear
inversion method

Addressing the limitations of the linear inversion method in
the case of missing data, we introduce a non-linear inversion
scheme. In this method, all surface-related multiples are
included incrementally in the incident wavefield using the
modelled upgoing wavefield (Berkhout & Verschuur 2014)
leading to a non-linear relationship between reflectivity and
the forward modelled data. Since this method omits the re-
injection of measured data, it is less affected by missing data.
Due to the non-linear relationship, we also expect higher sen-
sitivity to changes in the reflectivity model, as the errors in es-
timated reflectivities are amplified in higher-order multiples.

In this method we perform forward modelling with
St (z,) as our initial incident wavefield. In subsequent iter-
ations, we modify the downgoing wavefield [é_+ (z)]" such
that it includes the modelled surface multiples, based on re-
injection of the modelled upgoing wavefield 13;1 (24 2,) from

the previous iteration. Therefore [Q* (z,)]"is given by

[Q+(z0)]i = §+(Zo) + Rn(zo; Zo)[ﬁ,_n(zoi Z())]i_ll (5)

where i refers to the iteration number. After making suitable
changes for non-linear inversion in a closed-loop approach,
we then derive the reflectivity image using the same minimi-
sation method mentioned in equation (4). Figure 1b depicts
the flowchart for this method. A small change is made in the
way multiples are modelled in the non-linear closed-loop
method from the linear closed-loop method (figure 1a), as
can be seen in the flowchart in figure 1b. The simulated data
instead of the measured data is being re-injected to get the
multiples. Table 1 compares the different wavefields used for
imaging in the methods described above.

2.3. Hybrid approach

While the non-linear method performs better in the case of
incomplete sampling, it comes with its own shortcomings.
As the relationship between the forward modelled data
and reflectivity is non-linear, this method is naturally more
sensitive to errors. This means that, although potentially
a higher resolution can be obtained, the inversion process
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Figure 1. (a) Closed-loop migration including surface multiples, where the field data is re-injected for modelling. (b) Proposed method for non-linear
inversion of surface multiples, where all surface multiples are built from the original source field.

Table 1. Imaging schemes with associated wavefields

Imaging options
Option Receiver side Source side
Linear Primary P, S+
Surface multiples M- R"P-
Primaries and surface multiples B Q+ =8 +R"P"
Non-linear Primaries and surface multiples P [Q*) = St4R" [13;]"‘1

can be trapped in a local minimum. Since the non-linear
method requires modelling the data starting from a source
wavefield, the image is quite sensitive to the errors in the
source wavelet. In contrast, the linear imaging method does
not require knowledge of the wavelet because measured data

745

is used as both incident and reflected field, thereby making it
more robust. As the linear and non-linear methods comple-
ment each other on their drawbacks and benefits, a hybrid
approach that combines the two methods by successively
applying the methods, i.e. using a result from one method

2202 YoselN 1.0 uo Jesn Aresqri yied NL Aq £9/6985/2 /1L L/o1one/eblwoo dnosolwepese)/:sdjy woly pepeojumod



Journal of Geophysics and Engineering (2020) 17, 742-758

Nath and Verschuur

WV VIV VY-V VY

Missing receivers

Sources

500

Depth (m)

1000 —

!vvw%vw A7 4

Receivers

1500
0

500 1000 1500 2000

2500

1
3000 3500 4000 4500 5000

Lateral location (m)

(a) Reflectivity model

Depth (m)

1000 =

1500
0

1000

1500 2000

2500

T T T

3000 3500 4000 4500 5000

Lateral location (m)

(b) Velocity model

0
/a\
T
2 5
@ ~
8 = &
o B e
£ 3=
'_
4 ke
5 L . ) ) : 4
0 1000 2000 3000 4000 5000

Receiver location (m)

(c) Measured data with gap

Figure 2. Example 1: (a), (b) synthetic model with sources at 600 m, 900 m, 4500 m and 4800 m (indicated by the stars) and receivers indicated by

green triangles; (c) measured data with gap.

and putting it as an input for the other, will give the best
solution in cases of missing data. The suggested strategy is as
follows (Nath & Verschuur 2017).

