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Crosstalk attenuation for imaging
of multiples based on angle gather
residual moveout analysis
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Imaging of multiples, as a supplement to imaging of primaries, can provide a wider
range of subsurface illumination. Therefore, it can provide more detailed
information on subsurface structures. However, imaging of multiples suffers
from crosstalk issues generated by unrelated events. Many strategies have
been proposed to attenuate crosstalk, among which the angle domain Radon
crosstalk attenuation algorithm achieves good application effect. In the angle
domain, the true imaging is flat, while the crosstalk events have moveouts.
Therefore, it is convenient to identify the crosstalk in angle gathers using the
Radon transform. However, the conventional Radon transform lacks a quantitative
description for crosstalk in angle gathers, which would affect the accuracy of
crosstalk attenuation. In this paper, residual moveout kernels are derived with a
Radon transform to attenuate crosstalk in angle gathers for imaging of multiples.
First, two types of residual moveout (RMO) equations are derived based on the
causality of crosstalk. A three-layer model is used to verify the correctness of the
analytical solutions. Then, based on the derived equations, the two types of
crosstalk can be attenuated respectively in the Radon domain. Synthetic
experiments demonstrate that the derived RMO equations can effectively
attenuate the crosstalk events in imaging of multiples.

KEYWORDS

imaging of multiples, radon transform, residual moveout, crosstalk attenuation, angle-
domain common-image gather

1 Introduction

Unlike the conventional approach treats surface-related multiples as noises, imaging of
multiples uses them as effective signals to image subsurface structures. Since the multiples
have more propagation paths, imaging of multiples can provide more detailed information
on subsurface structures (Berkhout and Verschuur, 2003). There are three main approaches
for implementing imaging of multiples (Lu et al., 2021). The up-down wavefield imaging
method (Berkhout and Verschuur, 1994; Liu et al., 2011) replaced the source wavelet with
primary and multiples and used multiples as receivers for migration. The seismic
interferometry proposed by Schuster and Rickett (2000) transformed multiples into
primary and imaged them. In addition, the Marchenko imaging proposed by Wapenaar
etal. (2014) used surface-related multiples and internal multiples for migration (Singh et al.,
2017; Gu and Wu, 2022).

Although imaging of multiples has been implemented through different approaches,
there still remains many undesired crosstalk issues in imaging result. Crosstalk is generated

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/feart.2023.1128217/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1128217/full
https://www.frontiersin.org/articles/10.3389/feart.2023.1128217/full
https://crossmark.crossref.org/dialog/?doi=10.3389/feart.2023.1128217&domain=pdf&date_stamp=2023-03-02
mailto:lushaoping@mail.sysu.edu.cn
mailto:lushaoping@mail.sysu.edu.cn
https://doi.org/10.3389/feart.2023.1128217
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org/journals/earth-science#editorial-board
https://www.frontiersin.org/journals/earth-science#editorial-board
https://doi.org/10.3389/feart.2023.1128217

Gao et al.

due to the correlation of unrelated events (Liu et al., 2016; Lu et al.,
2016; Lu et al., 2021). These crosstalk issues introduce difficulties in
the interpretation of the imaging results. Therefore, it is crucial to
attenuate them. Many methods have been proposed to attenuate
crosstalk for imaging of multiples. One category is to remove
crosstalk during the migration, such as the least-squares
migration (LSM) (Berkhout, 2014; Ordofez et al, 2014; Zhang
and Schuster, 2014; Tu and Herrmann, 2015; Wong et al., 2015;
Lu et al,, 2018; Lu et al,, 2021) and imaging using controlled-order
multiples (Liu et al., 2016). However, such methods usually require a
huge amount of computation or complete separation of different
orders multiples. The other category is to deal with the crosstalk after
migration, such as the angle domain Radon crosstalk suppression
(Wang et al,, 2014; Wong et al,, 2015). In the angle domain, the
moveouts of imaging are flat when imaging of multiples using the
correct velocity, whereas the moveouts of crosstalk are curved. The
Radon transform can attenuate curved events in angle gathers, and
then the crosstalk issues can be addressed without increasing the
calculation cost and separation of different orders multiples.
However, this strategy using the tangent-squared approximation
as the kernel function of the Radon transform lacks a quantitative
explanation of the theoretical mechanism of crosstalk and therefore
affects the accuracy of crosstalk attenuation.

