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Abstract

Many seismic processing methods require subsurface information to be effective. As
the petroleum industry moves to more complex offshore and onshore plays, that re-
quirement can be increasingly difficult to satisfy, leading to processing and drilling
failures. The Inverse Scattering Series (ISS) communicates that all seismic process-
ing objectives can be achieved directly and without subsurface information. Among,
seismic processing objectives are: (1) the removal of the reference wave-field, (2)
deghosting, (3) multiple removal and (4) imaging and inverting primaries. The seis-
mic processing task this dissertation focuses on is multiple-removal.

ISS de-multiple methods do not require any subsurface information. In specific
applications of the ISS methods for free surface and internal multiples the subsurface
is assumed to 1D, 2D or 3D and the dimension of the source is typically chosen
to agree with the dimension of the subsurface, for example, choosing a 2D line
source for a 2D subsurface. And often in deriving a 1D subsurface theory from
a 2D algorithm the 2D line source is brought along into the 1D earth varying theory.
Field data is generated by a locally 3D source and realistic synthetic data tests need
to incorporate that 3D point like source to be effective and realistic. The lesson of
this dissertation is that there are times when a 1D or 2D subsurface can be a useful
and reasonable approximation, but it is always important to incorporate a 3D source
to have an effective multiple predictor and removal. This dissertation describes
how to incorporate a 3D point source in ISS de-multiple methods for a 1D and 2D
subsurface. We then evaluate and show the positive added value of incorporating a
3D source in the distinct 1D or 2D varying subsurface algorithms, using synthetic

data generated by a 3D point source.



The second part of this dissertation provides an approach to address an open
issue and the challenge of current internal multiple attenuator. The current algo-
rithm provides accurate time and approximate amplitude of all internal multiples.
For complex circumstances, where internal multiples are often proximal to or inter-
fering with primaries, the current ISS internal multiple attenuator plus an adaptive
subtraction can fail to remove multiples without damaging primaries. This chal-
lenge demands an internal multiple eliminator, in which both time and amplitude
of internal multiples can be accurately predicted. There are circumstances where it
is possible to provide reliable and accurate subsurface information to transform the
ISS internal multiple attenuator into an eliminator. For example, in marine explo-
ration, the earth properties down to and across the ocean bottom can often be well
estimated from a conventional velocity analysis. With that information, the ISS in-
ternal multiple attenuator can eliminate all internal multiples having their shallowest
downward reflector at the ocean bottom. The effectiveness of the proposed method
is evaluated by a 1D normal incidence test.

The topics discussed in this dissertation provide two advances to the capability of
ISS de-multiple methods: (1) adding the physics of a realistic 3D source to enhance
the effectiveness within current ISS methods; (2) in a further step, utilizing the

achievable subsurface information to develop an internal multiple eliminator.
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Chapter 1

Introduction and Background

This chapter briefly introduces the seismic experiment/acquisition, definitions of
seismic events, and a typical seismic processing chain. In addition, certain challenges
and corresponding strategies are discussed to provide a better understanding of the
contributions in this dissertation. Finally, the last section in this chapter provides

an overview of this dissertation.

1.1 General introduction to seismic exploration

The objective of seismic exploration is to determine subsurface information from
the recorded seismic reflection data by applying different mathematical and physical

tools to estimate the rock and fluid properties. The ultimate goal is to locate and



Introduction and background

analyze hydrocarbon reservoirs® in the earth.

1.1.1 Seismic acquisition

) -
Seismic
r
£ -

survey vessel

_ Hydrophones (Receivers)

Figure 1.1: Marine acquisition (http://www.sercel.com)

Seismic experiment /acquisition starts from a man-made source, which could explode
in water column (e.g., air-gun for marine plays) or on the surface of earth (e.g.,
Vibroseis for on-shore plays) or near the surface of earth (e.g., dynamite for on-shore
plays). This explosion generates waves that propagate in the subsurface. When
a seismic wave traveling through the earth encounters a reflector (a rapid change
of earth properties) between two materials with different impedances, part of the

wave energy will be reflected off the reflector and detected by an array of seismic

LA petroleum reservoir is a subsurface pool of hydrocarbons contained in porous or fractured
rock formations.
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receivers?. As one example of seismic acquisition, a marine acquisition is shown in
figure 1.1, where the vessel towing air-guns and hydrophone streamers moves in the

ocean environment to repeat the survey.

1.1.2 Definitions of seismic events

For a given source, the seismic energy recorded by one receiver produces a time se-
quence of several arrivals (which is defined as a seismic trace). These distinct arrivals
are called seismic events, which are temporally localized. Due to their different ex-
periences in the subsurface, seismic events can be categorized into different types. A
cartoon in figure 1.2 shows the events in different categories in terms of their history.
The air-water boundary is defined as a free surface. The categories are defined in

sequence, where the first class contains,

(1) Reference wave. Instead of describing the actual medium directly, perturba-
tion theory is utilized to separate the actual medium into a reference medium plus a
perturbation. The choice of reference medium depends on the specific seismic objec-
tive and application. The waves that propagate in the reference medium are called
reference wave. The waves that travel in the actual medium are called actual waves.
The difference between the actual and reference waves is defined as the scattered
wave. For separating the reference wave and scattered wave in marine application, a

half space of air plus a half space of water can be selected as a reference medium. In

2A seismic receiver is a device that record the seismic wave energy in the form of a ground
motion (e.g., geophone) or a pressure wave in the fluid (e.g., hydrophone) and transforms it into
an electrical impulse.
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consequence, the reference wave contains direct wave (solid green line), which trav-
els directly from the source to the receiver, and downward reflection of direct wave
at free surface (dash green line), which starts the history from the source upward,
hits the free surface, and then reaches the receiver. For this reference medium, the
events in the reference wave do not experience the earth, hence, they do not carry
any subsurface information. However, the reference wave contains information of the

source signature and radiation pattern.

——— direct wave -——— ghost of direct wave
———— primary -——— receiver ghost
———— source ghost —_— source-receiver ghost

free-surface multiple

internal multiple

Figure 1.2: Marine seismic events

The part of the waves that has experienced the earth are further separated by the
direction the event was moving when it left the source and the direction the event

was moving when it was recorded:

(2) Ghosts. Ghost events are defined as the seismic events that begin their history
by traveling up from source to free surface or end their history by traveling down

from free surface to receiver or both. This type of events can be further described as

4
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source-side ghost?® (solid blue line), receiver-side ghost * (dash blue line) and source-

receiver side ghost® (dash-dot blue line).

After defining the ghost, the events that begin their history going downward from
source and end their history upward at receiver can be further classified due to its

history in the subsurface as follows:

(3) Primary (solid red line). The primaries are the events that experience only

one upward reflection in the subsurface as shown by the solid red line in figure 1.2.

(4) Multiples. In contrast to a primary event, a multiple is defined as an event
that has been upward reflected multiple times and downward reflected at least once.
Depending on the location of the downward reflection, multiple events can be divided
into two categories, free-surface multiple (dash orange line) and internal multiple
(solid purple line). A free surface multiple has at least one downward reflection at
the free surface for marine (or air-land boundary for on-shore), whereas an internal
multiple has all of its downward reflections below the free surface. Both free-surface
and internal multiples can be classified into different orders. The order of a free-
surface multiple is defined by the total number of downward reflections at the free
surface or the air-land boundary. And the order of an internal multiple is determined
by the total number of the downward reflections at any subsurface reflector in its

traveling history.

3Source-side ghost is the event that starts its propagation history by traveling up from the source
and then reflecting down by the free surface.

4Receiver-side ghost is the event that ends its propagation history by reflecting down by the free
surface and then traveling down to the receiver.

5Source-receiver-side ghost is the event that carries both the features of source-side ghost and
receiver-side ghost.
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1.1.3 A typical processing chain and corresponding tools

A typical seismic processing chain Mathematical tools

Recorded seismic data

0

Reference wave removal and wavelet

estimation i
{} ™ Green’s theorem

Ghost removal

iy

Free-surface multiple removal

@ | Inverse scattering series

Internal-multiple removal

U

Imaging and inversion

Figure 1.3: A typical seismic processing chain and corresponding mathematical tool
applied by this dissertation, and this dissertation focuses on the highlighted steps

(in red box): free-surface multiple removal and internal multiple removal.

One of the ultimate purposes in seismic exploration is to know where the reflectors
locate in the subsurface and how the properties change across these reflectors. The
goal of imaging is to locate the subsurface reflectors, and inversion aims to delineate
the property changes in the subsurface. Both conventional imaging and inversion
methods assume seismic data that consist of only primaries. However, the primary-
only data are not the total recorded seismic data that contain a wide range of events.
This primary-only assumption demands a series of processing work to remove the
undesired events (e.g., reference wave, ghost, multiple). A typical and simplified pro-

cessing chain and corresponding mathematical tools have been illustrated by figure

6
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1.3, where the highlighted parts in red boxes are the topics advanced by this dis-
sertation. This specific chain can be classified into two categories, (1) preprocessing
(e.g., reference wave removal and wavelet estimation, ghost removal) and (2) pro-
cessing (e.g., multiple removal, imaging, inversion). The details of each stage and

corresponding concepts will be discussed below.

The first stage — preprocessing — includes (1) identifying and removing the refer-
ence wave, (2) estimating the source signature and radiation pattern from reference

wave, and (3) deghosting.

For a marine application of wave separation, as discussed in section 1.1.2, the
reference wave includes direct wave and downward reflection of direct wave at free
surface. Due to the traveling history of the reference wave, it contains the infor-
mation of source signature and radiation pattern, but not subsurface information.
On one hand, the objective of wavelet estimation® can be achieved by identifying
the reference wave. On the other hand, imaging and inversion can benefit from
removing the reference wave. Thereby, it is useful to identify the reference wave
(for wavelet estimation) and remove the reference wave (for the subsequent steps)
before all the following data analysis. After accomplishing the reference wave re-
moval and wavelet estimation, the data still have ghosts. Ghosts lead to notches in
the data spectrum, which can generate a serious issue in Amplitude-Versus-Offset
analysis (Zhang, 2007). The reason is that ghost notches result from the destructive

interference between up- and down-going waves. Therefore, part of the frequency in

6Wavelet estimation can provide the source signature with radiation pattern plus, e.g., all factors
that are outside the assumed physics of the subsurface and acquisition, for example, instrument
response.
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the source can be destroyed in the recorded seismic data due to the interference of a
reflection wave and its ghost. Removing ghosts can boost the low-frequency informa-
tion and get rid of the notches in data spectrum, hence, it can improve the resolution
of seismic data. The stage of preprocessing delivers the effectiveness and power of

the subsequent multiple removal, imaging and inversion by providing prerequisites.

The second stage is the process of removing multiples, imaging and inversion.
Among typical imaging methods, there are two available imaging principles. One is
defined as Claerbout II (CII) imaging principle (Claerbout, 1971; Baysal et al., 1983;
Whitmore, 1983; McMechan, 1983), which is considered as an industry standard
imaging principle. This standard imaging principle is based on a space-time coinci-
dence of up- and down-going waves. The other newly developed imaging principle is
defined as Claerbout III (CIII) imaging principle (Weglein et al., 2011a,b; Liu and
Weglein, 2014). CIII imaging predicts what a source and receiver would record inside
the earth, then arranges the predicted source and receiver to be coincident and asks
for t = 0. Both of them request a velocity model as input. Weglein (2016) concludes
that by choosing an accurate and discontinuous velocity model in CIII, multiples do
not contribute to imaging geological structure. However, if a smooth and continuous
velocity model (i.e., generally assumed in practice) is chosen, in both cases every
multiple will result in a false, misleading, and potentially injurious subsurface image
and hence must be removed before migration. In practice, we image with a smooth
velocity model, and hence multiples (e.g., free-surface multiple, internal multiple)

must be removed.
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The mission-oriented seismic research program (M-OSRP) pioneered and devel-
oped two basic mathematical tools (figure 1.3) that provide a framework for seismic
data processing chain. The tools are Green’s theorem and the sub-series in inverse
scattering series (ISS). Among the ISS methods, which can achieve the seismic objec-
tives without any subsurface information, the free-surface multiple elimination and

internal multiple attenuation algorithms are advanced in this dissertation.

1.2 Challenges and strategy

Many seismic processing methods require subsurface information to be effective. As
the petroleum industry moves to more complex offshore and onshore plays, that re-
quirement can be increasingly difficult to satisfy, leading to processing and drilling
failures. The Inverse Scattering Series (ISS) communicates that all seismic process-
ing objectives can be achieved directly and without subsurface information. Among
seismic processing objectives are: (1) the removal of the reference wave-field, (2)
deghosting, (3) multiple removal and (4) imaging and inverting primaries. The seis-

mic processing task this dissertation focuses on is multiple removal.

Since ISS de-multiple methods are subseries of the ISS, these methods do not
require any subsurface information. However, general challenges and open issues still
exist in the ISS multiple removal, which have been addressed by a comprehensive

three-thronged strategy (Weglein, 2014):



Introduction and background

1. Improving current preprocessing methods for both offshore play (e.g., refer-
ence wave removal, wavelet/radiation pattern estimation and deghosting) and

onshore play (e.g., ground roll removal) to provide satisfaction of prerequisites;

2. Developing the ISS internal multiple elimination algorithm and enhancing the

effectiveness of current ISS multiple removal methods;

3. Building an alternative criteria for adaptive subtraction, which is derived from

and serves the ISS free-surface and internal multiple removal.

This three-pronged strategy represents a consistent and aligned processing chain,
to provide a direct and practical solution to the removal of all multiple without
damaging primaries. This section describes two certain challenges of the ISS de-
multiple methods. This dissertation discusses and addresses each of them, thus

being a part of the three-pronged strategy.

In specific applications of the ISS methods for free-surface and internal multiples
the subsurface is assumed to 1D, 2D or 3D and the dimension of the source is typically
chosen to agree with the dimension of the subsurface, for example, choosing a 2D line
source for a 2D subsurface. And often in deriving a 1D subsurface theory from a 2D
algorithm the 2D line source is brought along into the 1D earth varying theory. Field
data is generated by a locally 3D source and realistic synthetic data tests need to
incorporate that 3D point like source to be effective and realistic. This dissertation
describes how to incorporate a 3D point source in ISS de-multiple methods for a 1D
and 2D subsurface. The lesson of this dissertation is that there are times when a

1D or 2D subsurface can be a useful and reasonable approximation, but it is always

10
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important to incorporate a 3D source to have an effective multiple predictor and

removal.