(i) As the non-linear inversion method creates a better
modelled data in the case of acquisition gaps, we first
start with the non-linear inversion process on the data
with gaps.

We then use the modelled shot record gather from the
non-linear inversion method to fill in the gaps of the

(i)

measured seismic data.

(iii) As the linear inversion method is more robust, we
use this infilled data in the linear inversion method to
obtain an intermediate subsurface image.
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(iv) Finally, as the non-linear inversion method explains
the missing data better, we feed this reflectivity image
received from the previous step as a jump start to the
non-linear inversion method along with the original
measured data. This provides the final image.

3. Examples
3.1. Numerical example 1: FWMod data (‘inverse crime’)

Here, we illustrate the different methods using a synthetic
model (model 1) given in figures 2a and 2b, similar to the
model in Verschuur & Berkhout (2015), with extremely
coarse source spacing; only four shot records at the surface
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Figure 3. Example 1: imaging results in a closed-loop imaging process using the inverse crime modelling process: (a) using primaries-only data; (b)
using a linear inversion method with re-injection of the measured data; (c) using the proposed non-linear inversion method.

i.e. at 600m, 900 m, 4500 m and 4800 m. The size of the
model is 1500 m in depth by 5400 m horizontally. Receivers
are placed throughout the surface at intervals of 20 m except
for from x = 1900 m to x = 3500 m where a wide receiver
gap exists (see figure 2a). For numerical example 1, a full
wavefield synthetic data is generated using full-wavefield
modelling (Berkhout 2014a, FWMod) on this 2-D model,
with the restriction of angle-independent reflectivity in
both modelling and imaging. Using such an ‘inverse crime’
approach we can investigate the maximum expected per-
formance of the proposed methodology. Figure 2c shows
one such shot record with a gap in the data. Figure 3a shows
the closed-loop image obtained from primaries-only data.
The effects in the image due to missing receivers is clearly
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visible as the reflectors and shallow diffractors around the
gap are not imaged properly. Figure 3b shows the imaging
result using the primaries and multiples in a closed-loop
linear inversion method mentioned earlier. We do see some
improvements in this image compared to figure 3a, however
the effect due to the gap is still evident. Figure 3c illustrates
the imaging result from the proposed non-linear inversion
method. The deeper reflectors as well as the shallow scat-
terers are better imaged here. It can be seen in figure 4a
that the data are not modelled well near the gap, causing a
poor minimisation of residual data at far offsets, as shown
in figure 4b. The modelled data from the non-linear method
has improved around the area with missing data as well
as at the far offsets of the first-order multiples (figure 4c),
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Figure 4. Example 1: modelled shot record data for the source at x = 900 m using (a) the linear inversion method; (c) the non-linear inversion method;
(e) the hybrid scheme. Residual data for source at x = 900 m for: (b) the linear inversion method; (d) the non-linear inversion method; (f) the final

hybrid scheme.

therefore, we see an improvement in the residual data as well
(see figure 4d).

The modelled shot record gather from the non-linear
imaging method (figure Sb) is used to fill the gaps in the mea-
sured seismic data, as shown in figure Sc. These shot record
data are then used in our linear imaging method, which is
more robust to get a reflectivity image. Figure 5d shows this
intermediate imaging result of the hybrid approach. Since
the non-linear inversion method better explains the missing
data, in the final step of the hybrid approach, we feed this
reflectivity image (figure Sd) to the non-linear inversion
method as a jump-start along with the original measured
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data to give the result shown in figure Se. Despite a very large
gap, the method manages to fill in the image with the help of
modelled as well as measured multiples. Figure 4e shows the
final modelled data we get from the hybrid approach. The
complementary residual data from this hybrid approach,
displayed in figure 4f, shows that the modelling process
performs successfully in explaining the data around the gap
and also for the larger offsets.