To enhance the effectiveness of the Radon transform to
attenuate the crosstalk in angle gathers, a better understanding of
the crosstalk generation mechanism is needed. Mathematically, the
crosstalk in angle gathers can be calculated and attenuated based on
the causality (Lu et al., 2016; Lu et al., 2021). Here, we propose a
method to attenuate crosstalk by applying the residual moveouts of
crosstalk as kernel functions in the Radon transform. Imaging
results with an improved signal-to-noise ratio can then be produced.

In this paper, for the purpose of convenience in analyzing the
residual moveouts for crosstalk, we first review the principle of
classifying crosstalk according to the causality. Next, we derive the
RMO equations for two types of crosstalk in angle gathers based on
the classification principle and verify the correctness of the
equations in angle gathers using a three-layer model. Then, we
compare the derived RMO equations with the tangent square
approximation equation as kernel functions for the Radon
transform and demonstrate the effectiveness of our method.
Finally, we perform a numerical experiment with a subset of the
Sigsbee2b model, which proves that our proposed method can
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attenuate most of the crosstalk and improve the signal-to-noise
ratio of the imaging results.

2 Methodology
2.1 The classification of crosstalk

In this section, we explain the generation and classification of
crosstalk in the imaging of multiples. We assume that the sea surface is
a fully reflective interface. Therefore, in the imaging of multiples, the
free-surface seismic data are multiplied by —1, loaded at the sea
surface, and propagated forward as virtual sources to composite the
subsurface source wavefields. Then, the images using cross-correlation
imaging conditions in the frequency domain can be computed as:

Ln(x) =)

w

Y8 (x30) Y Ri(x; ) (1)
j 1

where I,,, represents the imaging results of multiples; x represents the
vector coordinates of the imaging point; w is the frequency; S; and R,
respectively represent the forward-propagated source wavefields and
the backward-propagated receiver wavefields; j and [ respectively
represent primary and the order of multiples for the source
wavefields and receiver wavefields. When j equals 1, S; represents
the forward-propagated source wavefield of the primaries, and when
j equals n (n#1), S; represents the forward-propagated source
wavefield of the (n-1) thorder multiples. Similarly, when 1 equals
1, R; represents the backward-propagated source wavefield of the
primaries, and when | equals n, R; represent the backward-
propagated source wavefield of the (n-1) th-order multiples.

Eq | donates not only the correct imaging results of multiples,
but also the crosstalk. To have a more intuitive understanding of the
formation for crosstalk, we rewrite Eq 1 as:

Ly (%) = Y 181 (55 ©)Ry (X5 @) + S5 (%5 0)Rs (X; @) + S5 (x5 @)Ry (% @) + 7]
+wz [S1 (x; @)Rs (X; ) + S (x; @Ry (X; w) + S5 (x; 0)Rs (x; ) + -],

3181 (6 @R, (%) + S5 (55 @R (%5 @) + 52 (5 )Ry (5 0) + .
®

In Eq 2, the images can be divided into three parts. The first part
corresponds to the correct imaging results of multiples, for example,
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The ray paths diagrams for the two types of crosstalk. (A) The diagram of trajectories for causal crosstalk, (B) the diagram of trajectories for anti-
causal crosstalk. In (A), The virtual source S; (recorded primary reflections carried with information of reflector-1 as the source wavefield) and receiver
wavefield Rz (second order multiple) can generate causal crosstalk at position (A). In (B), the virtual source S; and receiver wavefield Rz (recorded primary
reflections carried with information of reflector-2 as the receiver wavefield) can generate anti-causal crosstalk at position (B).
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FIGURE 2

Reflection ray paths in a normal velocity medium. a is the
inclination of the reflector and y is the angle of the ray normal to the
reflector. S and R are the position of the wavefield continued to the
local source and receiver points in the subsurface respectively. h

is the local subsurface half offset after the downward continuation. z
and x are the depth and vertical position of the reflection point,
respectively.