The second part of this dissertation addresses an open issue and the challenge of
current internal multiple attenuator. The current algorithm provides accurate time
and approximate amplitude of all internal multiples. For complex circumstances,
where internal multiples are often proximal to or interfering with primaries, the cur-
rent ISS internal multiple attenuator plus an adaptive subtraction can fail to remove
multiples without damaging primaries. This challenge demands an internal multiple
eliminator, in which both time and amplitude of internal multiples can be accurately
predicted. There are circumstances where it is possible to provide reliable and ac-
curate subsurface information to transform the ISS internal multiple attenuator into
an eliminator. For example, in marine exploration, the earth properties down to and
across the ocean bottom can often be well estimated from a conventional velocity
analysis. With that information, the ISS internal multiple attenuator can eliminate

all internal multiples having their shallowest downward reflector at the ocean bottom.

The topics discussed in this dissertation belong to the second part of this three-
pronged strategy by (1) adding the physics of a realistic 3D source to enhance the
effectiveness within current ISS methods; (2) in a further step, utilizing the achievable

subsurface information to develop an internal multiple eliminator.

11
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1.3 Overview of this dissertation

This dissertation addresses several outstanding issues in ISS de-multiple methods
by (1) adding the physics of realistic source dimension in multiple removal methods
(e.g., free-surface multiple removal and internal multiple removal); (2) developing an

alternative way to eliminate a certain class of internal multiples.

Chapter 1 reviews the general background of seismic exploration and specific

challenges of ISS de-multiple methods addressed by this dissertation.

Chapter 2 explains how to incorporate a 3D point source in the ISS free-surface
multiple elimination algorithm for a 1D subsurface. The difference a 3D point source
assumption can make, comparing to a 2D line source assumption, is exemplified
and analyzed on realistic synthetic data generated by a 3D point source and a 1D

subsurface.

Chapter 3 focuses on the effect of incorporating a 3D point source in the ISS
internal multiple attenuation algorithm for a 1D/2D subsurface. First, a realistic
3D point source is added for a 1D earth ISS internal multiple prediction theory
by reducing the earth dimension from 3D to 1D in a complete 3D algorithm. The
significance has been shown by comparing internal multiple predictions assuming a
frequently used 2D line source versus a 3D point source for synthetic 3D point source
data. Second, the negative consequence of mismatching source dimension in free-
surface multiple removal to the subsequent internal multiple prediction is exemplified.
As an extension, the 2D earth ISS internal multiple attenuator accommodating a 3D

line source is also advanced and analyzed.

12
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Chapter 4 provides a way to eliminate a certain class of internal multiples, by
directly giving the information of a specific attenuation factor’. Instead of extract-
ing the attenuation factor from reflection data (Herrera and Weglein, 2012; Zou and
Weglein, 2014; Zou et al., 2016), the attenuation factor can be found by velocity
analysis of ocean bottom in a typical marine exploration. For the internal multiples
only downward reflected at ocean bottom once, an alternative ISS internal multiple
eliminator can be achieved with the knowledge of properties down to and across the
ocean bottom, independent of how deep and how many layers the internal multi-
ples travel trough. As a preliminary study, a 1D normal incidence test is designed
and performed to evaluate the effectiveness of the proposed ISS internal multiple

eliminator.

Chapter 5 summarizes the contributions of this dissertation.

7 Attenuation factor is defined as the difference between attenuation prediction and actual inter-
nal multiple.
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Chapter 2

The significance of incorporating a
3D point source in ISS free-surface

multiple elimination (FSME)

algorithm for a 1D subsurface

Based on the current 3D inverse scattering series (ISS) free-surface multiple elim-
ination (FSME) algorithm (Carvalho, 1992; Weglein et al., 1997, 2003) that was
developed for a 3D point source and 3D earth, this chapter derives an ISS FSME
algorithm that retains the dimension of the source (i.e., 3D point source) and re-
duces the subsurface dimension from 3D to 1D. Numerical tests are performed on
3D source synthetic data generated from a 1D subsurface, to examine the signifi-

cance of incorporating a 3D source in FSME algorithm, compared to a frequently
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used 2D line source algorithm (i.e., 1.5D algorithm). The results demonstrate that
the 3D source/1D subsurface ISS FSME algorithm can accurately remove the FSM
events in 3D source data. This successful removal of free-surface multiples provides
a satisfactory prerequisite for subsequent processing (e.g., internal multiple attenua-

tion/elimination).

2.1 Introduction

Multiple removal is a long-standing and challenging task in seismic data process-
ing, which impacts the subsequent imaging and inversion procedures. Many efforts
have been made to attenuate or eliminate the free-surface multiples (events that
have experienced at least one downward reflection at the air-water surface) in data
(e.g., Verschuur et al., 1992; Carvalho, 1992; Weglein et al., 1997, 2003; Weglein
and Dragoset, 2008). Among these methods, the inverse scattering series (ISS) free-
surface-multiple-elimination (FSME) algorithm provides a multidimensional proce-
dure that eliminates all free-surface multiples (Carvalho, 1992; Weglein et al., 1997,
2003) through a simple subtraction. This approach has its strengths in that it does
not require subsurface information, and it can provide the accurate time and am-
plitude of all free-surface multiples. However, other approaches, such as the SRME
method, often adopt adaptive subtraction with certain criteria (e.g., energy mini-
mization) to eliminate the free-surface multiples, because these methods can provide
accurate time but approximate amplitude of free-surface multiples. Adaptive sub-

traction works well at times when the events are isolated, however, it can generate
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issues when the free-surface multiples and primaries are interfering or destructively
overlapping. That is because energy minimization assumes a minimized/decreased
energy in data after multiple subtraction, which is invalid when the energy increases
after removing destructively overlapping free-surface multiples and at the same time
recovering the primaries. In other words, for a complex geology, it is in need of
accurate free-surface-multiple predictions for both time and amplitude, where the
adaptive subtraction can fail to effectively remove the free-surface multiples and can

possibly damage the primaries.

As we mentioned before, the ISS FSME algorithm is a multidimensional procedure
that can completely remove the free-surface multiples from data without knowing any
subsurface information. If we consider a 3D point source as the real source dimension,
the complete 3D ISS FSME algorithm, which assumes a 3D point source and a 3D
subsurface, can successfully predict both accurate time and amplitude of all free-
surface multiples with a complete dataset (requires areal coverage of sources and for
each source requires the areal coverage of receivers). Even though the 3D ISS FSME
algorithm is a complete and accurate method, there are reasonable circumstances
that require less data and less computational cost, for instance, when the earth
property only varies in 1D and the source dimension retains 3D. For a typical pre-
stack shot gather coming from a 1D subsurface, the 1.5D ISS FSME algorithm is
frequently and naturally applied to predict free-surface multiples (Carvalho, 1992).
Since the 1.5D ISS FSME algorithm is derived from a 2D line source ISS FSME
algorithm for a 1D subsurface, it can only provide the accurate phase and amplitude

of free-surface multiples generated by a 2D line source, rather than a 3D point source.
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When the data come from a 3D point source and a 1D subsurface, this 1.5D algorithm

can produce issues and even fail to effectively eliminate the free-surface multiples.

This chapter will focus on the specific problem of a 3D source/1D subsurface ISS
FSME algorithm by reducing a complete 3D ISS FSME algorithm. The reduced
algorithm preserves the real 3D source dimension and demands only one pre-stack
shot gather for the 3D source data coming from a 1D earth. The numerical tests
are performed on 3D source data sets. The results evaluate the significance of incor-
porating a 3D source in a 1D ISS FSME algorithm by comparing with a frequently

used 2D line source 1D earth ISS FSME algorithm for 3D point source data.

2.2 Review of complete 2D and 3D ISS free-surface

multiple elimination algorithms

The preparation of the 3D FSME algorithm starts from data D(z,, y,, €4, Ts, Ys, €53 ),
where (x,4,y,,€,) and (zs, ys, €5) are the receiver- and source-location, respectively.
In addition, the preprocessing - including reference wave-field removal, deghosting
and wavelet estimation - needs to be achieved before the ISS free-surface multiple
prediction. The preprocessed data are represented by D’. The 3D source ISS free-

surface multiple elimination algorithm can be written as

D!, (kag, kygs kas, kys; ) = 2m2p / / eyl D (Kug, kygs ko by )

xqD! (k Koy, ks, koys; w)etdcotes) (2.1)

yYss
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for n > 2 and

D' (kug, kiyg, Kas, kys; w) = O Dy (kag, kyg, s, bysi w). (2:2)

D’ contains only the deghosted primaries and internal multiples. B(w) and p, are the

source signature and reference medium density, respectively. The vertical wavenum-

ber is defined by ¢ = \/(%)2 — k2 — k2. The 3D algorithm in equations (2.1) and
(2.2) assumes that the acquisition applies 3D point sources and 3D point receivers

for a 3D subsurface. The source dimension is always close to 3D in real data.

Similarly, a set of 2D data D(z,z;t) can be transformed into wavenumber-
frequency domain and deghosted as D'(k,, ks;w). The 2D ISS free-surface-multiple-

elimination algorithm is,

1 o
Dl (kg ks;w) = ————— | dkD}(ky, k;w)qDl_ (k, ke; w)e™ores) 2.3
n( g» 7w) iﬂprB(W) /_OO 1( g ,w)q ( ’w) ( )
for n > 2 and
"(ky, ks w) ZD’kkw (2.4)
where the vertical wave-number is ¢ = /(#)? —k?. The algorithm in equations

(2.3) and (2.4) assumes an entirely 2D world, in which everything is 2D, including

source dimension as well as earth dimension.

2.3 Theory

In the following sections, both the 3D and 2D free-surface multiple algorithms are

reduced for the data from a 1D subsurface, where in the 3D algorithm the source is
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assumed to be a 3D point source and in the 2D algorithm the source is assumed to
be a 2D line source. For convenience, the superscript 1DFE represents the 1D earth
assumption for different sources (For example, 2D line source 1D earth: 2D1DFE; 3D

point source 1D earth: 3D1DE).

2.3.1 Frequently used 2D line source/1D subsurface ISS FSME

algorithm

In developing the algorithm for 1D earth pre-stack data, it was natural that people
started with the 2D line source ISS FSME algorithm and then reduced it for 1D
subsurface data. The data that occurs in the 2D earth can be written as D(x,, ;w)
or D(Z,, xp; w) in the space-frequency domain, where z,, = z,+z, and z;, = x,— ;.
The data from a 1D earth, shown as D*’1PE(x,:w), depends only on the source-
receiver offset () and the frequency (w). The Fourier transform over the complete

2D data coming for a 1D earth can be shown as,
D(kg, ks;w) = // e'kas o= ikats DIDIDE (00, - ) dv yd (2.5)

Rearranging the variables from (ky, ks) to (kp, k) can give us,

1 ‘ ,
D(kp, ki w) = 5/e“’“h“’:hD2DlDE(xh;c,u)dxh/e“km””mclmn

= D*PYPE (k- 0)(27)6 (2km), (2.6)

where k;, = @ and k,, = kg;k The data is independent of z,, and can come out
of the xz,, integral. Consequently, the Fourier transform integral over z,, can produce

a Dirac delta function in k,,. Since the 2D source ISS FSME algorithm needs data
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in (kg, ks), we can change the variables in equation (2.6) back to (ky, ks) as,
D(ky, kg;w) = D*PPE (ks w)(2m)5(k, — k), (2.7)
where k, = ks = ky,, defined by the sifting property of the Dirac delta function.

As part of a complete data set, the preprocessed data D" has the same symmetry
as D, which is D), (ky, ks;w) = D,2PPE(k:w)(27m)6(k, — ks). By applying this 1D

carth data D,?P1PF to equation (2.1), the algorithm becomes

Dl?DlDE(km w)(2m)d(ky — k)

n

1 > /
= — dkDPPYPE (K w)(2m)0(ky — K
o | D))ok, ~ )
X qD.2PYPE (L ) (2m) 0 (k — ky)eld(Cates), (2.8)

The lateral integral ([ dk) can be evaluated using the Dirac delta functions. Then

equation (2.8) produces the reduced 1.5D free-surface multiple eliminator as,

D2PIPE (- 0)5(ky — k)

n

2 ' ! iq(eg+es
= iprB(w)é(kg _ kS)DlleDE(k;g; w)quﬂlDE(ks; w)e q(egtes) (2.9)

Integrating over k, on both sides provides the FSME assuming a 2D line source as

/ 2 / / .
D,2PPE (ks w) = ip B(w)D12D1DE(kh;w)anQ—%lDE(kh;w)elq(egm), (2.10)
for n > 2 and,
D/QDlDE(kh’w) _ ZDEDlDE(kh;w), (2‘11)
n=1

where kj, = k, = k, (by evaluating the Dirac delta functions) and ¢ = sgn(w)+/(w/co)? — k3.

Free-surface multiple removed data in the space domain can be obtained by an inverse
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Fourier transform as,
/ 1 ’ .
D 2D1DE($h§ w) _ 2_ /D 2D1DE(]€h; w)e_zkhxhdl{h (2'12)
T

The process following equations (2.10), (2.11) and (2.12) gives us the ISS FSME

algorithm assuming a 2D line source for a 1D subsurface.

2.3.2 Reduced 3D point source/1D subsurface ISS FSME

algorithm

3D data generated by a 1D subsurface only depend on the source-receiver offset and
the frequency, which is a spatial circular symmetry in cylindrical coordinates (inde-
pendent of azimuth angle). This symmetry makes it convenient to study the 1D earth
problem with cylindrical coordinates, which is characterized by a radial length, an az-
imuth angle and a vertical position. The 3D vectors (x,y, z) and (ky, ky, k) in Carte-
sian coordinates can be transformed to (r;,6;, z;) and (k.;, ¢i, k.:), @ € {g,1,2, s}, in

cylindrical coordinates.

D3PPE(|rg =73, w)

The dependence of 3D data for a 1D earth can be expressed as
or D3PPE(ry w), where 7, and 77 are the projections of receiver and source locations

on to the x-y plane, respectively. 7}, = r,—7; and r, is the magnitude of the difference
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between 7, and ;. The Fourier transform becomes

k:g,k‘s,w)

// // D3D1DE T‘ w zkgrg zkbrsdrgdrs
— // // DSDlDE(T,h’w)ezkg(rg—rs +1 kg_kS)TSdT;dr;
= // D3PIPE (p, ) Zkg’"hd'r’ // (kg —Fs) S dr (2.13)

7

part 1 part 2

Appendix A transforms integral variables for part 1 and appendix B solves the part

2 in equation (2.13). The equation (2.13) becomes,

Dy, ks / / D¥IE ()i g dfy (2?20 kflz)‘wg =95 (914
rg

Due to the definition of a Hankel transform, the 3D source/1D subsurface data can

be transformed to the (k,;,w) domain as,

—

D(k, klw) = DngDE(krh'w)(Qw)z(s(k’"g — kys)d(¢g — ¢5)

krg

(2.15)
where
D3PWDE (J ) = 27r/ DPPYE (py - 0) Jo (pn )i (2.16)
0

Substitute the D3P'PE(r,:w) by the deghosted data D3P'PE(r,;w) and change
D3PIPE (- w) to DPPYPE (ks w) as a notation of free-surface multiple prediction

input, and then equation (2.15) and (2.16) turns to be,

O(kyg — Krs)d(dg — &)
Forg ’

—

D(ky, ky:w) = DEPPE (ks w) (2m)?