Figure 6 shows a comparison of vertical cross-sections of
the images at the lateral location x = 2700 m obtained from
the three methods using primaries and multiples. The image
using the hybrid approach (see figure Se) indeed contains
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Figure 5. Example 1: the hybrid scheme demonstrated via the inverse crime modelling process. (a) Measured shot gather for the source at 900 m. (b)
Modelled shot record data for the source at x = 900 m using non-linear inversion. (c) Data from (a) after putting an infill in the gap received from (b)
(shown within red lines) for an intermediate step in the hybrid scheme. Imaging results of the hybrid scheme: (d) after using the data from (c) for linear
inversion; (e) final result of the hybrid method using linear and non-linear inversion methods using (d) as the initial image.

much better results than the other two approaches. The
shallow diffractors are now imaged properly, the reflector
peaks are also higher and sharper, as shown in figure 6¢, and
the residuals are reduced compared to the other methods
mentioned previously.

3.2. Numerical example 2: finite difference data

In this example, synthetic data are generated using acoustic
finite difference modelling on the model shown in figure 7.
Figures 7a and 7b are the corresponding velocity and density
models used to generate the data. Figure 7c is the resulting
true reflectivity image. We use the four shots at the surface
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at 600 m, 900 m, 4500 m and 4800 m. Receivers are spread
throughout the surface except for from x = 2400m to x =
3000 m.

Figure 8a shows the imaging result using the primaries-
only data. The effects in the image due to missing receivers
is clearly visible. Figure 8b shows the imaging result using
primaries and multiples via the closed-loop linear inversion
method mentioned earlier. Upon comparison with figure 8a,
the benefits of using the free-surface multiples are already
visible here. The improvements in the image can be noticed
not only at the shallowest reflector but also in the deeper
reflectors. Figure 8¢ illustrates the imaging result from the
non-linear imaging method. The shallowest reflector can
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Figure 6. Example 1: amplitude cross sections of the reflectivity image at x = 2700 m (a) using the linear inversion method; (b) using the proposed

non-linear inversion method; (c) using the hybrid method.

be seen better imaged around the area with the receiver
gap (marked with arrows). Figure 8d shows the final imag-
ing result obtained via the hybrid method. A considerable
improvement is seen upon comparison of the image in
figure 8d with figures 8a or 8b. The modelled data from the
linear imaging method (see figure 9a) are not modelled well
around the missing receivers; the corresponding residual
data (see figure 9b) also shows the same. The modelled and
the residual data from the non-linear method show quite an
improvement (figures 9c and 9d). Improvements can also be
seen in the residual data from the hybrid method (figure 9f)
compared to the one from the linear method, indicating bet-
ter modelling of data. However, note that the improvements
are less prominent as in the inverse crime example 1. This is
because the forward- modelling algorithm used in migration
(FWMod) is different from the modelling algorithm used
to produce the data (finite difference algorithm), making it
more realistic. This suggests that a better handling of angle-
dependent reflectivity is necessary, as in this implementation
of FWMod the reflectivity is considered angle-independent,
while the input data has all amplitude variation with offset
(AVO) effects.