S; and R, constitute effective imaging according to the ray travel
time and the cross-correlation imaging conditions (Clarebout,
1978). The second part and the third part are corresponding to
the crosstalk generated by uncorrelated events. (Lu et al, 2021).
classify the above crosstalk into two types based on causality, which
are causal crosstalk and anti-causal crosstalk. To better understand
the generation formation of crosstalk, we display the ray path
diagrams for the two types of crosstalk (Figure 1).

10.3389/feart.2023.1128217

We illustrate the diagram of trajectories for two types of crosstalk
based on the cross-correlation imaging conditions from the second
part and the third part in Eq 2 (Figure 1). In Figure 1A, the recorded
primary reflection carried with information of reflector-1 at the sea
surface forward propagated as the source wavefield S; (dashed blue
arrow), and it cross-correlates with the receiver wavefield R3 backward
propagated (dashed blue arrow), which generates the crosstalk at
position A. These crosstalk events are related to the wavefields after
reflection with the reflector-1 and are deeper than the actual depth of
reflector-1. Therefore, these events are called “causal crosstalk”.
Similarly, in Figure 1B, the recorded primary reflection carried
with information of reflector-2 backward propagated as the source
wavefield R; (black arrow), and it interacts with the virtual source S;
(dashed blue arrow), which generates the crosstalk at location B. These
events carried the information of reflector-2 are shallower than the
real location, and actually contrary to the actual causality. Therefore,
they are called “anti-causal crosstalk” (Lu et al., 2021).

The two types of crosstalk events are easily identified in simple
models by their causality. However, the propagation paths of the
wavefields are hard to judge and identify when there are many
With  the
understanding of the classification mechanism of crosstalk, we

subsurface reflectors and complex structures.
can calculate the residual moveouts of the two types of crosstalk
independently in angle gathers. And then, based on the derived
equations, we can address the crosstalk issues under complex

scenarios.

2.2 The calculation for the residual
moveouts of crosstalk in the angle domain

Due to the arrival-time differences, the imaging events and

crosstalk components have different moveouts in the angle
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FIGURE 3

Reflector-2

Ray paths for generating causal crosstalk. V4 and V, are the velocity of the first and second layers, respectively. z, is the depth of the reflector-1. as and
o, are the incident and emergent angles of the source and receiver rays with respect to the vertical direction. s and f3, are the angles of the source and the
receiver rays with respect to the vertical direction after refraction by the reflector-1. y is the half-aperture angle, which is equal to (Bs+f,)/2.
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FIGURE 4

Ray paths for generating anti-causal crosstalk. V; and V; are the velocity of the first and second layers, respectively. z, and z, are the depth of the
reflector-1 and reflector-2. a5 and «, are the incident and emergent angles of the source and receiver rays with respect to the vertical direction. s and j3,
are the angles of the source and the receiver rays with respect to the vertical direction after refraction by the reflector-1. y is the half-aperture angle, which
is equal to (B+p,)/2. h; is the subsurface half-offset, which is equal to (x,-x;s)/2.

domain. Based on the differences in moveouts, we can attenuate
crosstalk in angle gathers using the Radon transform. To
quantitatively characterize the moveouts in the angle domain for
crosstalk and attenuate them, in this section, we first derive the
residual moveout equations for two types of crosstalk.

There are many methods for generating angle gathers, such as
subsurface offset-to-angle conversion (Sava and Fomel, 2003;
Biondi and Symes, 2004) and directional vector (Yoon and
Marfurt, 2006; Xu et al, 2011). In this paper, we use the
subsurface offset-to-angle algorithm to calculate the imaging
angles. Based on the slant stack principle proposed by Sava and
Fomel (2003), the subsurface offset gathers generated after the
migration can be converted into angle gathers. The subsurface
offset-angle conversion can be expressed as:

3)

z
tany = —ﬁL,X.

In Eq 3, t is the travel time, z and x are the depth and vertical
position of the reflection point, respectively, and h is the local
subsurface half-offset after downward continuation (Figure 2).
The crosstalk events can be converted from the subsurface offset
domain to the angle domain based on Eq 3. Meanwhile, using this
conversion approach, we can derive the RMO equations for two
types of crosstalk in angle gathers.