(2.17)
where

D;BDlDE(kthW) = 27?/ DISDlDE(Th;W)Jo(krhTh)T’thh- (2-18)
0
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The form of data in the (k,;;w) domain (equation (2.17)) contains the Dirac delta
functions in cylindrical coordinates, which is equivalent to §(kyg — kys)d(kyg — kys) in

Cartesian coordinates.

Substitute equation (2.17) into the full 3D ISS FSME algorithm in equation (2.3)

and change the variables of integration dk,dk, to k,dk,d¢ to get,

§<kr9 B krs) ((b - ¢s)

DlngDE(k’Tg, (.U) (2 )2

n

— k)0 (g — @)
227T2pr (w / / k) dk dgb ( k) (Cb ¢) DlngDE(krg,w)

9

Xq(27T)2 5( T k ¢ ¢8) D;Z3D11DE<I€T'7 w>€iq(€g+€s), (219)

where €, and €, are the depth of source and receivers, respectively. The lateral
integrals [[ k,dk,d¢ can be evaluated due to the Dirac delta functions. The equation

(2.19) turns out to be,
5(krg - krs)5(¢g — d)s)
krg

2 5(]{:7‘9 - kTS>5(¢g - ¢5) /3D1DE 3D1DE zq(€g+
ip, B(w) kg (rg; w)g D2 (ks w)eo(2.20)

D’3D1DE(k,rg; w)

n

Integrating over k,, and ¢, on both sides gives the 3D source ISS FSME algorithm

for 1D subsurface as,

’ 2 ’ / iq(€qg+e
D5 (hyni w) = g D5 (ki w)a DR P8 (ks )ttt (2.21)
for n > 2 and
DISDIDE(krh; w) _ Z D;?DIDE(krh, w)7 (2_22)
n=1

where k., = kg = ks and ¢ = /(£)? — k2.
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D3PIPE( b w) (n'-order free-surface multiple prediction) or D3PPE(k., w)
(free-surface multiple removed data) need to be transformed back to the space domain
by an inverse Hankel transform (derived from two dimension Fourier transform due
to the independence of the azimuth angle), instead of an inverse Fourier transform.

The free-surface multiple prediction D;>P'PE(r;:w) can be obtained by using,
i ]. b !
DHBDlDE(Th; w) = 2— / DT?DlDE(/{ZTh; w)J()(k'rh?”h)k'rhdk'rh. (223)
T Jo

Similarly, the free-surface multiple removed data can be transformed to the space-

time domain by,
, 1 [~
D8 () = / DAPYE (o o) Jo (k) hondbi. (2.24)
0

In an acquisition geometry where sources and receivers are on the same streamer in
a 3D survey, we can take r along any angle in the x — y plane, including the specific

choice of r = z.
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2.4 Numerical tests

Om Free surface

12m Source *

Data w/o ghost, direct wave

321 CADlE secscssssasascscscssssasascssssssssasssssssssssssssssssscssssasssssss
v=1500m/s,p=1g/cm’
300m
v=2750m/s,p=15g/cm’
500m
v="5000m/s,p=40g/cm’
950m

v=23000m/s,p=20g/cm’

Figure 2.1: Three-reflector model with density-velocity variation for generating syn-
thetic data. The depths of source, receivers and reflector locations are noted. Re-

ceiver internal is 4m.

To show the significance of matching the source dimension in data and processing, a
velocity-density varying model (figure 2.1) is designed to synthesize 3D point source
data. The synthetic 3D source dataset (figure 2.2) is a pre-stack shot gather with-
out ghost and direct wave, generated by reflectivity modeling method with a limited
bandwidth. The data contains primaries, free-surface multiples and internal multi-
ples, where primaries and free-surface multiples dominate the energy of data. The

free-surface multiples (up to 2"¢ order) are the targets to be removed.
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Trace Number
290 490 690 qu 1000

0.2+

Figure 2.2: Synthetic 3D point source data for evaluating the difference between 1SS

free-surface multiple elimination assuming a 3D point source and a 2D line source.

Figure 2.3 presents the ISS free-surface multiple prediction results with different
assumptions of source dimension. Please notice that the plot scales in figure 2.3 (a)
and (b) are different as shown in the highlighted red box at color bars. Shown with
different color scales, both the free-surface predictions assuming a 2D line source and
a 3D point source provide distinct events in figure 2.3. When the source dimension
(3D point source) in processing matches the data, as shown in figure 2.3 (a), the
prediction result provides the accurate time and accurate amplitude of free-surface

multiples, which can be plotted in the same scale as data (—4 ~ 4 x 107°). However,
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the 2D line source prediction (figure 2.3 (b)) produces a much less effective result.
To make the 2D line source prediction result be visible, the plot applies a different

color scale, which is hundred times smaller than actual data (red box, figure 2.3 (b)).

In order to detect the difference between predicted and actual free-surface mul-
tiples, the comparison of trace plot is provided in figure 2.4. The sample trace is
extracted from 200m offset. The top figure in 2.4 compares input data (black line),
ISS free-surface multiple predictions assuming a 2D line source (dash-dot blue line)

and a 3D point source source (dash red line).

Trace Number Trace Number
o 200 400 600 800 1000 o 200 400 600 800 1000
0.2 0.2
0.44 4 0.44 2
0.6 2 0.6 1

(2) (b)

Figure 2.3: ISS free-surface multiple prediction results assuming (a) a 3D point source

versus (b) a 2D line source.
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——3D source data
---- FSM prediction assuming 3D source
~ === FSM prediction assuming 2D source
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Figure 2.4: Top figure shows trace comparison at 200m offset of input 3D point
source data (solid black line), ISS free-surface multiple predictions assuming a 3D
point source (dash red line) and a 2D line source (dash-dot blue line). Bottom figure

replots the 2D line source prediction in top figure with a different scale.

In contract to 3D point source prediction, the 2D line source prediction (dash-dot
blue line in figure 2.4) shows a flat line because of the difference in amplitude scales.
A visible plot of 2D line source prediction is provided at the bottom of figure 2.4,
which use a 100 times smaller amplitude scale than actual data. This replotted figure
indicates that the mismatch of source dimension generates a significantly less effective
result with deviated wavelet and small amplitude. In this case, subtracting the 2D
line source prediction from the 3D point source data can produce serious free-surface

multiple residues (figure 2.5 (b)), which are harmful to subsequent processing (e.g.
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ISS internal multiple attenuation/elimination). Generally, the energy minimization
criterion will be applied in this situation to make the subtraction effective, which is
known as adaptive subtraction. And indeed the adaptive method works well when
the events in the data are isolated. However, when the all the events are overlapping,
the energy minimization criterion can fail to remove the multiples without harming

the primaries.

Trace Number Trace Number
200 400 600 800 1000 200 400 600 800 1000

0.2+ 0.2+

(2) (b)

Figure 2.5: ISS free-surface multiple eliminated results assuming (a) a 3D point

source versus (b) a 2D line source.
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2.5 Analysis

ISS prediction
D'(r, ;W) ==>D; (k, ;W)==> D’ (k, ;W) ==> D/ (1, ;W)

i . . .
Ass.um ng Fourier transform Inverse Fourier transform
a 2D line source
Assuming
Hankel transform Inverse Hankel transform

a 3D point source

Figure 2.6: The essential difference between ISS free-surface multiple elimination

algorithm assuming a 2D line source and a 3D point source in calculation.

To analyze the different results shown in previous section 2.4, figure 2.6 illustrates the
essential differences of calculations in 2D line source and 3D point source algorithm.
Apparently, the differences between 2D line source algorithm and 3D point source
algorithm are how to prepare input data in the wavenumber domain and how to
transform the output back to the space domain. 2D line source requests a forward
and inverse Fourier transform. Instead, 3D point source algorithm needs a forward
and inverse Hankel transform. Meanwhile, the ISS free-surface multiple prediction

kernel does not need to be altered.

The goal of analysis turns to clarify what is the difference between Fourier trans-
form and Hankel transform and how this difference enters the ISS free-surface mul-
tiple prediction algorithm. In a 2D line source algorithm, the preparation of data

requests a Fourier transform, which is

DPYPE (fy;w) = /DZDlDE(Jﬁh;W)eik”hd%- (2.25)
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(D3PPE (- ) but processing depends on

When data come from a 3D point source
a 2D line source, the variable z; in equation (2.25) can be changed to 7, (dummy

variable), which produces

+0o0
D?P (kyp; w) = D(ry; w)e®rnrndry,, (2.26)
where the £, is the Fourier conjugate of r, in the wavenumber domain. The super
index of data is omitted since data are always coming from a 3D point source. Also,
on the left hand-side, the super index of 2D1DFE is changed to 2D to represent the

source dimension carried by processing algorithm. Thereby, D?P(k,;;w) is the input

of a 2D line source ISS free-surface multiple elimination algorithm.

Switching to a 3D point source algorithm, preparing the input data needs,
+00
D*P (kyp;w) = 27 i D(ry; w)Jo(kenrn)radry, (2.27)
where super index 3D represents source dimension assumed by processing algorithm.
The Hankel function .Jy does not have a close form. In order to compare these two
transformations, two things need to happen: (1) rewriting a equivalent form with
integral from —oo to +00, instead of 0 to +o0; (2) explicitly write out a form of Han-

kel function with an asymptotic approximation. The rearranged formula (appendix

C) is,

D2 (kypyw) = D(rp;w)y | =" R dry, (2.28)
—00 rh

Comparing equation (2.28) with (2.26), the asymptotic Hankel transform provides

two factors which make it different from a Fourier transform. One is a e %7, which

produces a phase change of data. The other one is the factor 2,: Zh , which affects the
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amplitude of input. Reversely, when a 2D line source is assumed (where a Fourier

transform is applied), the preparation of data is lack of these two factors. Input

of 2D line source carries one more phase factor e’ and one more amplitude factor

\/% (both depends on the convention of the used Fourier transform, appendix C).
k

Particularly, the amplitude in 2D line source input is T times of 3D point source

input, which can be estimated as a number < 1 with typical sampling parameters.

Continue to the ISS free-surface multiple prediction algorithm. Take the first-
order free-surface multiple prediction as an example, which is quadratic in terms
of input. Namely, algorithm asks the multiplication of data to predict multiples.
In this step, the phases of input are added (by a rule defined by ISS method) and
amplitudes of input are multiplied. Suppose that the 2D line source prediction is
D32P(k,,;w). Hence, the factors expected to be carried by D2P(k,;;w) are €'z and
£ Tn higher order free-surface multiples prediction, the deviation on phase and

27‘1’7‘h :

decrease on amplitude in prediction can be more serious.

At the last step, different transforms have impact on predicted free-surface multi-
ple events. Consistent with the convention in forward transforms, the inverse Fourier

transform and asymptotic inverse Hankel transform can be expressed as,

1 [t ~
D2P (rp;w) = 2—/ D2P (ks w)e ™ Frmndl, (2.29)
T

—00

and

1 [t o .
D3P (rp;w) = > / DzD(krmw)\/#eﬂk”mlﬂzdlﬂrh, (2.30)
h

—00
where D?P and D3P represent the ISS prediction result assuming a 2D line source

and a 3D point source, respectively. Recall the example of a first-order free-surface
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multiple prediction. The altered phase and amplitude in 2D line source prediction can
be compensated by the factors shown in equation (2.29) and (2.30). All predicted
events in 2D line source output D3P (r,;w) are altered by ¢'i on phase. And the
amplitude issue, which is shown in section 2.4, can be explained by the small number
factor ;%h The \/% indicates a worse thing that the negative impact of assuming
a 2D line source varies along offset. Assuming a 3D point source, an asymptotic
Hankel transform can adapt the Fast Fourier transform in numerical test, which is
a way to reduce the cost of a real Hankel transform in computation. However, the

effectiveness of near offset can be sacrificed due to the far offset assumption in an

asymptotic approximation.

2.6 Summary

In this chapter, a reduced and modified 3D point source ISS free-surface multiple
elimination method is proposed for data coming from a 1D subsurface. The numer-
ical results demonstrate that the reduced algorithm can successfully eliminate the
free-surface multiples for one single 3D source shot gather. The ignorance of 2D
source dimension in 1.5D algorithm can lead to dramatically decreased effectiveness
of ISS free-surface multiple prediction, which contains small amplitude and distorted
phase. Applying a 2D line source free-surface multiple prediction plus an adaptive
subtraction can generate issues. When the events are interfering to each other, adap-
tive methods have difficulties in precisely removing the multiples without harm to

primaries, whether one is using local search method (Verschuur et al., 1992) or global
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search method (Carvalho and Weglein, 1994). No matter the earth dimension is 1D,
2D or 3D, it is always important to incorporate a 3D source dimension in processing,

which is consistent with the reality of source dimension in data.
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Chapter 3

The significance of incorporating a
3D point source in ISS internal
multiple attenuation (IMA)

algorithm for a 1D /2D subsurface

This chapter firstly revisits the complete 2D and 3D ISS internal multiple attenua-
tion algorithms. Secondly, based on these complete algorithms, it explains how to
incorporate a 3D point source in ISS internal multiple prediction for a 1D/2D sub-
surface and show the difference it can make in internal multiple removal. Besides,
the negative impact of mismatching the source dimension in free-surface multiple re-
moval to the subsequent internal multiple prediction will be examined and analyzed.

The results indicate that it is always essential to accommodate this reality in each
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step of seismic processing.

3.1 Introduction

The current state of ISS algorithms provides a multidimensional procedure that
eliminates all free-surface multiples and attenuates all internal multiples (Carvalho,
1992; Aratjo et al., 1994; Weglein et al., 1997, 2003). New ISS capability for internal
multiple removal are pioneered by Liang et al. (2013); Zou and Weglein (2014);
Ma and Weglein (2014). This approach has its unique strengths in that it does
not require subsurface information and is even independent of the earth model-
type. Among these multidimensional methods, the ISS internal multiple attenuation
algorithm (Aratjo et al., 1994; Weglein et al., 1997) can predict the accurate time
and approximate amplitude of internal multiple (that are downward reflected by the
reflectors below the free-surface). Although ISS internal multiple removal does not
require any subsurface information, it does care about the assumption of source and
earth dimension. In history of developing 1D, 2D and 3D algorithms, people pay
more attenuation to the earth dimension, but ignore the source dimension in it. It is
worthwhile to point out that a 2D algorithm is entirely 2D, including earth dimension
as well as source dimension. When the the earth approximately varies in 1D /2D, 2D
algorithm is frequently used or reduced for 1D earth. The reduced algorithm brings
along the 2D source assumption, a line source in 3D sense. However, the reality of
source is a localized 3D point source, instead of a 2D line source. This reality needs

to be accommodated in the ISS de-multiple methods, including free-surface multiple
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(chapter 2) and internal multiple removal, to deliver the promised effectiveness of

de-multiple methods.

