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Abstract

Seismic images provided by Reverse Time Migration can be contaminated by artefacts associated with
the migration of multiples. Multiples can corrupt seismic images producing both false positives, i.e. by
focusing energy at unphysical interfaces, and false negatives, i.e. by destructively interfering with pri-
maries. Multiple prediction / primary synthesis methods are usually designed to operate on point source
gathers, and can therefore be computationally demanding when large problems are considered. Here, a
new scheme is presented for fully data-driven retrieval of primary responses to plane-wave sources. The
proposed scheme, based on convolutions and cross-correlations of the reflection response with itself,
extends a recently devised point-sources primary retrieval method for to plane-wave source data. As a
result, the presented algorithm allows fully data-driven synthesis of primary reflections associated with
plane-wave source data. Once primary plane-wave responses are estimated, they are used for multiple-
free imaging via standard reverse time migration.
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Introduction

Most standard imaging methods are based on linear (Born) approximations, for which multiply scattered
waves represent a source of coherent noise. Multiple-related artefacts can be dealt with via Marchenko
redatuming methods. Marchenko redatuming estimates Green’s functions between arbitrary locations
inside a medium and real receivers located at the surface (Wapenaar et al. (2014)). Despite its require-
ments on the quality of the reflection data, the Marchenko scheme has already been successfully applied
to field data (Ravasi et al. (2016); Staring et al. (2018)). Recent advances in Marchenko methods led to
revised derivations which resulted in fully data driven demultiple / primary synthesis algorithms (van der
Neut and Wapenaar (2016); Zhang et al. (2019); Zhang and Slob (2020)). In these revised derivations
focusing properties are exploited in the data at the surface rather than in the subsurface. Following a
similar approach to what inspired recent research on plane wave Marchenko redatuming (Meles et al.
(2018)), we extend this newly introduced primary synthesis scheme, originally derived for point sources,
to plane-wave sources.

Theory

To derive their primary synthesis scheme, Zhang et al. (2019) exploited properties of the projected fo-
cusing functions v~ and v}, (van der Neut and Wapenaar (2016)), which satisfy the following equations:
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where R indicates a convolution integral operator of the measured data with any wavefield, the super-
script * indicates time-reversal and ®21¢ is a muting operator removing values outside of the interval
(g,t2 + €), where 1 is a two-way traveltime from a potential surface point and back to the surface and
€ is a positive number to account for the finite bandwidth of the projected focusing functions. Terms in
Eq. 1 are rearranged to get:

(I — @2 ROZTER* )V’ (X0, X, 1,12) = OF ER(Xg, X0, ), )

which, under standard convergence conditions, is solved by:
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This procedure allows to retrieve v (xg,xg,t,tz), whose last event, when its two-way travel time is f;,
is a transmission loss compensated primary reflection in R(x;),x/(;,t) (Zhang et al. (2019)). Instead of
computing #, as the two-way traveltime, we evaluate Eq. 3 for all possible values #, and store results
at t = t,. In this way the (transmission-compensated) primary reflection response in R(xé),xg,t) is then
fully retrieved. Here, following a similar approach to what was recently proposed to extend Marchenko
redatuming from point-source to plane-wave concepts (Meles et al. (2018)), we consider integral repre-
sentations of the projected focusing functions v~ and v;,. More precisely, we first define new projected
focusing functions V= (x,,7) and V,} (x,,1) as:
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Using again the time-domain formalism used above we can write:

V™(x0.1,02) = (2 Rpw + @2 TRV,}) (X0, 1,12) and Vi (x0,1) = (O ¥R*V")(xo,1) )

where Rpy, (Xo,7) = [, Do dxyR (Xg, Xy, 1) is by definition the plane-wave source response of the medium.
Following the same procedure discussed above, we can combine terms in equations 5 to get:

(I — 2RO RNV (xg,1,12) = @2 € Rpw (X, 1) 6)
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which is solved by:
V™ (x0.1,12) = O Rpw (Xg,1) + | Y (®g+fR®g+£R*)M®g+8RPW] (Xo,1) (7)
M=1