2.2.1 Calculation of the residual moveout for causal
crosstalk

There are two types of crosstalk, which are causal crosstalk and
anti-causal crosstalk. In this section, we derive the RMO equation
for causal crosstalk. First, we can obtain the relationship between
depth and subsurface offset based on the results after migration and
then use the subsurface offset-to-angle conversion relationship to
calculate the RMO equation for causal crosstalk.

Alvarez et al. (2007) gives the RMO equation for multiples in
angle gathers for imaging of primaries. The causal crosstalk events in
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FIGURE 5
A three-layer velocity model with two flat reflectors.

imaging of multiples have similar kinematic characteristics as the
previous ones in angle gathers. Thus, we use the approach of Alvarez
et al. (2007) to obtain the RMO equation for causal crosstalk.

In Figure 3, based on the travel time and the trigonometric
relationship, the forward-propagated virtual source wavefield S,
ends up at a specific location (x, z;) in the subsurface (as purple
dashed circles indicate) after migration. Similarly, the backward-
propagated receiver wavefield R; ends up at (x;,, z;). The causal
crosstalk can be generated by cross-correlating the source and
receiver wavefield propagated into the subsurface. Combining the
above principles and the derivation of Alvarez et al. (2007), the depth
z; of the imaged causal crosstalk and the subsurface half-offset /1; can

2, i
Z1=2,+p Za+1_P2

be displayed as:

(p#1), @
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FIGURE 6

The simulated common shot gather. Arrows 1,2,4 represent the
primary, first-order multiple and second-order multiple associated
with the first layer. Arrows 3,5 represent the primary and first-order
multiple waves associated with the second layer.
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FIGURE 7

The migration result using primaries and multiples. The light blue
arrows and the red arrows indicate causal crosstalk and anti-causal
crosstalk, respectively.

where p is equal to V,/Vy; Vi and V, are the velocity of the first and

second layers, respectively; z, is the depth of the reflector-1.
Based on Egs 3, 4, we can obtain the relationship between the

depth zp, and the half-aperture angle y in the angle domain as:

cosy[p* —tan? y(1 - p?)]
p? —sin?y '

zZp = za{l + (5)

Eq. 5 is the moveout equation for causal crosstalk in angle
gathers. In Eq. 5, when reflector-2 has the same velocity as
reflector-1 (p=1), the imaging depth for causal crosstalk in
angle gathers is z;,(0)=2z,. This indicates that when multiples
are used for migration at a constant velocity, the causal crosstalk

Frontiers in Earth Science
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FIGURE 8

Two types of crosstalk in angle gathers. The red solid and the light
blue line represent the calculated anti-causal crosstalk and causal
crosstalk, respectively.

is a flat moveout in angle gathers. That is, the imaging depth does
not vary with the change of angle. By subtracting the flat moveout
from Eq. 4, the RMO for causal crosstalk in angle gathers can be
followed as:

_cosy[pZ—tanZy(l—pzn}, ©

where z,(0) denotes the depth of causal crosstalk when the velocity

Angymo = 21, (0) — 21, = 2, {P

of reflector-1 (p=1) is used for the migration. Eq. 6 shows the
relationship between the RMO of the causal crosstalk in angle
gathers and the half-aperture angle y and it qualitatively
characterizes the kinematics mechanisms of the causal crosstalk
when the multiples are migrated with the correct velocity.

2.2.2 Calculation of the residual moveout for anti-
causal crosstalk

Similar to the calculation of the RMO equation for causal
crosstalk, we first obtain the relationship between imaging depth
and subsurface offset for anti-causal crosstalk based on travel time
and Snell’s law. Then, we calculate the RMO equation for anti-causal
crosstalk in terms of the subsurface offset-to-angle conversion
relationship proposed by Sava and Fomel (2003). However, when
anti-causal crosstalk events are imaged, they involve information
from two different reflectors and therefore have different kinematic
mechanisms compared to causal crosstalk events. In the following,
we give a detailed derivation of the RMO equation for anti-causal
crosstalk in angle gathers.