The implementations of ISS internal multiple attenuation have shown promising
results for marine (e.g. Ferreira, 2011; Matson and Weglein, 1996) and onshore cases
(e.g. Fuet al., 2010; Luo et al., 2011; Terenghi et al., 2011), with help of adaptive sub-
traction. There are circumstances where it is reasonable to assume a 1D subsurface
(e.g. Central North sea (Duquet et al., 2013), onshore Canada, and the Middle East).
Recently, the 1.5D ISS internal multiple attenuator (2D line source/1D subsurface
algorithm) has been successfully applied on Saudi Aramco onshore data (Luo et al.,
2011) and also produced a positive result for the Encana land data (Fu and Weglein,
2014). Real data from a 2D subsurface have been tested by Ferreira (2011) using a
complete 2D algorithm, which produces a positive internal multiple removed result.
In these mentioned applications, we were aware that there is a danger of damaging
interfering primaries by using adaptive subtraction. Incorporating a more realistic

3D point source can improve the effectiveness of internal multiple prediction.

This chapter presents how to incorporate a 3D point source in the ISS internal
multiple attenuation to develop a more realistic algorithm for a 1D/2D subsurface.
And the significance of including a 3D source in the algorithm is numerically evalu-
ated by synthetic 3D point source data. Moreover, the impact of an unsatisfactory
free-surface removed result to the internal multiple prediction is exemplified and

analyzed by numerical tests.
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3.2 Review of complete 2D and 3D ISS internal

multiple attenuation algorithms

The ISS internal multiple attenuator was originally proposed by Aratjo et al. (1994)
and Weglein et al. (1997), which provides multi-dimensional approaches for 1D,
2D and 3D world. The preparation of the 3D ISS internal multiple prediction
starts from data D(xg,y,, €4, Ts, Ys, €s; W), Where (x,4,y,,€,) and (xs,ys, €5) are the
receiver- and source-location, respectively. For the fixed depth of sources and re-
ceivers (omit €g,€,), the by term is defined by the data in wavenumber-frequency

—

domain as bl(k‘ ks, qg + qs) = —2iqs - D(kg, ky;w), where the vertical wavenumber is

—

¢ = sgn(w)\/(w/co)2 — k2 —k2,i€{g,s} and ky = (kagr ky,), ks = (Kay, ky,). The
b1 term can be Fourier transformed to the depth domain as bl(Eg, l;s; z), and corre-
sponds to an un-collapsed Stolt migration. The ISS internal multiple attenuation

algorithm in 3D is

bgD(kxg: ky97 kxsa kys? W)

1 ' '
dky, dky, dk,, dk 26_“11(59—65)6“12(69—65)
) y1 hvy

/ dzlbl kxg’ kyg’ kxl? kyla Zl)ei(qg+ql)Z1

z1—€
/ dZle kﬂﬂlv ]{}yl’ kI27 kyw 22) i(q1+q2)22

X / A23b1 (K Ky s Ky oy 20) € (2007 (3.1)
zo+€

where the ¢; = sgn(w)\/(w/cg)2 — k2 —kZ,i€{g,1,2,5}, and b3” is a 3D internal

multiple attenuator in the wavenumber-frequency domain. The 3D algorithm in
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equation (3.1) assumes that the acquisition applies 3D sources and 3D receivers for
a 3D subsurface. Inverse Fourier transforming b3” (k,,, ky,, ks, ky,;w)/(—2igs) can
produce the space-time domain attenuator. This attenuator predicts accurate time
and approximate amplitude of all internal multiples at once. In addition, (b; +

b3P) /(—2iqs) is the internal multiple removed 3D data when it returns to the space-

time domain.

Similarly, a set of 2D data D(xz,,xs;t) can be transformed into wavenumber-
frequency domain as D(ky, ks;w), which defines the 2D by (k,, ks, g, + ¢5) = —2igs -

D(kg, ks;w). And then the 2D ISS internal multiple attenuation algorithm is

05" (g, bisi w)

1 ' |
= (92 dkydk —iq1(eg—es) Liqa(€g—e€s)
(27?)2// 1dkqe e
+oo |
X/ d21b, (g, ky; 2 )etdota)=

o0

z1—€
X / dZle (]{1, kQ, 22>672(q1+q2)22

—0o0

+oo
X / dz3by (Ko, ks; zz)ei(q”qs)%, (3.2)

2te
where the vertical wavenumber is ¢; = sgn(w)+/(w/co)? — k2, i € {g,1,2, s}, b1(ky, ks; 2)
is an un-collapsed Stolt migration of a 2D data (transform by(ky, ks, ¢, + ¢s) back
to depth domain) , and b3P(k,, ks;w) is a 2D internal multiple attenuator in the
wavenumber-frequency domain. The 2D attenuator in the space-time domain can be
obtained by inverse Fourier transforming b3” (ky, ks; w)/(—2igs). In contrast to the
3D case, algorithm in equation (3.2) assumes the acquisition corresponding to 2D

line sources and 2D line receivers for a 2D subsurface.
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3.3 Incorporating a 3D point source in ISS IMA

for a 1D subsurface

In this section, the 3D inverse scattering series (ISS) internal multiple attenuation al-
gorithm is modified for a one-dimensional subsurface to incorporate a 3D point source
in multiple predictions, for improved realism and effectiveness. The new algorithm,
which assumes the earth is only varying in the z-direction (1D subsurface/earth, rea-
sonable in many circumstances in Central North sea (Duquet et al., 2013), on-shore
Canada, and the Middle East), represents more than a small increase in effectiveness
of predicting the shape and amplitude of multiples, compared to a frequently em-
ployed 1.5D ISS internal multiple attenuator (assuming a 2D line source and a 1D
earth). The difference of internal multiple prediction/removal assuming a 3D point
source versus a 2D line source is exemplified by testing on a 3D point source data

coming from a 1D subsurface.

3.3.1 Theory

In the following sections, both the 3D and 2D internal multiple attenuation algo-
rithms are reduced for the data coming from a 1D subsurface, where in the 3D case
the source is a localized point source and in the 2D case the source is a line source.
For convenience, the superscript 1DFE represents the 1D earth assumption for dif-
ferent sources (For example, 2D line source 1D earth: 2D1DFE; 3D point source 1D

earth: 3D1DE).
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3.3.1.1 Frequently used 2D line source/1D subsurface ISS IMA algo-

rithm

In developing the algorithm for a 1D earth pre-stack data, it was natural that people
started with the 2D ISS internal multiple attenuation algorithm and then reduced
it for a 1D subsurface data. The data that occurs in the 2D earth can be presented
as D(x,, xs;w) or D(x,, Ty, w) in space-frequency domain, where z,, = z, + =5 and

D2D1DE(

xp = x4 — xs. The data from a 1D earth, shown as xp;w), only depends

on the source-receiver offset () and the frequency (w). The Fourier transform over

the 2D data for a 1D earth, which is needed for the algorithm, can be shown as,

D(ky, ks;w) = // ekos o= iksrs DIDIDE (00, - )y d

— %/eikhthQDlDE(fEh;W)dl’h/eikmxmdflﬁm

= D*PYPE (k- w)(27) - 0(k, — k), (3.3)

kg +ks kg —ks .
% and k,, = ===. The data is independent of z,, and can come out

where k;, = 5

of the integral. Consequently, the Fourier transform integral over x,, can produce a
Dirac delta function in k,,. by is defined as by (kg, ks, ¢4 + q5) = —2iq; - D(ky, ks; w).

The un-collapsed Stolt migration b, can be expressed by p2P1PE

as,

by (kg ks; 2) = b1PPE (ks 2)(27) - 0 (K, — k). (3.4)

By applying this 1D earth b; to the equation (3.2), the lateral integrals ( [ [ dkidks)

can be evaluated by the Dirac delta functions. Then equation (3.2) produces the
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reduced 1.5D internal multiple attenuator as,

bngDE (klu W) —

—+o00 21—€
/ dzlb%DlDE(k,h; Zl)eZZqzl / dZQb%DlDE(]Ch; 22)6722(122

o0 —00

+o0
X / dzsb?PIPE (L, 25)e™9% (3.5)
zo+€

where k), = k, = k, (evaluating by the Dirac delta functions) and ¢ = sgn(w)+/(w/co)? — k3.
Prediction D3 in the space domain can be obtained by an inverse Fourier transform

as,

1 . ikpx
DngDE<l,h;w) _ %/ §D1DE(kh;w)/(—22q5)e knh k. . (3.6)

The process following equation (3.5) and (3.6) provides the ISS internal multiple

attenuation algorithm assuming a 2D line source for a 1D subsurface.

3.3.1.2 Reduced 3D point source/1D subsurface ISS IMA algorithm

The 3D data generated by a 1D earth only depends on the source-receiver offset
and the frequency, which has a spatial circular symmetry in cylindrical coordinates
(independence of azimuth angle). This symmetry makes it convenient to study
the 1D earth problem with cylindrical coordinates. The 3D vectors (z,y,z) and
(ky, ky, k-) in Cartesian coordinates can be transformed to (1, 0;, z;) and (kyi, @i, kzi),
i € {g,1,2,s}, in cylindrical coordinates, which is characterized by a radial length,

an azimuth angle and a vertical position.

D3D1DE

The dependence of 3D data for a 1D earth can be expressed as (|rg—7sl;w)

or D3PYPE(p,-w) where the r, and 7, are the projection of receiver and source
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locations on x —y plane, respectively. By defining 7}, = r; — 75, 3, is the magnitude of
the difference between 7, and 7. Due to the cylindrical symmetry, the 3D source/1D

subsurface data can be transformed to (k,;;w) domain as,

- O(krg = krs)0(¢g = bs)

D(ky, k;w) = D3PPE (k- w)(27)? - , (3.7)
rg
where k,;, = k4. The receivers are required along the r-direction as D?*PYPE (ry: w),
because
D3D1DE(kTh;w) _ 27r/ DngDE(Th;W)Jo(krhrh>rhdrh' (3.8)
0

The 3D source data in (k,;;w) domain (equation (3.7)) contain the Dirac delta func-
tions in cylindrical coordinates, which is equivalent to d(k,y — kus)0(kyy — kys) in

Cartesian coordinates. Preparing input b; uses,

5(krg - krs)6(¢g B gbs)
k' 7

9

—

b (ky, ky; 2) = B3PYPE (ks 2)(2m)?

(3.9)

which is a 3D un-collapsed Stolt migration with water-speed. Substitute formula
(3.9) into the full 3D ISS internal multiple attenuation algorithm in equation (3.1)

with arranging the integral variable from dk,dk, to k,dk,d¢ as,

bgD—lDE . 5(krg — kr8)5(¢g — ¢s)

Erg
[e) 27 0o 21
:/ k’rldkrl/ d¢1/ kTQdkTQ/ d¢2
0 0 0 0

+o0 B i P ) ko — ky, 1) (b — (b
X/oo dzy b7 PP (Kpg; 2y )€/t (krg llczg( o = ¢
z21—¢€ _ B
X/ dZQbfliD—lDE(krl;22>6—i(q1+q2)225(krl krz)(S(QSl ¢2)
> rl
[ oo A Rl =) g
T2 k . .
z2te€ 2

43



3D point source ISS internal multiple attenuation algorithm

The lateral integrals [[[[ k,1dk.1d¢ikodk,odps can be evaluated due to the Dirac

delta functions in equation (3.7). The reduced form of the 3D algorithm is

bngDE(krh; w) —

—+o00 21—€
3DIDE (], . i2q2 3D1DE , —i2qz
/ dz1by (Kpp; 21)e™ 1/ dzoby (Kpp; 29)e 2972

[e.9] —00

+oo
x/ dzgb3PIPF (s 25) €97 (3.11)

a+e
where k., = k,; = ks (evaluated by Dirac delta functions), vertical wavenumber
q = sgn(w)y/(w/co)?> — k% and €, = €. Equation (3.11) has the same form as
the 1.5D internal multiple attenuator (equation (3.5)) in the wavenumber-frequency
domain, which indicates that the prediction kernel does not change in different source

dimension assumptions.

b3PIPE (ks w) needs to be transformed back to the space domain by an inverse

Hankel transform (derived from two dimension Fourier transform due to the indepen-
dence of the azimuth angle), instead of an inverse Fourier transform. The internal

multiple prediction D3PYPE(r;:w) can be obtained by using,

1 BIDIDE (J;
D3PIPE(py - ) = %/0 Jo(kpy = 11) = —Q(iqh w)krhdk‘rh- (3.12)

In a specified acquisition geometry that sources and receivers are on the same
streamer in 3D survey, we can make r along any angle in x-y plane, including r = .
The equation (3.11) combining with equation (3.8) and (3.12) forms the ISS internal

multiple attenuator assuming a 3D point source for 1D subsurface.
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3.3.2 Numerical tests

O
12m Source *
Data w/o ghost, direct wave, free-surface multiple
32N Cable ccecccccccccccccccccccccscsccssssccscsscscasssscsscssssscssssssscssccs
3
v=1500m/s,p=1g/cm
300m
3
v=2750m/s,p=15g/cm
500m

v=>5000m/s,p=40g/cm’

Figure 3.1: Two-reflector model with velocity-density variation for generating syn-
thetic data. The depths of source, receivers and reflector locations are noted. Re-

ceiver internal is 4m.

To show the significance of matching the source dimension in ISS internal multiple
attenuation algorithm and actual data, a two-reflector model (figure 3.1) is designed
to synthesize 3D point source data (figure 3.2), without direct wave, ghost and free-
surface multiple. The forward modeling employs reflectivity method with a limited
bandwidth. The data contains primaries, internal multiples in different orders. In
this test, only the first-order internal multiple is the target, which is supposed to be

attenuated in principle.
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Trace Number
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Figure 3.2: Synthetic 3D point source data for evaluating the difference between ISS

internal multiple attenuation assuming a 3D point source and a 2D line source.