3.3. Field data example

In this section, we compare the proposed methods on data
from the Voring basin in the Norwegian sea. We select a sub-
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set over 5800 m of recording and use four shot records with
sources at 1600 m, 2100 m, 3600 m and 4100 m. Receivers
are spread along the surface at a spacing of 25 m except for
from x = 2600 m to x = 3600 m, yielding a 1-km receiver
gap. Figure 10 shows one of these shot records. Note that
we used the fully sampled data to construct split-spread
shot records and near-offset interpolation to make initially
completely sampled gathers (Kabir & Verschuur 1995).
Such preprocessing was required for application of the Es-
timation of Primaries by Sparse Inversion (EPSI); see also
Van Groenestijn & Verschuur (2009). The source wavelet
in our example was derived using the EPSI process. For this
experiment, the four selected shots could represent an ocean
bottom node-type geometry, although sources and receivers
are at the surface. Figure 11a shows the imaging result using
primaries-only imaging. The effects in the image due to
missing receivers can be seen below the gap area, marked
with arrows. Figure 11b shows the imaging result using the
closed-loop linear inversion method (using primaries and
multiples). The contribution of multiples in filling the image
gaps and improving the resolution have been marked with
arrows. Figure 11cillustrates the imaging result from the non-
linear inversion method. It can be seen that the reflectors are
better-imaged around the indicated area. Figure 11d shows
the final imaging result of the hybrid approach. The reflectors
are visibly better-imaged not only around the area with gap,
but also at the outer locations. Figures 12a and 12c are the
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Figure 7. Example 2: (a), (b), (c) Synthetic model with sources at 600 m, 900 m, 4500 m and 4800 m (indicated by the stars) and receivers indicated
by green triangles. A gap in the receivers has been created at x = 2400 m to x = 3000 m.

enlarged sections of figures 11b and d, respectively, to high-
light the improvements in imaging in the area under the gap.

Finally, in figure 13 we display the same shot record as
figure 10 with the reconstructed data in the gap. Although
the reconstruction for the surface multiples (starting at
t = 4 seconds) is somewhat weaker, we see a proper re-
construction of the primaries. Note that this information
originated from the multiples.

4. Discussion

Including multiples in the imaging method comes with a lot
of benefits but meanwhile also introduces several problems
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unique to multiples. A closed-loop imaging method becomes
necessary to minimise the resulting cross-talk from multiples
(Davydenko & Verschuur 2017; Lu et al. 2018). Figure 14
shows the comparison of objective function values as a func-
tion of iterations for imaging methods using primaries-only,
primaries and multiples in the linear method, and primaries
and multiples in the non-linear method from Example 1.
This demonstrates that including multiples will require
more iterations to reach convergence than the method with
primaries-only data. Since the non-linear method simultane-
ously builds the downgoing wavefield along with migration
in every iteration, it requires a few more iterations to catch
up with the linear method using primaries and multiples.
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Figure 8. Example 2: imaging results in a closed-loop imaging process based on finite-difference modelled input data: (a) using primaries; (b) using

multiples in a linear imaging method; (c) using the proposed non-linear inversion method; (d) result of the hybrid method.
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Figure 9. Example 2: modelled shot record data for the source at x = 900 m using (a) the linear inversion method; (c) the non-linear inversion method;
(e) the hybrid scheme. Residual data for source at x = 900 m for: (b) the linear inversion method; (d) the non-linear inversion method; (f) the hybrid
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Figure 10. Field data example: measured shot record data for the source
at 2100 m.
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In this paper, we demonstrate the methods only in 2-D
cases. Further merit of this method can be seen if we test the
method in more realistic situations, i.e. using 3-D acquisition.

In our method, we exclusively utilise the surface-related
multiples to image the area under a gap. Imaging with
internal multiples (Malcolm et al. 2009; Davydenko &
Verschuur 2013; Zuberi & Alkhalifah 2013, 2014) could
also give way to illuminating such areas using a similar prin-
ciple of iterative modelling. However, internal multiples are
usually weaker than surface multiples, so exploiting their
extra illumination is challenging.

In our examples, we have considered reflectivity to be a
scalar quantity. Since we will be using the non-linear imaging
method in cases of gaps, introducing angle-dependent reflec-
tivity (extending the parameters) may lead to over-fitting.
Hence, extending the reflectivity parameter to account for
AVO effects may require certain constraints in the reflectivity
matrix R.
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Figure 11. Field data example: imaging results for field data in a closed-loop imaging process for a geometry with only four sources: (a) using primaries
only imaging, (b) using a linear inversion method, (c) using the proposed non-linear inversion method, (d) result of the hybrid method, combining the
linear and non-linear inversion methods.
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Figure 13. Field data example: modelled shot record data for the source
at 2100 m after putting an infill in the gap obtained from the non-linear
inversion process.