The RMO equation for anti-causal crosstalk can actually be
calculated based on the travel time of the CMP gathers and Snell’s
law. In Figure 4, the forward-propagated virtual source wavefield S;
with information of reflector-1, and the backward-propagated
receiver wavefield R; with information of reflector-2, end up at a
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FIGURE 9

Comparison of the tangent-squared approximation equation

and two RMO equations in the angle domain. (A) and (C) are the curves
corresponding to the tangent-squared approximation equation and
RMO equation for anti-causal and causal crosstalk in angle

gathers, respectively. (B,D) are the relative error of the tangent-
squared approximation to the more accurate RMO equation for anti-
causal and causal crosstalk, respectively. The solid pink line and the
pink dashed line represent the results of the derived RMO equation for
anti-causal crosstalk and the tangent-squared approximation
equation in angle gathers. The light blue solid line and the light blue
dashed line represent the results of the derived RMO equation for
causal crosstalk and the tangent-squared approximation equation in
angle gathers.

particular location (xz,, z7) and (xg,, ;) in the subsurface (as purple
dashed circles indicate) after migration, respectively. By correlating
the two wavefields, the anti-causal crosstalk will be generated.

Based on the cross-correlation imaging conditions, the anti-
causal crosstalk follows the same travel time in imaging as the
primary from the second layer. As shown in Figure 4, the total travel
time in the second layer contains four main components, which can
be described as:

T = tsl + tsZ + trZ + trl: (7)

where the subscript s refers to the source-side rays and the subscript
r refers to the receiver-side rays; f,; and t,, represent the time of
forward-propagating rays from virtual source to reflector-1, from
reflector-1 to reflector-2; t,, and t,, represent the time of backward-
propagating rays from receiver side to reflector-1, from reflector-1 to
reflector-2.
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Based on Equation 7 and the geometry relationship shown in
Figure 4, we can calculate the depth z; of the crosstalk event and the
half-offset h; as:

21 = Zq + 23, — Vot cos fB, @)
hy = (p* - 1)Vt sina,

where z; represents the depth of the anti-causal crosstalk events.

Combining Eq 8 and the travel time relationship, the
relationship between the depth z; of causal crosstalk and the
subsurface half-offset h; can be computed as:

hZ
z,:za+zb—p\z§—P2i1. 9)

According to the principle of slant stack (Eq. 3), we can turn Eq 9

into the relationship between the depth of anti-causal crosstalk in
angle gathers and half-aperture angle. As shown in Figure 4, the
depth of anti-causal crosstalk in angle gathers can be expressed
based on the principle of Eq 3 as:

ij =7 — h[ tan Y- (10)

Substitute Eqs 9, 10 and combining Snell’s law, the relationship
between the depth z;, and the half-aperture angle y can be
calculated as:

(p* - 1)sinytany + p? cos y

\p? —sin?y

Therefore, the residual moveout equations for anti-causal

Zly = Za +2p — Za (11)
crosstalk can be expressed in angle gathers as:

(p* - 1)sinytany - p? cosy
p? —sin?y

Anppo = 21, (0) — 21y = za| —p +

(12)

where z;,(0) is the depth of anti-causal crosstalk in angle gathers
when migrated at a constant velocity (p=1). Eq. 12 shows the
relationship between the RMO of anti-causal crosstalk and the
half-aperture angle y.

To test our derived equations of crosstalk in angle gathers, we use a
three-layer flat model as shown in Figure 5. In this model, we set the
P-wave velocities of each layer to 1,500 m/s, 2,500 m/s, and 4,000 m/s.
The model contains 800 points in the horizontal direction and
400 points in the vertical direction with a grid size of 6.25 m. The
acquisition geometry with fixed distribution is used for numerical
simulations. We use 500 shots to simulate shot gathers with each
shot interval of 6.25 m, and each shot gather has eight hundred traces.
For one shot gather, we deploy both the sources and receivers at the
surface with minimum and maximum offsets of 0 km and 2.5 km. The
synthetic data is produced by the constant density acoustic wave
equation. We use an impulse wavelet with a peak frequency of
25Hz to mimic a P-wave source. The simulated shot gather is
shown in Figure 6. The total record time is 4.9 s, and the sampling
rate is 0.5 ms. To clearly show the crosstalk events in the imaging results,
the direct arrivals, internal multiples, and multiples beyond the second
order associated with the first layer have been removed.