The ISS internal multiple prediction results with different assumptions of source
dimension are presented in figure 3.3. Both results are able to predict internal mul-
tiple events, but the effectiveness in these two results are different. The 3D point
source internal multiple prediction (figure 3.3 (a)) provides the accurate time and
approximate amplitude of internal multiples, which delivers the promise of ISS inter-
nal multiple attenuation algorithm. However, the 2D line source prediction (figure
3.3 (b)) produces a much less effective result due to the mismatch of source dimen-

sion. To make the 2D line source prediction be visible, the plot of figure 3.3 (b)
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applies a significantly small color scale (10* ~ 10° times smaller than data), which
indicates that the amplitude difference is even greater than the amplitude difference
a mismatched free-surface multiple prediction can produce (chapter 2). The differ-
ence between the color scale of 3D point source and 2D line source prediction is

highlighted by red boxes in figure 3.3.

To further study the difference, the trace at 200m offset is extracted from input
3D point source data, 2D line source and 3D point source ISS internal multiple
prediction. The comparison of these traces is shown in top part of figure 3.4. The
first-order internal multiple event in data is an isolated event (at 0.68s). By tracking
this event, the 3D point source prediction (solid red line) provides accurate phase
and approximate amplitude of this event. The approximate amplitude is still in the
same scale of input data, which allows the internal multiple attenuation through a
simple subtraction between figure 3.2 and figure 3.3 (a). The shot gather after this
subtraction is shown in figure 3.5 (a), in which the energy of internal multiples is

effectively suppressed.
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Figure 3.3: ISS internal multiple prediction results assuming (a) a 3D point source

versus (b) a 2D line source.

The 2D line source prediction (dash-dot blue line in figure 3.4) shows a flat line
because of the less effective prediction. A visible trace of 2D line source prediction
(dash-dot blue line) is replotted at the bottom of figure 3.4 with a new scale (—4 ~ 8x
10719). In other words, the internal multiples predicted by 2D line source algorithm
is about 10* ~ 10° times smaller than actual 3D point source internal multiples
in amplitude. The deviation of phase is not observed in 2D line source internal
multiple prediction, which will be discussed in next subsection. Subtracting this
prediction from the 3D point source data cannot help the removal or attenuation of

internal multiples in data. Figure 3.5 (b) gives the result after subtracting the 2D line
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source internal multiple prediction from 3D point source data, there is few change of
internal multiple energy, especially compared to the 3D point source internal multiple

attenuated result in figure 3.5 (a).

—— IM prediction assuming 3D source

I
—— 3D source data
------ IM prediction assuming 2D source

Amplitude
o -

)
)

Time (s)

[
........ IM prediction assuming 2D source

Amplitude
N

°

06
Time (s)

Figure 3.4: Top figure shows trace comparison at 200m offset of input 3D point
source data (solid black line), ISS internal multiple predictions assuming a 3D point
source (solid red line) and a 2D line source (dash blue line). Bottom figure replots

the 2D line source prediction in top figure with a different scale.
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Figure 3.5: ISS internal multiple attenuated results assuming (a) a 3D point source

versus (b) a 2D line source.

3.3.3 Analysis

ISS prediction
D(r},t) === b;(K;,2) === b3(k}, ®) === D;(ry, t)

Ass.ummg Fourier transform Inverse Fourier transform
a 2D line source
Assumin
. 8 Hankel transform Inverse Hankel transform
a 3D point source

Figure 3.6: The essential difference between ISS internal multiple attenuation algo-

rithm assuming a 2D line source and a 3D point source in calculation.
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Figure 3.6 illustrates the essential difference of how to implement 2D line source and
3D point source ISS internal multiple prediction algorithms; in order to analyze the
numerical results of internal multiple predictions shown in section 3.3.2. Similar to
free-surface prediction, the differences between 2D line source and 3D point source
internal multiple predictions are how to prepare input data in the wavenumber do-
main and how to transform the output back to the space domain. 2D line source
requests a forward and inverse Fourier transform. Instead, 3D point source algorithm
needs a forward and inverse Hankel transform. Internal multiple prediction utilizes
transformed data to prepare by, which is a water-speed migration as input. Also,
this algorithm applies transform on b3 to output internal multiple prediction in the
space domain. Meanwhile, the ISS internal multiple prediction kernel does not need

to be altered.

The difference between a Fourier transform and an asymptotic Hankel transform
can be shown by two classes of factors, which are discussed with details in section

2.5. One is a e~", which produces a phase change of data. The other one is the

27Ty,

ot which affects the amplitude of input and output. Reversely, input

factor
of 2D line source carries one more phase factor ¢'7 and one more amplitude factor
2’%. Particularly, the amplitude in 2D line source input is ,/Qk% times of 3D

h TTh

point source input, which can be estimated as a number < 1 with typical sampling

parameters.

ISS internal multiple multiple prediction algorithm is extracted/selected from
the third-order term in inverse scattering series. In the first-order internal multiple

prediction bs(kp;w), prediction demands the cubic multiplication of migrated data

ol



3D point source ISS internal multiple attenuation algorithm

by (kp; z). Fortunately, by (ky; z) is linear to data. With three migrated by (ky; z)s as
input, the prediction algorithm adds the phase from two outer b (kj,; 2)s and subtracts
the phase from middle by (ky,; z). If the algorithm assumes a 2D line source, the phase
factor is canceled out once by adding and subtracting by (ky; z). Only one €' left in
bs(kp;w). Also, the prediction algorithm multiplies the amplitude in each by, that
is to say, the amplitude factor is multiplied by three times. Consequently, bs(kp;w)

with a 2D line source assumption carries a factor (k,,/(277,))*? on amplitude.

When transforming 2D line source internal multiple predictions into the space
domain, the difference of inverse transforms makes up one factor in a reverse way
of forward transforms. In all, if a 2D line source is assumed in algorithm, there is
no phase change in the final internal multiple prediction in the space-time domain,
but the amplitude of predicted internal multiples can be altered by extremely small
factor k,.,/(27ry). That is the reason why mismatching the source dimensions in
data and ISS internal multiple attenuation can produce a significantly less effective

result, especially for the prediction of amplitude.
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3.4 Negative consequence of mismatching the source
dimension in ISS FSME to the ISS internal

multiple attenuation

This section aims to examine the consequence of mismatching the source dimension
in free-surface multiple removal to the subsequent internal multiple prediction. Com-
pletely removing free-surface multiples in data is a prerequisite of the ISS internal
multiple prediction. For 3D point source data coming from a 1D subsurface, the ef-
fective free-surface removal assuming a 3D point source can be obtained by applying
equation (2.22) and (2.24) in section 2.3.2. However, a 1.5D free-surface multiple re-
moval for 3D source data leads to serious free-surface multiple residues in data, which
becomes sub-events in b;. The influence of these free-surface multiple residues in a

3D point source internal multiple prediction is illustrated by a numerical example.

3.4.1 Numercial tests

This test is performed on the data that is generated by a 3D point source and a
density-variable model (figure 3.7) using a reflectivity method. The original data in
figure 3.8 contain two primaries, three free-surface multiples and one internal multi-
ple. Since the data contains both first-order and second-order free-surface multiples,
the second-order ISS FSME algorithm will be applied to eliminate the free-surface

multiples in the original data.
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FS =2 MS
30m— v=1500m/s,
p=1g/cm3

40m | v=1500m/s,
p=2.5g/cm3

v=1500m/s,
p=8.5g/cm3

Figure 3.7: The synthetic model for numerical test.

Figure 3.9 (a) presents the free-surface multiple removed result assuming a 3D
point source, which matches the source dimension in the synthetic data. Incorpo-
rating the 3D source can provide both the accurate time and amplitude for this
3D point source dataset. Therefore, all the free-surface multiples can be completely
removed. The result shown in figure 3.9 (a) produces the satisfactory prerequisite
of subsequent ISS internal multiple attenuation algorithm. Continued ISS internal
multiple attenuation prediction has been shown in the right panel of figure 3.9 (b).
The yellow arrow is pointed to the predicted internal multiple event. The internal
multiple attenuation prediction works well as an attenuator, which provides accurate

time and approximate amplitude of the internal multiple event.
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Figure 3.8: The synthetic data generated by the model in figure 3.7 for numerical

test.

However, applying a frequently used 2D line source FSME algorithm on a 3D
point source data can make the prediction far from effective. The free-surface mul-
tiple removed result assuming a 2D line source has been shown in figure 3.10 (a).
Compared to the original data shown in figure 3.8, the free-surface multiple residues
present in the result after free-surface multiple removal. If the residues of free-surface
multiples exist in the input of subsequent ISS internal multiple attenuation, several

artifacts will occur in the internal multiple prediction. Figure 3.10 (b) shows the
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source-dimension-mismatched FSME prediction in the left panel and the internal
multiple prediction using the left panel result as input in the right panel. The ar-
tifacts (right panel of figure 3.10 (b)) can be cataloged as (1) false events (pointed
by green arrows), (2) events sitting on the free-surface multiple residues (pointed by
blue arrows), and (3) events sitting on the internal multiple prediction (pointed by

yellow arrow).

Trace Number Trace Number
200 400 600

0.05

Time (s)
Time (s)

0.10

0.15

(b)

Figure 3.9: (a) ISS free-surface multiple removal result assuming a 3D point source
and (b) comparison between 3D point source FSME result (left panel) and continued
3D point source ISS internal multiple attenuation prediction (right panel) using the

result in (a) as input. Yellow arrow: internal multiple prediction.
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Figure 3.10: (a) ISS free-surface multiple removal result assuming a 2D line source
and (b) comparison between 2d line source FSME result (left panel) and continued
3D point source ISS internal multiple attenuation prediction (right panel) using the
result in (a) as input. Green arrow: false events; Blue arrow: events sitting on the

FSM residues; Yellow arrow: events sitting on the internal multiple prediction.

3.4.2 Analysis

The causes of different artifacts are presented in figure 3.11, 3.12 and 3.13 with ray-
path plots. The internal multiple attenuation algorithm selects events, which satisfy
the lower-higher-lower relation in vertical time in input b;. Summing over the time

in two outer b; (denoted with blue font) and then subtracting the time in middle b,
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(denoted with red font) can produce the phase of the events in prediction.
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Figure 3.11: The analysis of the false events generated by ISS internal multiple

prediction using the input that contains free-surface multiple residues.

Figure 3.11 shows the origin of the false events that do not exist in the original
data. Generally, false events can occur when the outer bys contribute a large time

primary and the middle b; contributes a earlier free-surface multiple event.
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Figure 3.12: The analysis of the events sitting on the free-surface multiple residues

generated by ISS internal multiple prediction using the input that contains free-

surface multiple residues.
Figure 3.12 presents the second artifact, which can sit on the free-surface multiple

residues. In figure 3.12, this kind of artifact can make the free-surface multiples

residues worse after subtracting the right panel from left panel.
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Figure 3.13: The analysis of the events sitting on the internal multiple prediction
generated by ISS internal multiple prediction using the input that contains free-

surface multiple residues.

The third kind of artifact, sitting on the internal multiple prediction as shown in
figure 3.13, has the possibility to destroy the internal multiple prediction. The way
to predict the internal multiple shown by the ray-path in figure 3.13 is not supposed
to happen in principle. Nevertheless, if the input data contain free-surface multiple
residues, this combination (which produces the same phase as actual internal multi-
ple) can happen and it can enlarge the amplitude of the internal multiple prediction.
In this case, the attenuation of internal multiples can fail when the amplitude of

prediction is over the amplitude of the original actual internal multiple.
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3.5 Incorporating a 3D point source in ISS IMA

for a 2D subsurface

In this section, ISS internal multiple attenuation algorithm for a 3D point source and
a 3D subsurface is modified /reduced for the data coming from a 2D subsurface. The
modified 3D ISS internal multiple algorithm for a 2D subsurface presents the same
data requirement and computational cost as a 2D ISS internal multiple attenuation
algorithm demands (assuming a 2D line source and a 2D subsurface). Unlike the 2D
source/2D earth algorithm, the modified /reduced algorithm preserves the effective-
ness of predicting the amplitude and the shape of internal multiples for 3D point
source data coming from a 2D subsurface. The similar discussions are named as
2.5D problems in history (Deregowski and Brown, 1983; Bleistein, 1986). The 2.5D
problems have been presented and discussed by various authors in different contexts,
including forward modeling (Deregowski and Brown, 1983; Liner, 1991; Williamson
and Pratt, 1995; Miksat et al., 2008), migration (Esmersoy and Oristaglio, 1988) and
inversion (Clayton and Stolt, 1981; Stolt and Benson, 1986; Bleistein, 1987). Differ-
ent from the mentioned projects, this section focuses on a 2.5D ISS internal multiple

attenuation algorithm which can be reduced from a complete 3D algorithm.
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3.5.1 Theory

The following sections will discuss the reduced 3D algorithm for the data from a 2D
subsurface. For convenience, the superscript 2D FE represents the 2D earth assump-
tion for different sources (for example, 3D point source 2D earth: 3D2DE). The
derivation starts from a complete 3D internal multiple attenuation algorithm, which

is shown in equation (3.1).

3.5.1.1 Reduce the source-side data requirement by applying cross-line

symmetry

3D data can be rearranged from D(z,, yg, Ts, Ys; t) to D(xy, Ts, Yn, Ym; t), where yp, =
yy—Ys (offset along y-direction) and y,, = y,+vys (double the midpoint location along
y-direction). Assuming the earth property is invariant along the y direction, then the
dependence of data can be reduced from D(z, Ts, Yn, Ym;t) to D3P?2PE(z  xg yp;t),
which is independent of y,,,. The Fourier transform over the 3D source/2D subsurface

data, which is needed for the algorithm, can be shown as,

D<kxga kyga kxsa kys ) w)

— // dzyda // dygdysei(kzgxf’*kygyg)e_i(k“x”kysys)/dtei“tD‘gDQDE(xg,xs,yh,t)

1
=3 / et DPDDE (fe, ke yns w)dyn / ¢homim dy,,
= D*P2PE (L, Ky Ky, s w) (2m)8 (ky, — Ky, ), (3.13)
where k,, = % and k,, = @ The data is independent of y,, and can

come out of the integral. Consequently, the Fourier transform integral over v, can
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produce a Dirac delta function in k,,,. b; is defined as by (ks , ka,, by, , Ky, g +4s) =
—2iqsD(ky,, ko, by, , Ky, ;w). The un-collapsed Stolt migration b; can be expressed

as,

bl(kacga kyg7 kx37 kys; QQ + QS> - _2iqu(k$g7 kyg: kx37 k:ys;w)
- _2iq5D3D2DE(kCEg7 klifs’ kyh; w)(2ﬂ-)6<k‘yg o kys>

= b?DQDE<k$g7 kﬂfs’ kyh; qg + qs)(zlrr)é(kyg - kys)7 (314>

where ¢; = sgn(w)\/ (w/co)? — k2, — k2,. The symmetry factor in equation 3.14 is
independent of k., = ¢, + ¢s. In the following step, b; needs to be transformed back

to depth domain:
BP2PE (ke Ky kyys g 2) = B3P2PE (ke Koy, 2) (27) 8y, — Ky, (3.15)

which is an un-collapsed Stolt migration. When the structure from 2D earth sym-
metry in equation (3.14) is applied into current 3D ISS internal multiple attenuation

algorithm in equation (3.1), the algorithm becomes,

bgDQDE(kIg7 kIs? kyg ) w)d(k;yg - kys)

1 o o0
= Gy / dby, dky, / / dky,dk,,

+
X / A1 b2 PE (K ks oy, 20) €T A5 (ke — Ky )

- / S Y 22)€7i(q1+q2)Z25(ky1 — ky,)

“+00
X / dz3b3P2PE (B Koy Koy, 23) e 2T (R — | ). (3.16)
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The lateral integrals [[ dk,,dk,, can be evaluated due to the Dirac delta functions

and then the algorithm can be reduced to,

b3D2DE(k'xg7 kl’s 9 kyh7 w)

+00
) dkxl dkxg / lebgDQDE(kxg, kwu k!/h? Zl) i(qg+q1)z1
z1—€ A
/ dZZb:I)DQDE(k:xl ’ kz27 kyha 22)6—z(q1+q2)z2

/ dz3b3P?PE (K Ko Ky, s 23) €027 0023 (3.17)
zo+€

where k,, = k,, = k,, (evaluated by integrating over k,, on both sides), the vertical

wavenumber ¢; = sgn(w)\/ (w/co)? — k2, — k2 and ¢, = ¢, (receivers and sources are

located at the same depth).