The use of the hybrid method still requires an accurate
estimation of the source wavefield. For our field data ex-
ample, this wavefield could be estimated from the surface
multiples via the EPSI method. Also, it can be extracted from
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calibrating the primaries-only image with the linear imaging
from the multiples, as described by Davydenko et al. (2015).
More research is required for a stable and robust source
wavefield estimation in this context.

Primary wavefields are stronger than their associated
multiples, and therefore they dictate the imaging result in
methods that include both the primaries and surface mul-
tiples. In case of velocity errors in the model, linear and
non-linear methods that use both primaries and surface
multiples are dominated by the primaries in the imaging re-
sult. Figure 15 shows imaging results using the same data of
example 1 with a 4% increase in the velocity model used for
imaging. Figures 15a, 15b and 15c¢ show the imaging result
with sparse sources using the primaries-only method, using
the linear primaries and multiples method and the non-
linear primaries and multiples method, respectively. The
dominance of primaries in the imaging result can be clearly
seen, albeit with a very small improvement over methods
that use multiples. To investigate the effect of velocity errors
on primaries and multiples separately, figure 16a shows the
imaging result with the wrong velocity model using the
primaries-only method with a dense coverage of sources
and receivers. Figure 16b shows the imaging result using
the multiples-only imaging method with sparse sources.
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Figure 15. Imaging with 4% velocity error from example 1 using a sparse source configuration indicated with the red dots. Imaging result using closed-
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Figure 16. Imaging with 4% velocity error from example 1. Imaging result using a closed-loop imaging process (a) using primaries from a densely
sampled source configuration; (b) using multiples only from a sparse source configuration with a linear multiples-only imaging method.

This image shows a high resemblance to figure 16a, despite
the sparse sources. In spite of intuition, this seems to show
that in practice, multiples are less sensitive to imaging with
velocity errors in cases of acquisition restrictions. One of the
reasons may be that the multiples tend to propagate under
smaller angles than primaries for a similar offset. While a
larger offset is ideal for velocity estimation methods, multi-
ples can contribute in another key way; by providing a better
and robust image. This helps in avoiding any local minima.
This aspect can be strategically utilised for better illumina-
tion and velocity estimation in methods like joint migration
inversion (Verschuur ef al. 2016) and wavefield tomography
(Soubaras & Gratacos 2018).

§. Conclusions

We proposed different strategies for imaging with multiples
in case of large acquisition gaps. We developed a non-linear
imaging method in which the forward modelled data (in-
cluding surface-related multiples) are modelled recursively
using the original source wavefield. We choose this method
as it is less dependent on receiver density compared to
imaging methods that include surface-related multiples
via re-injecting the measured data. The non-linear method,
however, is more sensitive to velocity errors, source wavefield
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knowledge and forward-modelling imperfections compared
to the linear imaging methods.

We tested these methods on 2-D synthetic data as well as
field data; we see that it performs well in infilling the gap in
the data even if these gaps are large. Since the linear imag-
ing method—via measured data re-injection—has some
advantages over the non-linear method, a hybrid approach
using both methodologies further improves the result while
tackling the limitations of the linear and non-linear methods.
The merits of the hybrid method have been demonstrated
on both the synthetic and field data.

Acknowledgements

The authors would like to thank all the members of the Delphi
Consortium for their support and Equinor for providing the
Voring basin field data.

REFERENCES

Aldawood, A., Hoteit, I., Zuberi, M., Turkiyyah, G. & AlKhalifah, T, 2015.
The possibilities of least-squares migration of internally scattered seis-
mic energy, Geophysics, 80, S93-S101.

Berkhout, A J., 1982. Seismic Migration: Imaging of Acoustic Energy by Wave
Field Extrapolation, A: Theoretical Aspects, 2nd edn, Elsevier.