We use the cross-correlation imaging conditions to image
primaries and multiples from seismic records (as shown in
Figure 6). The corresponding stacked migration results are
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Comparison of Radon transform for angle gathers using tangent square approximation and two RMO equations. (A) Results of Radon transform for

two types of crosstalk using tangent square approximation equation as kernel function, (B) Results of Radon transform for anti-causal crosstalk using
derived RMO equation of anti-causal crosstalk as kernel function, (C) Results of Radon transform for causal crosstalk using derived RMO equation of
causal crosstalk as the kernel function. The black arrows indicate the location of the actual imaging in the Radon domain. The red arrows indicate the
location of anti-causal crosstalk in the Radon domain. The blue arrows indicate the location of causal crosstalk in the Radon domain.

shown in Figure 7, which can not only have correct imaging at a
depth of the reflectors but also produce two types of crosstalk at the
wrong locations.

In Figures 6, 7, the actual image of the first layer is generated by
the primary and multiples of adjacent orders (arrows 1 and 2, arrows
2 and 3) reflected from the first layer based on the cross-correlation
conditions. Similarly, the actual image of the second layer is
generated by the primary and multiples of adjacent orders
(arrows 3 and 5) reflected from the second layer based on the
cross-correlation conditions. For the two types of crosstalk, arrows
1 and 4 are respectively used as virtual source wavefield and receiver
wavefleld to generate causal crosstalk (as light blue arrows indicate);
arrows 1 and 3 are respectively used as virtual source wavefield and
receiver wavefield to generate anti-causal crosstalk (as red arrows
indicate).

To verify our derived equations, we extracted the angle gathers
at 2.5 km (yellow dotted line in Figure 7) and stacked the analytic
solutions of the derived equations onto the angle gathers obtained
after migration. Figure 8 shows the angle gathers, which are
extracted from the stacked imaging results after migration.

In Figure 8, we notice that the actual imaging events are horizontal
in the angle domain, while the crosstalk events are curved. Moreover,
the derived analytical solutions (as red and light blue curves indicate)
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and the actual curves of the crosstalk can be fitted well, which proves the
correctness of our method. We use the subsurface offset-to-angle
algorithm to obtain angle gathers; thus, the half-aperture angle y for
crosstalk is related to the offset. In this model, the maximum offset at the
surface is 2.5 km, and it can be calculated that the maximum value of the
analytical solution curve for causal crosstalk (as the light blue curve
indicates) corresponding to the angle gathers is 45°, while the maximum
value of the analytical solution curve for anti-causal crosstalk (as red
curve indicates) corresponds to only 30°.

2.2 The attenuation of crosstalk in the radon
domain

In the Radon domain, the imaging events and crosstalk in
angle gathers can be effectively distinguished. This is because the
imaging events in angle gathers are well-focused in the Radon
domain, which makes it easy to separate the crosstalk in angle
gathers. To separate imaging events and crosstalk more
accurately in the Radon domain, we apply the two types of
RMO equations derived above as new kernel functions to the
Radon transform. Finally, we proved the accuracy of our derived
RMO equations using model simulations.
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The generic expression for the Radon transform in the angle

Distance (km) domain (Sava and Guitton, 2005) can be expressed as:
0 2 4 6
0 ‘ 2(a.7) = 20 +q9(y). (13)
. where y is the half-aperture angle, z, is the depth when y is zero, g isa
4000 curvature parameter, and g(y) is a function that approximates the
2] | residual moveout of the crosstalk in angle gathers.
Wang et al. (2014) performed the Radon transform on angle
s — gathers by applying the principle of Eq 13 and used the tangent
square approximation equation as the kernel function, which can be
24 | 2 expressed as (Biondi and Symes, 2004; Sava and Guitton, 2005;
< &8 Alvarez et al., 2007)
= 3000 z
Es i £ g(y) =tan’y. (14)
=] >
6 This approach using Eq 14 as the kernel function can separate
the imaging events from the crosstalk by focusing on different
7 curvature portions in the Radon domain. By removing the
curvature portion associated with the crosstalk and stacking the
2000 ) ;
s results in angle gathers after the inverse Radon transform, the final
imaging results can be recovered. However, Eq 14 is not derived
0 based on the generation mechanism of crosstalk, which may
influence the capability of focusing crosstalk in the Radon
FIGURE 11 domain. Therefore, we use two more approximate RMO
The Sigsbee2b velocity model. equations as new kernel functions based on Eqs 6-12, which can

be expressed as:

(p* - 1)sinytany — p? cosy

Yanti-causal ()’) =—p + \/pz —sin? y (15)
cos y(p* —tan®y(1 - p?))

causal = T L 16

g I(Y) \/p2_81n2y P ( )

where Egs 15, 16 are the RMO equation for anti-causal crosstalk and
causal crosstalk, respectively.