In contrast to the complete 3D ISS internal multiple attenuator, which needs
an areal coverage of receivers for each shot gather and also areal coverage of source
locations, the reduced algorithm for a 2D subsurface requires an areal coverage of
receivers for each pre-stack shot gather and also multiple sources along the inline

direction (x-direction here).

3.5.1.2 Reduce the receiver-side data requirement using the stationary-

phase approximation

People choose the 2D algorithm (which assumes a 2D line source) to process 3D
data due to missing crossline data and efficiency. The line recording acquisition
(multiple shot gathers along the inline direction) does not provide enough information

to predict the internal multiple in a 3D algorithm. Even though we assume the earth
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varies only in (z, z), the areal coverage of receivers for each source and all the sources
on one inline direction are required in equation (3.17), which shows &, =k, = k.

That is because the algorithm is initially derived and calculated in the (k,,, ky,;w)
domain. To obtain each k,, (or k,,, k,,), the Fourier transform needs all receivers
on the measurement surface. If the acquisitions are restricted to the central plane
(yn = 0 in this report) assuming a 3D point source, the asymptotic method will
be applied to evaluate the summation of the wavenumber spectra only from the

contribution of k,, = 0. The physics behind this approximation can be interpreted

as no out-of-plane wave arrivals in the 2.5D data.

The uncollapsed Stolt migration b3P2P#(k, k., ky,; z) is related to the data,

1 .
D720 (b K Ky 2) = o / (=2iqs) D(ks,, ks, by w)e™ @92k, (3.18)

where k, = ¢, + ¢s and ¢; = sgn(w)\/ (w/co)? — k2, — k2,. The acquisition along
yn = 0 can provide only D(k,,, ks, ,yn = 0;w). Rearrage the Fourier transform

shown in equation (3.18) as,

1
—21q,

D(ky,, ks, by w) = / VIP2PE (K, Ky, oy, 2)€ 001902, (3.19)

To fix the y-offset at y;, = 0, the £,, needs to be inverse Fourier transformed back to

the spatial domain as,

1 1 . ,
Dk koo yniw) = o / / %bi’mw (Kags Ky Ky, 2)e/ 002 Hnin dzdk,,
(3.20)

The integration does not have a closed form solution, however, it involves all wavenum-

ber along the y-direction. Using the stationary phase approximation with respect to
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k,,, the integral /summation over all the k,, spectrum can be replaced by the single
contribution at l%yh = 0 for y, = 0 (shown in appendix D), where the l%yh represents
the stationary point. Setting y;, = 0 in equation (3.20) and applying the asymptotic

approximation of integral [ dk,, gives

e [ 1 g, o
D ka: km =0: ~ gs b3D2DE km kz ko =0 z(qg—l-qs)zd
( g s Yh ’w) /_27/qu 27TZqu+(js 1 ( g7 s) "VYn 7Z)€ 2,

(3.21)

where §; = sgn(w)\/(w/co)? — k2. A hat sign represents a variable that can be

evaluated at a stationary point. Rearrange the formula to calculate the uncollapsed

Stolt migration at k,, = 0 as,

1 11 (Gobie)o A
BP2PE (ky kg ki = 0,2) & 2z~ /(—Zz‘cjs) — + =Dk, kay, yn = 0;w)e” W),
T el qs

(3.22)

where k., = g, + g, and G = sgn(w)/(w/co)? — k2. Recall the formula in (3.17),
which is reduced by crossline (y-direction) symmetry. If the wavenumber k,, is set

to be zero, the equation turns to be,

bgDQDEU{:xga k:(:Sa kyh = 0; w)

1 o0 o0
= )2 /oo dk, /OO dk,

+00
X / Az b3P?PF (g, s kg, s by, = 0, 2 )etldsta)=

o0

Z1—€
3D2DE o —i(G1+d2)z
x/ dzob? (K Koy, oy = 0, 29)e (01 F82)22
— 00

“+00
X / dzsb3P PP (ks Ky Ky, = 0, 25) et (@27 0028 (3.23)
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where 03P2PF (k, |k, ky, = 0,z) can be calculated by equation (3.22). The internal

multiple prediction result can be expressed by b37?PF(k, , k., ky,;w) as,

D3D2DE< b3D2DE kyh’ CU) —tky;, Yn *iwtdk d 3.24
3 <y Y 1) 27T i e e un AW, (3.24)

where ¢; = sgn(w)\/ (w/co)? — k2, — k2, , D3 is the internal multiple prediction in the
(kzys by, yn, t) domain, and kg, k,, are omitted for convenience. Applying the same

stationary phase approximation strategy with respect to k,, (appendix E),

b3D2DE k k k =0 ) )
D3D2DE km k$ / —iw Tgr Vs ) fzwtd
(g, Ko yn = ~on 2mtcl —2iqs “

(3.25)

where ¢; = sgn(w)+/(w/co)? — k2. The complete procedure of the ISS internal mul-
tiple attenuation algorithm finishes at the prediction D3P?P¥ in the (xy, xs, yn,t)

domain, which can be approximated by equation (3.25).

For a 2D subsurface, a 3D point source can be accommodated in ISS internal
multiple attenuation by reducing a complete 3D algorithm. By applying an asymp-
totic approximation, the reduced algorithm only requires multiple shot gathers in the
inline direction (x-direction), where sources and receivers are located at the y, = 0
plane. This input requirement is the same as a 2D line source ISS internal multiple
attenuator (equation (3.2)). Differences occur in the transforms of input and out-
put. After incorporating a 3D point source, the transforms of input (equation (3.22))
and output (equation (3.25)) contain several correction factors, compared to Fourier
transforms used by a 2D algorithm. The corrections have to be added to preserve

the 3D point source assumption. The next section will discuss what is the relation
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between the derived formulas in this section and a conventional filter used in 2.5D

problem.

3.5.2 Analysis

The y, = 0 to ky, = 0 conversion filters (also understood as point-source to line-
source conversion filters) have been presented by various authors in different contexts
(Deregowski and Brown, 1983; Bleistein, 1986; Williamson and Pratt, 1995; Miksat
et al., 2008). The simplest case is the difference between 2D and 3D Green’s func-
tions in a homogeneous acoustic medium. The frequency-domain solution (Fourier
transformed Green’s function) to the acoustic wave equation assuming a 3D point
source can be expressed as (Aki and Richards, 2002)

1 iwr
G*P(r;w) = yrmCill (3.26)
o

where w is the angular frequency, r = /22 + y2 4+ 22 and ¢, is the acoustic wave
speed. The 2D frequency-domain Green’s function solution for an acoustic homoge-
neous full space is given by Abramowitz and Stegun (1965):

1 wr’

G (') = Hg(

1 o ), (3.27)
where Hél) is the Hankel function of the first kind and zeroth order and 7’ is the dis-
tance between source and receiver in 2D (r' = \/m) Using the large argument
approximation of the Hankel function (Morse and Feshbach, 1953), one obtains the

asymptotic 2D acoustic Green’s function

. /
Co__ itz +D)

G*P(r'; w) = (3.28)

87|w|r’
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If we let y;, = 0 in equation (3.26), r reduces to ' = \/a% + z7. A simple derivation of
the filter function is based on forming the ratio of the acoustic 3D and the asymptotic

2D Green’s function as,

1270
|wl|

where o = ¢gr’ for an acoustic homogeneous medium. For a general heterogeneous

G*P(r'sw) = 6P () (3.29)

medium, o is given as the line integral of the velocity with respect to the arc length
s of a ray trajectory (Miksat et al., 2008), o = [ c¢(s)ds, where s is the arc length

defined in a ray tracing method.

The correction filter in equation (3.22) can be compared to the conventional filter
that transfers 3D source data to 2D line source data, which is in equation(3.29). The

difference is that formula (3.17) corrects the source dimension in the image domain,

instead of the temporal frequency domain (\/r ~ /z, \/ m ~ \/ ]é + qi|) In this
step, the correction filter /2 modifies the geometric spreading in wave propagation
from ~ 1 (3D) to ~ \/L; (2D) in the depth domain. Also, m adds a frequency
scale and a 7§ phase shift on the 3D data. The filter we obtained in equation (3.22)
is identical with the conversion filter from k,, = 0 (2D) to y, = 0 (one 3D plane) for

an acoustic homogeneous medium in equation (3.29).

For a 2D subsurface, the 3D ISS internal multiple attenuator can be reduced and
performed as shown in equation (3.22), (3.23) and (3.25). The successive steps can
be interpreted as three procedures. Firstly, the 3D point source data can be migrated
and corrected to a 2D line source uncollapsed migration result ((3.22)). The second

step applies the b;(k,, = 0;w) to a reduced 3D ISS internal multiple attenuator,
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where the wavenumber £,, has been set to be zero. In fact, the attenuator is degraded
to a 2D line source ISS internal multiple attenuator when k,, = 0, because no wave
propagation out of the y, = 0 plane provides a cylindrical wave front as in 2D
propagation. Finally, equation (3.25) produces the prediction result in the spatial-
time domain by inverse Fourier transforming the corrected bs(ky,;w)/(—2igs). The

correction turns to be a filter that transfers the prediction back to a 3D source data.

3.6 Summary

A reduced and modified 3D source ISS internal multiple attenuator has been proposed
for a 1D /2D subsurface, which enhances the realism of source dimension assumption.
Numerical tests and analysis on synthetic 3D source/1D subsurface data illustrate
that it is important to incorporate a more realistic source dimension in the ISS
internal multiple attenuation. Incorporating a 3D point source can always effectively
reduce the internal multiple. Using an internal multiple predictor that assumes a 2D
line source can make the prediction significantly less effective with extremely small
amplitude. That was an interesting and surprising result for the important role that
a 3D point source accommodation is for internal multiple prediction effectiveness.
Therefore, no matter the earth dimension is 1D, 2D or 3D, it is always essential to
incorporate a 3D point source in multiple prediction since the real source is close to

a localized 3D point source.

Furthermore, the subsequent ISS internal multiple prediction depends on the

success of free-surface multiple removal. The results show that using input data

70



3D point source ISS internal multiple attenuation algorithm

with free-surface multiple residues can produce significant artifacts in the subsequent
ISS internal multiple attenuation algorithm. Therefore, any step/prerequisite that
cannot be carried out effectively can lead to negative consequences for subsequent
processing. In this paper, we demonstrate that incorporating a 3D source in a 1D ISS
free-surface elimination algorithm is an important factor for predicting free-surface

multiples and on subsequent processing steps and objectives
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Chapter 4

An alternative ISS internal
multiple elimination algorithm for
the first-order internal multiples

generated by the ocean bottom

This chapter finds an alternative way to remove the attenuation factors. Instead of
extracting To,T19 from reflection data, those transmission factors can be found by
velocity analysis at ocean bottom for a typical marine case. For the internal multi-
ple having a downward reflection at ocean bottom, to directly provide Ty 719 only
requires knowledge of the model down to and across the ocean bottom, independent
of how deep and how many layers the first-order internal multiple travels through.

With that information, it turns the internal multiple problem into the free-surface

72



An alternative ISS internal multiple eliminator

multiple case.

4.1 Introduction

The ISS communicates that it can provide all seismic processing techniques, for ex-
ample, free-surface multiple removal and internal multiple removal, without any need
of the earth properties. Among those methods, the ISS internal multiple attenuation
algorithm (Araujo, 1994; Weglein et al., 1997) can predict the accurate time and ap-
proximate amplitude for all first-order internal multiples generated from all reflectors
at once. When the multiple to be removed is completely isolated from other events,
the energy minimization adaptive subtraction can work well as it fill the gap between
the prediction and the actual internal multiple plus, e.g., all pre-processing factors
that are outside the assumed physics of the subsurface and acquisition. However,
the primaries and multiples often interfere with each other in complex offshore and
onshore plays where energy minimization fails (e.g., destructively interfering events).
The reason is that the energy can increase after multiples are removed from inter-
fering /overlapping events, which is against the assumption of energy minimization
criteria. In order to remove internal multiples for these circumstances, ISS elimina-
tion algorithm is needed and eliminating the internal multiples without damaging

primary events becomes a challenging topic.

To address this challenging problem, Weglein (2014) proposed a three-pronged
strategy, which aims to develop (1) ISS prerequisites by reference wave field pre-

diction and data deghosting; (2) internal multiple elimination algorithm; (3) a new
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adaptive subtraction as a replacement for the energy minimization criteria. The

method developed in this chapter belongs to the second aspect in this strategy.