This procedure allows to retrieve V*(X;),t), whose last event, when its two-way travel time is f,, is a
transmission loss compensated primary reflection in RPW(XE),Z‘). By computing Eq. 7 for all possible
values t, and storing results at r = f,, the (transmission-compensated) primary reflection response in
Rpw (Xg,7) is then fully retrieved. Note that the process discussed here is totally data driven, and it
is implemented by inversion of a family of linear operators, i.e. (I — ®2"*RO®Z"*R*). Each value
of 1, defines a different operator. Since these operators are linear and do not depend on the specific
gather it is applied to, any linear combination of datasets can be processed at once, provided that all
the corresponding sources are fired at the same time. When dipping plane waves, associated with point
gathers fired at different times, are considered, we heuristically propose to extend 7 as:

“(Xps1s12) = OF Ry (x0,1) + | Y (@2 FROETERNM O R | (Xp,1) ®)
M=1

Vow

where Ry, is the reflection response associated with a dipping plane wave source, and the upper and

lower limits of the muting operators @?+6 are parallel to the source input itself (see Fig. 1). The last
eventin Vi~ (xg,t, 1), when its two-way travel time equals the lower limit of the window O27¢ is then

taken, in analogy to Eq. 7, as a transmission loss compensated primary reflection in Rﬁ\vV(xz), t).

Results

For our numerical experiment we consider a 2D model with dipping interfaces (Fig. 2(a)). The full
dataset associated with 3 representitative plane-wave sources fired at the surface of the model are shown
in Figs. 2(b-d). Due to the strong impedance variations the data are contaminated with many internal
multiples, as indicated by red arrows. We then apply to this dataset the primaries synthesis method as
described in the section above. More precisely, we compute V™ and Vi~ via Egs. 7 and 8, respectively,
for all values #,, and by storing results at t = ¢, we build parallel datasets, which theoretically only
include primaries. The results of this procedure are shown in Figs. 2(e-g), with green arrows pointing
at primaries barely visible in the full data-sets. Note that the algorithm is fully data driven, and no
model information whatsoever nor any human intervention (e.g., picking) is involved in the process.
We apply the method to a total of 15 plane wave
datasets (uniformly ranging from —35° to 35°)
and stack the corresponding Reverse Time Mi-
gration images. Migration results are shown in
Fig. 3. When the full plane-wave datasets are mi-
grated, internal multiples contaminate the image,
producing many false positive artefacts (indicated
by red arrows in Fig. 3(a)). The image is much
cleaner when the plane-wave primary gathers are
migrated. Each interface is properly recovered
(see green arrows in Fig. 3(b)). Note that only
15 plane-wave responses and 15 migrations steps
were required to produce each image in Fig. 3.
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Horizontal Plane Wave Dipping Plne ave
Figure 1 The shaded green areas show the sup- Conclusions
port of representative muting operators for horizon-
tal (® in (a)) and dipping (® in (b)) plane wave
sources (the corresponding data are shown in the
background).

We have shown that recent advances in data do-
main Marchenko methods can be extended to in-
corporate plane-wave source concepts. Whereas
previous data domain Marchenko methods are ap-
plied to point source gathers and therefore tend to be rather expensive for large datasets, the proposed
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Figure 2 (a) Velocity model used in the numerical experiment. (b-d): reflection responses associated
with plane wave sources at —15°,0° and 15°, respectively. Red arrows show internal multiples. (e-g):
estimated primaries associated with plane wave sources at —15°,0° and 15°, respectively. Differences
in amplitude between gathers in (b-d) and (e-g) are due to multiples removal and transmission loss
compensation. Green arrows show primaries barely visible in the corresponding full datasets (b-d).
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(a) Standard RTM
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Figure 3 (a) Aggregate RTM of 15 plane wave full datasets (uniformly ranging from —35° to 35°).
Red arrows point at artefacts related to internal multiples. (b) Aggregate Standard RTM of synthesized
primaries retrieved using Eqs. 7 and 8. Green and red arrows indicate interfaces barely visible in
(a) and minor residual artefacts, respectively. Differences in amplitude between (a) and (b) are due to
multiples removal and transmission loss compensation (see Fig. 2).

method only involves one primary synthesis step and a single migration per plane-wave input datasets.
The plane-wave source primary synthesis algorithm discussed in this paper could then be used as an
initial and unexpensive processing step, potentially guiding more expensive target imaging techniques.
Here we have discussed 2D examples and internal multiples, but an obvious extension would allow
surface source primary synthesis in 3D problems as well as incorporating free surface multiples.
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