Figure 9 displays the comparison of the tangent-squared
approximation equation and two RMO equations in the angle
domain. Compared to the tangent-square approximation, Eqs 15,
16 provide a more accurate description of the kinematic shape for
crosstalk in angle gathers (Figures 9A, C). To show this difference,
we make the relative error of the two derived RMO equations with
the tangent square approximation with increasing angle (Figures 9B,
D), respectively. Note that when the aperture angle is small, both
derived RMO equations and the tangent-squared approximation

Depth (km)

can fit the actual curves. However, as the aperture angle increases,
the derived RMO equations can better fit the actual curves as shown
in Figures 9A, C. We use the two RMO equations and tangent square
approximation equation as kernel functions to apply the Radon
transform for angle gathers, and the results are shown in Figure 10.

In Figure 10, the actual imaging results of multiples in the Radon
domain are focused at zero curvature (as black arrows indicate),
while the crosstalk events are focused at non-zero curvature (as light

blue arrows and red arrows indicate). In addition, the results of the
Radon transform for angle gathers using these two equations as

FIGURE 12 S ‘ kernel functions are more focused in the Radon domain (Figures
The imaging results of migration. The red arrows and light blue .

arrows mark the locations of anti-causal crosstalk and causal 10B, D). Based on the focused capabilities, our method can separate
crosstalk, respectively. the correct imaging and crosstalk in the Radon domain, thus

recovering high signal-to-noise imaging results.
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Angle gathers after migration. The red arrows and light blue arrows mark the locations where the anti-causal crosstalk and the causal crosstalk are

located, respectively.

3 Numerical examples

We apply the proposed method to numerical examples. A subset
of the Sigsbee2b model, as shown in Figure 11, is used to test the
feasibility and robustness of our method.

The subset of the Sigsbee2b model has 801 grid points in the
horizontal direction and 1,201 grid points in the vertical direction,
and the grid size is 7.62 m. The velocity model used for producing
seismic records is shown in Figure 11, which contains the faults
portion of the Sigsbee2b model. A Ricker wavelet with a dominant
frequency of 25 Hz and a maximum frequency of 45 Hz is employed
to mimic a P-wave source. The number of shots is 125, with a shot
interval of 48.72 m and a receiver interval of 22.86 m. For one shot
gather, we deploy both the sources and receivers at the surface with
minimum and maximum offsets of 0 m and 6,096 m. Split-spread
acquisition geometry is used for numerical simulation. The length of
the data record is 20 s, and the time sample interval is 0.8 ms. The
seismic records with direct waves and ghost waves are removed for
imaging of multiples.

The Sisgbee2b model has a high-velocity reflector at the bottom,
which can produce multiples with strong amplitudes. We use the
one-way wave-equation migration algorithm for the imaging of
multiples. Figure 12 shows the imaging result for the subset of the
Sigsbee2b model. From the comparison of the imaging result
(Figure 12) with the actual Sigsbee2b velocity model (Figure 11),
it can be seen that not only the correct imaging events are generated,
but also events are generated at the wrong locations. Similar to the
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model in Figure 1, these wrong events, i.e., crosstalk, are generated
by primaries and multiples related to the water bottom and the
bottom reflector of the Sigsbee2b model based on the cross-
correlation imaging conditions. In Figure 12, the red arrows
indicate the anti-causal crosstalk event, which is related to the
bottom of the Sigsbee2b model, and the light blue arrows
indicate the causal crosstalk event, which is related to the water
bottom. Note that these two types of crosstalk are not much different
from the actual imaging events in terms of characteristics, which can
be challenging to attenuate crosstalk in the imaging results.
Moreover, the two above have different moveouts in the angle
domain, and the crosstalk events are more separable. Therefore,
to show the difference between crosstalk events and effective
imaging, we apply the subsurface offset-angle conversion
algorithm to compute the angle gathers after migration.