Developing the ISS internal multiple elimination algorithm continued to draw
high interest in processing history. To make the current internal multiple attenuator
towards an eliminator, Weglein and Matson (1998) systematically studied the ampli-
tude difference between predicted internal multiple (from the attenuation algorithm)
and the true internal multiples in the data. The difference is called attenuation
factor (which consists of extra transmission coefficients). An analytic example of
the ISS internal multiple attenuator (Weglein and Matson, 1998) demonstrated that
for a normal incident plane wave on a two reflector model the predicted first-order
internal multiple is Ty T times the amplitude of actual internal multiple, where
To1T1o are the transmission coefficients at the shallowest reflector. To produce an
internal multiple eliminator from the ISS would require a removal of the Ty, T7 factor
in terms of reflection data 1/(Tp:Th0) = 1/(1 — R?) = R + R} + ..., where R; is
the reflection coefficient at the shallowest reflector. That idea was first discussed in
Ramirez (2007) and progressed in Herrera and Weglein (2012). Zou and Weglein
(2014) and Zou et al. (2016) developed and advanced this idea into a comprehensive
algorithm for 1D and 2D case, respectively. Those algorithms remove the Ty 7T} in
terms of reflection data and shares the unique advantage of the current ISS internal

multiple attenuator — no need for subsurface information.

For a marine circumstance that has a salt bed, recent progress in seismic pro-
cessing can provide a well estimated velocity /density model for down to and across

the ocean bottom (but above the sub-salt body). For the internal multiple having
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a downward reflection at the ocean bottom, to directly provide Ty;717¢ only requires
knowledge of the model above and below the ocean bottom, independent of how
deep and how many layers the internal multiple travels through (figure 1, red box).
It turns the internal multiple problem into the free-surface multiple case — the veloc-
ity /density properties where the downward reflection occurs are known. With that
information and inspired by the development of the Stolt extended Claerbout III
migration, we utilize the known properties down to and across the ocean bottom in
migration (the first step in ISS internal multiple prediction algorithm) to compen-
sate the factor Ty T1o. In this case, the ISS internal multiple attenuator can be made

towards an eliminator.

This chapter will provide an alternative way to remove the Tg;T7o of first-order
internal multiple predictions generated at the ocean bottom by applying the Stolt
extended Claerbout IIT migration method, when the properties of the layer down to

and across the ocean bottom can be well known/estimated.
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4.2 The 1D ISS internal-multiple attenuation al-
gorithm and the idea of the ISS internal-multiple
eliminator for the first-order internal multiple

generated by the ocean bottom

The ISS internal multiple attenuation algorithm is pioneered by Aratijo (1994) and
Weglein et al. (1997), which is a multi-dimensional method for 1D, 2D and 3D cases.
The 1D normal incidence version of this algorithm has been presented as following,
+00 z1—e2 +00
bs(w) = / dzlemzlbl(zl)/ dzgezikZle(zg)/ dz3e?™® b (z3),  (4.1)
NS —o0 zoter
where z, = 2z, = 0, k = w/co, b1(2) is a constant velocity(cy) Stolt extended Claerbout
IIT migration of a 1D normal incidence plane wave data , b3(w) is the ISS internal
multiple attenuator, and ¢; is a positive number that avoids self-interactions. This
algorithm can predict the correct time and approximate amplitude of all first-order
internal multiple at once without any subsurface information. The amplitude dif-
ference between the predicted internal multiples (from attenuation algorithm) and
actual internal multiples is called attenuation factor (which consists of extra trans-

mission coefficients).
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Figure 4.1: An example of the attenuation factor Ty 7o of a first-order internal

multiple generated at the shallowest reflector.

Figure 4.1 shows the general ISS procedure of predicting a first-order internal
multiple generated at the shallowest reflector and why the prediction result is an
attenuator. The ISS internal multiple attenuation algorithm can automatically select
three primaries in the data to predict a first-order internal multiple. (The same
procedure happens for predicting higher-order internal multiples, which will not be
discussed in this chapter.) From this figure we can see, since every sub-event on the
left hand side experiences the phenomena making its way down to the earth then
back to the receiver, the prediction result carries an extra attenuation factor - Ty, T -
compared to the actual internal multiple in data. Removing this specific attenuation
factor can provide an ISS internal multiple eliminator for all the first-order internal
multiples generated by the shallowest reflector, independent of how deep and how

many layers the internal multiple travels through.
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This ISS internal multiple eliminator can untangle the interfering or proximal
primaries and first-order internal multiples, which is a challenging but common case
for the data coming from a sub-salt structure. For this specific problem, the pri-
maries that are reflected by salt bottom can be overlapped/interfered by the internal
multiples generated by the shallowest reflector. Fortunately, the subsurface prop-
erties above the salt body can be well estimated, which provides the potential to
develop the ISS internal multiple eliminator for the internal multiples generated by
shallowest reflector. The input of the algorithm b;(z) is a Stolt extended Claerbout
ITI migration. Instead of using a constant velocity model in migration, this chapter
applies the well estimated velocity model, which smoothly varies in depth direction,
in ISS internal multiple prediction to obtain b;(z). To preserve the actual amplitude

of sub-events in data, a 1D phase-shift migration (Gazdag, 1978) is used to produce

bl(Z)7

2 i [ ds — 1 _
bi(2) / dwe 2 H5 4 535 D () (4.2)

a 2me,(2)
, where z;, = z; = 0, ¢,(2) is the velocity depth-variable model. Data D(w) is a
plane wave in 1D normal incidence. By applying the relation between phase-shift
migration and de-migration, the ISS internal multiple attenuation algorithm under

a smooth depth variable model ¢,.(z) can be obtained as,

+o00 . z Z1—€2 . z
by(w) = / dzye™h! CTJZ')dZ/bl(Zl)/ dzye” 200" ﬁd%bl('zz)

o0 o0

+oo Lz ,
x/ dzge I S (2y), (4.3)

2+€1

where z, = 2, = 0, b3 is the ISS internal multiple attenuator.

The goal becomes to remove the attenuation factor Ty Th¢ from one of the outer
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b1(z)s in equation (3) by using the known velocity model below the ocean bottom
above a salt body (high-velocity layer). Weglein et al. (2011a,b); Liu and Weglein
(2014) pioneered the first wave-equation migration method — Claerbout III migra-
tion method, which can produce images that have the correct depth and amplitude
(reflection coefficient at correctly located target) with a discontinuous medium. The
To1T10 removed by(z) can be obtained by a Claerbout III migration. The partially
known ¢,(z) can be chosen as the reference medium in scattering theory. Taking one
step further, the ISS internal multiple eliminator under a depth-variable model ¢, (z)

for the first-order multiples generated by the ocean bottom is proposed as,

+oo . z 1 Z1—€2 . z 1
bs(w) = / d21€2wf°1 @ [51(21)]0111/ dzpe” Jo* “*(Z')dZ/bl(ZQ)

oo —00

+oo N ,
« / dzge? 0 Ty (), (4.4)

2+€1

where z;, = z; = 0, [b1(2)]crsr is a Claerbout III migration that removes the attenua-
tion factor Ty 710 and by (2) is a phase shift migration. Both [by(z)]crrr and by(2) are
migrated with the same velocity model ¢,.(z), so these two migration results provide

same migration results in terms of location.

4.3 1D Claerbout III migration with a WKBJ ap-

proximation

Liu and Weglein (2014) proposed the first wave equation migration method - Claer-
bout IIT migration, which is an equally effective migration for all frequencies. With

an accurate discontinuous medium, this method can produce images that have the
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correct depth and amplitude (that is, producing the reflection coefficient at the cor-
rectly located target) with primaries and internal multiples in data. This result can
compensate the attenuation factor as shown before in the input [b1(2)]c;;. However,

the properties of shallow reflectors are required to be well estimated or known.

Downward continuation Ask t=0

P(z,,2,,0) W — = ()

E(z,z,0) E(z,z,1)

Figure 4.2: A simplified workflow of Claerbout III migration.

The basic workflow of the Claerbout III migration has been shown in figure
4.2. The downward continuations for both source and receiver side are obtained by

applying the Green’s theorem wave-prediction.

4.3.1 Choosing a discontinuous medium

One choice is using the discontinuous medium as the reference medium (Liu and We-
glein, 2014). GPN(z, 2/, w) represents a Green’s function in a discontinuous medium
which satisfies the Dirichlet and Neumann boundary conditions. If b is set as the
deeper boundary location, GPN (2,2 = b,w) = 0 and OGEN (2, 2',w)/02|.—p = 0.

The receiver-side downward continuation can be shown as,

OGEN (2,2 w)

0z’

OP(Z,w
_ G§N<Z’Z/,W)%Hz':zg, (45)

P(z,z5,w) = {P(?,w)
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where z, is the receiver depth and z is the target depth. Using the P(z, z,,w) in

equation (5), the source-side downward continuation can be shown as,

OGEN (2,2, w)

Z/

E(z,z,w) = — + ik, GOV (2,2, w)P(z, 2 ,w)| =2, (4.6)

where zg is the source depth. Inverse Fourier transform E(z, z, w) to the time-domain
to ask the ¢ = 0 for imaging result by(z). The result b;(z) can be analytically

expressed as,
[61(2)]0111 :R15<Z—Zl)+R25(2—22>+..., (47)

where the R; is the reflection coefficient from the i** reflector and the z; is the location
of the i reflector. If the result in equation (7) can be applied in equation (4), the bs

can eliminate the first-order internal multiple generated by the shallowest reflector.

4.3.2 Choosing a smooth medium

The other choice is applying a smooth velocity model as most industry migration
methods use. When a smooth reference is chosen, we consider that the waves actually
travel in a smooth model, instead of a discontinuous model. Thereby, the downward
continuations shown in equation (5) and (6) remain. The GF" becomes a Green’s
function in smooth medium. However, the analytic form of Green’s function only
exists for several specific smooth models, for example, linear velocity model (Pekeris,
1946). For a general application, a WKBJ Green’s function is used in this application.
The WKBJ Green’s function is an approximation solution for a medium with smooth

variations. This WKBJ Green’s function with double vanishing boundary conditions
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has been calculated and presented in Lin and Weglein (2016), which is named as

Gy EBI=DN — Consequently, the GPN in equation (5) and (6) becomes a special

WKBJ Green’s function in a smooth model (¢,(z)) as

/ . z " . ’
GB/VKBJ—DN(Z, 7 w) = _M{e—wb S de etwl(z,z )}7 (4.8)
w

where

f?‘; 1// dZ” if z > Z’
2 cr(2") ’

I(z,2") = ’ (4.9)
[7 —Asde) ifz < 2

z cr(2")

Since only up-going wave recorded by receivers works as input for ISS internal
multiple removal algorithm (prerequisite), the Stolt extended Claerbout ITI migration

with a WKBJ approximation can be calculated and shown as,

2 —2%w [ dz —~
bi(@err = 2—<o>/ dwe™™* 0 F5E D(w), (4.10)

where z; = 2z, = 0 and ¢,(0) = ¢p. This result agrees with the WKBJ approximated
result shown in Clayton and Stolt (1981). The equation (4.10) changes the amplitude
by multiplying ¢,(z)/c¢,(0) compared to phase-shift migration equation (shown in

equation (4.2)).

The accurate amplitude (reflection coefficient) in Claerbout III migration (as
shown in equation (7)) can still be achieved if attenuation factors are compensated
by ¢(2)/c.(0) after (not at) the first reflector (e.g., ocean bottom) by a designed

smooth velocity model.

A 1D normal incidence example will be shown in the next section to exemplify
the idea of ISS internal multiple eliminator using Claerbout III migration, with a

designed smooth velocity model.
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4.4 Numerical tests
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Figure 4.3: (a) 1D velocity model and (b) 1D synthetic data that is designed to
have a third primary being interfering with a first-order internal multiple for internal

multiple elimination test.

The synthetic 1D data (figure 4.3 (b)) are generated by reflectivity method using
the velocity model in figure 4.3 (a). Source and receiver are located at z, = z; = 0.
The 1D data contain three primary events and all internal multiple events, where the
third event is the third primary interfered with a first-order internal multiple event
generated by the water bottom, which changes the polarization of primary event in
overlapped event. The goal of the test is removing the first-order internal multiple

generated by the shallowest reflector and simultaneously restoring the third primary
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event.
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Figure 4.4: Known velocity model (black line) and designed smooth velocity model

(red line) for migration

Figure 4.4 provides the known velocity model for processing in black line and
the designed smooth velocity model used for migration objective in red line. Two
migration methods are performed to prepare the input for ISS internal multiple

elimination algorithm (equation (4)).
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Figure 4.5: Stolt extended Claerbout III migration with a WKBJ approximation in

red line and phase-shift migration in blue line

One is the Claerbout III migration with a WKBJ approximation ([b1(2)]crrr),
which is represented by a red line in figure 4.5. The smooth velocity is manipulated
to make the amplitude compensation of the second primary event by removing an
attenuation factor Ty 7o as discussed. The other is the phase-shift migration result
that is shown by a blue line in figure 4.5. From these results, we can see that both
migration results provide the accurate locations and amplitudes (reflection coeffi-
cients) for the first primary event. For the events coming after the first primary,
the attenuation factor is compensated only for CIII WKBJ migration. For example,
the second primary in CIII migration carries the reflection coefficient R, instead of

RyTy1 Ty in phase-shift migration.
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Figure 4.6: ISS internal multiple removed results, including input data (dark green

line), primary-only data (black line), ISS internal multiple attenuated result (blue

line) and ISS internal multiple eliminated result (dash red line).
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Figure 4.7: Large scale plot of internal multiple attenuated result in the red box of
figure 4.6.
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Figure 4.8: Large scale plot of internal multiple eliminated result in the red box of

figure 4.6.

The migration results in figure 4.5 provide the capability to develop an ISS elimi-
nator for the first-order internal multiples generated by the ocean bottom. Applying
those migration results into equation (4) can predict the target internal multiple
(the first-order internal multiple generated by the ocean bottom) with accurate time
and amplitude. Simple subtraction between original data and prediction can elimi-
nate the internal multiple which is interfering with the third primary event. Input
data, primary-only data and internal multiple removed results is shown in figure 4.6.
Figure 4.7 and 4.8 are large scale plots of the interfering event. In the figure 4.7, orig-
inal data, simulated primary-only data and current ISS internal multiple attenuated
data are shown by dark green line, black line and blue line, respectively. The internal
multiple attenuated data has the same polarization as the overlapped event, which

means the internal multiple still exists and is overlapping with the third primary.
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If the first-order internal multiple generated by the shallowest reflector can be
accurately predicted, the result after multiple-removal should agree with the simu-
lated primary-only data (black line) as shown in figure 4.8 (elimination result, dash
red line). Figure 4.8 illustrates that the new eliminator (dash red line) can eliminate
the first-order internal multiple completely and restore the amplitude of the third

primary event accurately.

4.5 Open issues for future work

e The internal multiple eliminator developed in this chapter assumes a well
known /estimated simple model below the ocean bottom. However, if it is
not easy/possible to extract the velocity/density information for subsurface,
the thought is that the difference between approximately predicted first-order
internal multiple (from attenuation algorithm) and identified actual multiples
can work as an indicator of inverting the velocity /density of the layer below

the ocean bottom.

e The other ISS processing method — free-surface multiple elimination algorithm
— works at one frequency at one time, which is equally effective for all fre-
quencies in data. There is no doubt that the free-surface multiple prediction
does not lose any frequency. Instead of working frequency by frequency, the
ISS internal multiple prediction involves a migration procedure. A migration
with a high-frequency approximation (e.g., WKBJ approximation) may intro-

duce the low-frequency loss in the internal multiple prediction, which leads to
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a resolution issue.