220z Yyousey Lo uo Jesn Areuqr yioa NL Aq $926985/21 /v L L /o1oe/ebljwoo dno-owapeoe//:sdjy wody papeojumod



Journal of Geophysics and Engineering (2020) 17, 742-758

Nath and Verschuur

Berkhout, A.J., 2014a. An outlook on the future of seismic imaging, part I:
forward and reverse modelling, Geophysical Prospecting, 62, 911-930.
Berkhout, AJ., 2014b. An outlook on the future of seismic imaging, part

II: full-wavefield migration, Geophysical Prospecting, 62, 931-949.

Berkhout, A J. & Verschuur, D.J., 1994. Multiple technology: Part 2, migra-
tion of multiple reflections, SEG Technical Program Expanded Abstracts,
1994, 1497-1500.

Berkhout, A J. & Verschuur, D.J., 2014. Sensitivity of data acquisition in full
wavefield migration, SEG Technical Program Expanded Abstracts, 3920
3924.

Berkhout, A.J. & Verschuur, D.J., 2016. Enriched seismic imaging by using
multiple scattering, The Leading Edge, 35, 128-133.

Brown, M.P. & Guitton, A., 2005. Least-squares joint imaging of multiples
and primaries, Geophysics, 70, S79-S89.

da Costa Filho, C.A., Ravasi, M. & Curtis, A., 2015. Elastic p-and s-wave
autofocus imaging with primaries and internal multiples, Geophysics, 80,
S$187-8202.

Davydenko, M. & Verschuur, D.J., 2012. Demonstration of full wavefield
migration in 2D subsurface models, in 74th EAGE Conference and Exhi-
bition Extended Abstracts, p. P275.

Davydenko, M. & Verschuur, D.J.,, 2013. Full wavefield migration, using
internal multiples for undershooting, SEG Technical Program Expanded
Abstracts, 2013, 3741-3745.

Davydenko, M. & Verschuur, D.J., 2017. Full-wavefield migration: Using
surface and internal multiples in imaging, Geophysical Prospecting, 65,
7-21.

Davydenko, M., Verschuur, D.J. & van Groenestijn, G.J.A.,201S. Full wave-
field migration applied to field data, in 77th EAGE Conference and Exhi-
bition, p. 1.

Games, K., Pretty, A., Stennett, I., Wakefield, N. & Mann, D., 2015. High
resolution seismic undershooting of platforms—stretching the limits,
First Break, 33, 39-45.

Guitton, A., 2002. Shot-profile migration of multiple reflections, SEG Tech-
nical Program Expanded Abstracts, 2002, 1296-1299.

Hill, AW, 1986. Two-ship undershooting of a production platform: the
Magnus high-resolution seismic project, in Oceanology, pp. 191-202,
Springer.

Hou, J. & Symes, W, 2017. True amplitude imaging for incomplete seismic
data, SEG Technical Program Expanded Abstracts, 2017, 4534-4539.
Jiang, Z., Sheng, J., Yu, J., Schuster, G.T. & Hornby, B.E., 2007. Migration
methods for imaging different-order multiples, Geophysical Prospecting,

55,1-19.

Kabir, M.N. & Verschuur, D.J., 1995. Restoration of missing offsets by
parabolic radon transform, Geophysical Prospecting, 43, 347-368.

Liu, Y., Chang, X., Jin, D., He, R., Sun, H. & Zheng, Y, 2011. Reverse time
migration of multiples for subsalt imaging, Geophysics, 76, WB209-
WB216.

Liu, Y, Liu, X., Osen, A., Shao, Y., Hu, H. & Zheng, Y., 2016. Least-squares
reverse time migration using controlled-order multiple reflections, Geo-
physics, 81, S347-8357.

Ly, S., Liu, F, Chemingui, N., Valenciano, A. & Long, A., 2018. Least-
squares full-wavefield migration, The Leading Edge, 37, 46-S1.

Lu, S., Whitmore, N., LeGleut, H. & Long, A., 2013. 3D high-resolution
imaging using separated wavefields, in 75th EAGE Conference & Exhibi-
tion, p. Th 08 09.