Figure 13 shows the angle gathers of the 201st, 401st, 601st, and
801st seismic traces. The imaging angle range in each angle gather is
from —45° to 45° with a sampling of 0.5". In Figure 13, the crosstalk
events are curved in the angle domain, while the actual imaging is
flat. In addition, the crosstalk events display different bending
patterns due to their kinematic mechanisms. Among them, the
curve that bends upward is anti-causal crosstalk (as red arrows
indicate), and the curve that bends downward is causal crosstalk (as
light blue arrows indicate). As discussed in the preceding section, the
Radon transform can separate these two crosstalk events from the
effective imaging and thus achieve the purpose of attenuating the

crosstalk. By using the RMO equations for two types of crosstalk
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FIGURE 14

Results in radon domain after radon transform with two kernel
functions. (A) The Radon transform using the RMO equation of anti-
causal crosstalk as the kernel function, (B) the Radon transform using
the RMO equation of causal crosstalk as the kernel function. The

red arrows and light blue arrows mark the locations where the anti-
causal crosstalk and the causal crosstalk are located, respectively.

previously obtained as the kernel functions for the Radon transform
and by performing the Radon transform on the obtained angle
gathers, we can separate the crosstalk and the actual imaging in the
Radon domain.

Figure 14 shows the results of the Radon transform using two
kernel functions for trace 401 of ADCIGs. In Figure 14, the actual
imaging is focused on the zero-curvature portion, while the anti-
causal crosstalk and the causal crosstalk are respectively distributed on
the left (as the red arrow indicates in Figure 14A) and right sides (as
the light blue arrow indicates in Figure 14B) of the zero-curvature
portions in the Radon domain. In this domain, the two types of
crosstalk and effective imaging correspond to three different curvature
components, respectively. The results of the radon transform in
Figure 14 show that our method can significantly separate
crosstalk and the correct imaging in the Radon domain when
facing complex reflectors. Therefore, the effective imaging results
in the Radon domain can be obtained by removing the non-zero
curvature components in Figures 14A, B with a suitable function.
Next, we transfer the effective images in the Radon domain to the
angle domain by inverse Radon transform and stack the angle gathers
of 801 traces to obtain the imaging results with crosstalk attenuated.

Figure 15 shows the imaging result after attenuating crosstalk
events. Compared with the imaging results without crosstalk
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Depth (km)

FIGURE 15
Denoised migration result. The red and light blue arrows mark
the positions of the two types of crosstalk before being denoised.

attenuation (Figure 12), the imaging results in Figure 15 have better
resolution with two types of crosstalk attenuated. In addition, some of
the less obvious crosstalk events are also attenuated to some extent. In
summary, the proposed method to attenuate crosstalk for imaging of
multiples can be used for complex models, which demonstrates the
feasibility and robustness of our proposed method.

4 Conclusion

To solve the problem of unphysical kernel functions when
applying the Radon transform to remove crosstalk in the angle
domain, we derive two RMO equations for crosstalk based on the
causality and apply them to attenuate crosstalk in the Radon
domain. The RMO equations can accurately describe the
kinematic mechanism of the crosstalk in the angle domain. A
simple model verifies the accuracy of the RMO equations.
Compared with the Radon transform using the conventional
tangent-squared approximation, our equations can make the
crosstalk more focused in the Radon domain and can better
separate the crosstalk from the actual imaging. A subset of the
Sigsbee2b model is used for the numerical test, and it has validated
the feasibility and robustness of our method. The crosstalk
attenuated using our method has recovered high signal-to-noise
imaging which benefits the
interpretation. In our paper, we use the subsurface offset-to-angle
algorithm to obtain ADCIGs, therefore, for 3D seismic data, we need
to face the challenge of extracting ADCIGs more efficiently to

results, subsequent geological
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address a large number of calculations. In addition, our approach
assumes that the source ghost and receiver ghost do not exist.
Therefore, in practical seismic data processing, this situation may
have an influence on the accuracy of crosstalk attenuation.
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