4.6 Summary

The new approach proposed in this chapter contributes to the internal-multiple elimi-
nation task in the three-pronged strategy, which sets a higher bar for seismic process-
ing to untangle the proximal/interfering primaries and internal multiples in complex
off-shore or on-shore plays. The goal of this project is specified to add an alternative
tool of developing an ISS internal multiple eliminator when the properties down to
and across the ocean bottom can be well known/estimated. The numeric results
shows that incorporating a Stolt extended Claerbout III migration can make the
current ISS internal multiple attenuator towards an eliminator for the first-order in-
ternal multiples downward reflected by the ocean bottom, independent of how deep

and how many layers the internal multiple travels through.
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Chapter 5

Conclusions

Two challenging issues in ISS multiple removal methods are covered and addressed
in this dissertation. To deliver the promise of ISS de-multiple methods, a more re-
alistic source dimension is accommodated in ISS free-surface multiple elimination
algorithm and ISS internal multiple attenuation algorithm for a 1D/2D subsurface,
which improves the effectiveness of current multiple prediction/removal. Further-
more, to provide the capability beyond the current internal multiple attenuation
algorithm, an alternative ISS internal multiple eliminator is developed to completely

remove interfering internal multiple and restore the primary event.

First, the significance of incorporating a 3D point source is exemplified for the ISS
free-surface multiple elimination algorithm. For 3D point source data coming from a
1D subsurface, the free-surface multiple prediction assuming a 2D line source turns
to be significantly less effective due to the mismatch of source dimension assumption

in processing and actual source dimension in data. The free-surface events can be
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predicted by the mismatched 2D line source ISS free-surface elimination algorithm
but the predictions carry small amplitude and distorted phase. When the events are
interfering to each other, adaptive methods have difficulties in precisely removing the
multiples without harm to primaries. In contrast, after the algorithm incorporates
a 3D point source for a 1D subsurface, the prediction provides both accurate time
and accurate amplitude of free-surface multiples, which can eliminate the energy of
all free-surface multiple in synthetic 3D source data. The effectiveness of ISS free-
surface multiple elimination is preserved by adding the physics of realistic source for

real 3D source data.

Second, in order to enhance the fidelity of internal multiple prediction, a 3D
point source is also accommodated in the ISS internal multiple attenuation algo-
rithm. Similar to the summary in free-surface multiple removal, a frequently used
2D line source internal multiple attenuator for a 1D/2D subsurface produces much
less effective internal multiple prediction, which fails to attenuate internal multiples
in 3D point source data due to much smaller amplitudes. Incorporating a 3D point
source makes ISS internal multiple attenuator effectively provide accurate times and
approximate amplitudes (in the same scale as data) of internal multiples. Ignoring a
3D source assumption for real data can result in a significantly less effective multiple
removal. In addition, a successful internal multiple prediction depends on an effec-
tive free-surface multiple removal. The negative consequences of inputting a 2D line
source free-surface multiple removed result to the ISS internal multiple prediction
are examined. There are at least three categories of artifacts that can be identified

and analyzed from the impact of an unsatisfactory free-surface multiple removal.
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Complex offshore and onshore plays set a higher bar to separate the proxi-
mal/interfering primaries and internal multiples. Third part of this dissertation pro-
vides a new way to eliminate the first-order internal multiples that are only downward
reflected by ocean bottom once. This approach is different from the ISS approach,
which extracts the attenuation factor from reflection data without knowledge of sub-
surface properties. The goal of this project is specified to add an alternative tool
of developing an ISS internal multiple eliminator when the properties down to and
across the ocean bottom can be well known/estimated. The numeric results shows
that proposed approach can make the current ISS internal multiple attenuator to-
wards an eliminator for the first-order internal multiples generated by ocean bottom,

independent of how deep and how many layers the internal multiple travels through.

In summary, this dissertation contributes to current capability of the ISS de-
multiple methods by (1) adding a realistic 3D source in several different ISS mul-
tiple removal methods for a 1D/2D subsurface; (2) developing an internal multiple
eliminator by using obtainable subsurface information for a certain class of internal

multiples.
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Appendix A

Transform integral variable from r

to 1y,

The transformation from the integrand over the vector 7, to the other vector 77, can be
obtained by Jacobian determinant. The definition of two vectors under cylindrical
coordinate can be expressed by r, = (ry,0,) and 7, = (r,6). Because of the
rh, = Ty — s, Where the 7 is the location of receivers and the 73 is the location of

sources, we have the relation between two vectors:

rh = \/T2+ 12 = 2rgrscos(fy — 0,) (A.1)

rg5inby — 551Nl

0, = arcta . A2
4 g n(rscoqu — 140804 (A-2)
The relation can be represented by a Jacobian determinant,
orp  Orp
e 06,
drpdfy, = |J|dr,df, = . (A.3)
O 9bn
ary 96,
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Solve the determinant through the derivative values given by,

Orn _ ry — rscos(8y, — 6y)
Iry \/rg —r2 —2ryrscos(, — 0;)
or, rerssin(fy, — 65)

90, \/7"2 — 12 —2ryrscos(f, — 0;)

g
90, bsint, — acosb,

ory a? +b?
A0, brycostly, — argysint,
09, a? + b? ’

(A.4)

(A.5)

(A.6)

(A7)

where a = rysinf, — ryssinfs and b = rycos, — rscosfs. The J determinant can be

calculated as,

g = 200 O O0n _ T
~ Or, 00, 00,01, T,

We obtain the relation between two integral variables, as

dryd6), = |J|drydb,

rrhdrydOy, = rydrgdf,.
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Appendix B

Dirac delta in the cylindrical

coordinates

Prove the Dirac delta from a general formula,

// gilkr—kr2) 7% g (27)26 (kpy — ka2)0(kyy — kyo). (B.1)

Convert the Dirac delta on the right side from Cartesian coordinate to cylindrical

coordinate, as

3kt = b1 = ) = | 5050 — )l — by (8.2
coSPq stng,

5(krl - kr2)5(¢1 - ¢2) = (S(kxl — k’xg)(S(k‘yl — ]{,‘ygIBB)

—kpisingy  kpicosgy

5(kr1 - kr2)5(¢1 - ¢2)
krl

= §(ka1 — ku2)0(ky1 — Kyo). (B.4)
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The 2-dimensional Fourier transform over a constant can give us

/ / iR = (920 = krz)é(% —2), (B.5)
rl
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Asymptotic Hankel transform

A general Hankel transform can be written as,

g(k) =2m 0+OO (r)Jo(kr)rdr, (C.1)

where k is the Fourier conjugate of variable r, Jy is the Bessel function of the first

kind. The Hankel functions (Bessel function of the third kind) are defined by two

linearly combining Bessel functions of the first (Jy) and the second kind (Yp), i.e.,
H{ (2) = Jo(2) +1Yo(2), (C.2)
Hy (2) = Jo(2) = iYo(2), (C.3)

where 4 is an imaginary unit, z is a general variable. Add equation (C.2) and (C.3)

and then we have,

(C.4)
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By substituting equation (C.4) into equation (C.1), the transform becomes,

g9(k)

too F(kr s (kr
=27 i (7“)HO (hr) ;HO (k )TdT (C.5)
=7 i h (r)H (kr)rdr + i Oof(r)Hg(kr)rdr) (C.6)

+0o0

= 7r( f(r)Hy (kr)rdr —I—/ f(r)HO_(—kr)(—r)dT), (C.7)

where f(r) is set to be a even function as f(r) = f(—r) (e.g., data function from a
1D subsurface, which is symmetric along offset). Introduce two asymptotic forms of

Hankel functions with z = kr as,

2 i(kr—=
Hy (kr) ~ 4/ %ez(k i), (C.8)

- 2 —i(kr—2
HO (kf?") ~ %6 (k 4). (Cg)

Apply these two asymptotic expressions into equation (C.7),

g(k)

+00 0

~ [ FE D i) [ oy e (cao
0 —00
+o0 0

~ / Ve pedr + / fo et Par(ca
0 —00
+oo

- / \ %ei(k“pf(r)dr (C.12)
o [T

~ \/% i h Ve f(r)dr. (C.13)
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Asymptotic inverse Hankel transform can be obtained in a similar way,

f(r)

1 oo
= / k) Jo(kr)kdk (C.14)
+o0

21
A/ %e —i( T_Z k‘ (015)
/ —1 +oo "

The asymptotic forward and inverse transforms, as shown in equation (C.13) and
(C.16), are equivalent and can be exchanged by choosing different transform conven-
tions. The specific convention in this appendix is chosen for consistency and the ob-
jective of comparing the Fourier and Hankel transforms. As an example, the Fourier
transforms used in our derivation define [ ---e**dx as forward and [ ---e "**dx
as inverse, but most numerical Fast Fourier transform functions set the convention

reversely, including the numerical functions used in this dissertation.
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Stationary phase approximation to

solve D(..,y;, = 0;w)

Equation (3.24) cannot be solved as a closed form,

1 1. | .
Dk, b yni w) = 5 / / %b‘meE(kxg,kxs,kyh,z)el(qﬁqs)ze’zkyhyhdzdkyh,

(D.1)

where ¢; = sgn(w)y/(w/co)? — ky; — ky,. If we set a fixed plane at y, = 0, the

formula can be expressed as,

1 1 A
D(kxqa kl‘s? Yn = O;W) = % / / %b?DQDE(k’xQ, k‘ms, k‘yh, Z)el(qg-‘rqs)zdzdkyh (DQ)

The integral with respect to dk,, can be approximated by a stationary phase as-
sumption, which assumes a far-field recording and a smooth b3P?PF with respect to

k,,. In a far-field recording, the wave can be considered as propagating as a ray. The
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oscillating phase can be expressed as,

w?2 w2
ﬂ@ﬁ=%+%ﬁzwﬂw(;5—%f%i+¢a—mi—@)z (D.3)

The saddle point can be solved by finding the root of the equation,

2_%h + 2_@h >z:0 (D.4)
N T R e e )

Following the equation, the exponential can be stationary at k,, = 0. The second

Fh) = sanfe)

derivative of equation (D.3) at k,, = 0 can be solved,

. ~1 ~1
f”(kyh =0)= sgn(w)( — - - + — - -
\/a - kxg - kyh \/5 - kl‘s - kyh
—]{32 —k2
+ w2 o + w2 = )Z|lAcy =0
R A R AT

—1 -1
= sgn(w)( + >z. (D.5)
\/£2 — k2 \/g2 — k2
co Tg co Ts
If 2> 0 and w > 0 are assumed in equation (D.5), then f”(k,, = 0) < 0, which

defines the factor e*7. The integral formula in (D.1) can be approximated as,

e7'i | 1 G e
D kx ka: =0: ~ g4s b3D2DE kx kx E =0 z(qurqs)zd
( g7 s+ Yn ,CU) /_2ujs 27TZqu+qu 1 ( g Vs VYp 72)6 =

(D.6)

where §; = sgn(w)y/(w/co)? — k2. Similarly, if 2 > 0 and w < 0, the f"(k,, = 0)

switches the sign and opening the absolute value can provide the same formula as

shown in equation (D.6). Inverse Fourier transforming to obtain 03P2PF gives,
0YP20E (ki o, By, = 0, 2)
— o1 Cirie
~ @27?2'% (—2i4s) P + qA—D(k;mg, ko, yn = 0;w)e "ota)2qk_ (D.7)
g s

where k. = §, + s, Gy = sgn(w)y/(w/co)? — k2, and s = sgn(w)/(w/co)? — k3.
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Stationary phase approximation to

solve Ds(..,y;, = 0;w)

In a general 3D prediction, the internal multiple attenuator in Ds(..,y, = 0;w) can

be obtained as,

3D2DE
D ( ) h7

b3D2DE k ’w) _i i
// —22qsyh funtine =t dly, duw, (E.1)

where the omitted variables are k., and k,, and ¢; = \/ (w/co)? — ky, — ky, . If we

set the fixed plane at y, = 0, the formula can be expressed as,

b3D2DE ]C )
DgDZDE(.., yp = ’ 27T // _2Zq Yn (,U) 7zwtdkyhdw7 (E2>

The variable w can be changed to k, = ¢, + ¢, as shown in Stolt and Benson (1986)

(chapter 3, section 5), which provides the Jacobian term,

2
dw =0 Y% gy (E.3)
W gy + G
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Formula (E.2) turns out to be,

b3D2DE( k; ' 2 .

W qg + qs

DgDZDE( _ 0 t

(E.4)

where for positive frequency (negative frequency can produce the same result at the

last step)

w? w?2
_ 2 2 2 2
k, = 2 — ki —ky + \/c% — k3, —ky, - (E.5)
The integral with respect to dk,, can be approximated by a stationary phase assump-

tion, which assumes a far-field recording and a smooth integral kernel with respect

to ky,. The saddle point can be solved by finding the root of the equation

f/<kyh) = _wl<kyh)

&0
= _;kyh = 0. (E6)

In equation (E.2), the exponential can be stationary at k,, = 0. The second deriva-

tive of of equation (E.6) at k,, = 0 can be solved,

(E.7)

Then f”(k,, =0) < 0 for w > 0, which defines the factor e~*i. The integral formula

in (E.2) can be approximated as,

DBDQDE(kzg, keoyyn =0 t)

/ —i|w] b3D2DE(kxg,kzs,k
27r 27t —21q;s

~ 2 A A
=0,0) oot €0 _dgds

19T gk, (E.S)
w Gy + qs
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where §; = sgn(w)./(w/co)? — k2. Change the integral variable back to dw,

b3D2DE k‘ k‘ l{ =0 ) )
D3D2DE ko .k / —iw xg) Nas) 1 &) vt g
O ~on 2mtck —2igs “

(E.9)

where §; = sgn(w)./(w/co)? — k2.

If w < 0, the second derivative f”(k,, = 0) = —% turns out to be a positive

number, which provides the factor e'i. The switched sign on i gives,

D3D2DE<km K L Yp = / Z|UJ b3D2DE k$g) k$sv kyh =0, CU) e—iwtdw7
o ~on 2mtcd —2i4;s

(E.10)
Since |w| = —w, the formula remains,
DEPPOE (k. ey = / —iw b3P?PE(k, Ky, Ky = Oaw)e—iwtdw7
J 27r 27t —21q;s
(E.11)

where §; = sgn(w)/(w/co)? — k2.
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