758

Lu, S., Whitmore, D.N.,, Valenciano, A.A. & Chemingui, N., 2014.
Separated-wavefield imaging using primary and multiple energy, First
Break, 32, 87-92.

Makinen, A. & Rickett, J., 2016. Multiples least-squares imaging with miss-
ing data compensation, in 78th EAGE Conference and Exhibition, p. Th
SRS111.

Malcolm, A.E., Ursin, B. & De Hoop, M.V,, 2009. Seismic imaging and illu-
mination with internal multiples, Geophysical Journal International, 176,
847-864.

Muijs, R., Robertsson, J.O. & Holliger, K., 2007. Prestack depth migration
of primary and surface-related multiple reflections: Part II: Identifica-
tion and removal of residual multiples, Geophysics, 72, S71-S76.

Nath, A. & Verschuur, D.J., 2017. Migration strategies of using surface-
related multiples in case of incomplete seismic data, in 79th EAGE Con-
ference and Exhibition Extended Abstracts, p. Th P1 06.

Nemeth, T., Wu, C. & Schuster, G.T, 1999. Least-squares migration of in-
complete reflection data, Geophysics, 64, 208-221.

OGP, 2011. An Overview of Marine Seismic Operations. Report 448,
OGP Publications.

Slob, E., Wapenaar, K., Broggini, F. & Snieder, R., 2014. Seismic reflector
imaging using internal multiples with marchenko-type equations, Geo-
physics, 79, S63-S76.

Soubaras, R. & Gratacos, B., 2018. Migration velocity analysis with multi-
ple modeling: an inversion toolbox, in 80th EAGE Conference and Exhi-
bition, European Association of Geoscientists and Engineers, p. Th A12
14.

Tu, N,, Lin, Tim TY. & Herrmann, FJ,, 2011. Migration with surface-
related multiples from incomplete seismic data, in 2011 SEG Annual
Meeting, Society of Exploration Geophysicist, p. 3222.

Van Groenestijn, G.J. & Verschuur, D.J., 2009. Estimating primaries by
sparse inversion and application to near-offset data reconstruction, Geo-
physics, 74, A23-A28.

Verschuur, D.J. & Berkhout, A.J., 2011. Seismic migration of blended shot
records with surface-related multiple scattering, Geophysics, 76, A7-
Al3.

Verschuur, D.J. & Berkhout, A.J., 201S. From removing to using multiples
in closed-loop imaging, The Leading Edge, 34, 744-759.

Verschuur, D], Staal, X. & Berkhout, A J., 2016. Joint migration inversion:
Simultaneous determination of velocity fields and depth images using
all orders of scattering, The Leading Edge, 35, 1037-1046.

Wapenaar, K., Thorbecke, J,, van der Neut, J., Broggini, F., Slob, E. &
Snieder, R., 2014. Green’s function retrieval from reflection data, in ab-
sence of areceiver at the virtual source position, The Journal of the Acous-
tical Society of America, 135, 2847-2861.

Weglein, A.B., 2015. Primaries-the only events that can be migrated and for
which migration has meaning, The Leading Edge, 34, 808-813.

Zhang, D. & Schuster, G.T., 2014. Least-squares reverse time migration of
multiples, Geophysics, 79, S11-S21.

Zhang, L. & Slob, E., 2019. Free-surface and internal multiple elim-
ination in one step without adaptive subtraction, Geophysics, 84,
A7-All.

Zuberi, A. & Alkhalifah, T.,2013. Imaging by forward propagating the data:
Theory and application, Geophysical Prospecting, 61, 248-267.

Zuberi, M. & Alkhalifah, T, 2014. Generalized internal multiple imaging,
Geophysics, 79, $207-S216.

220z Yyousey Lo uo Jesn Areuqr yioa NL Aq $926985/21 /v L L /o1oe/ebljwoo dno-owapeoe//:sdjy wody papeojumod



