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Symbols and Definitions

Some definitions, transformations, abbreviations and notations that are used in this thesis,
will be introduced below.

Definitions

Any scalar function in the space time domain is denoted by a lower case symbol,
P(x,y,z,t) . This function is written in terms of the spatial variables x, ¥, and z and time ¢.
The corresponding function in the space frequency domain is denoted by the corresponding
upper case symbol P(x,y,z, w) . The corresponding function in the wavenumber frequency
domain is denoted by the corresponding upper case symbol with a tilde ~ above the symbol,
Bk, ky,z,w) . Vector quantities are denoted with an arrow above the symbol, p(x,,2,t) .
The corresponding vector in the space frequency domain is denoted by P(x, v,z,¢t) and in
the wavenumber frequency domain by f,(x’ y,2,t) - Matrices are denoted in the space time
domain by a bold lower case symbol, P . The same matrix is denoted in the space frequency
domain by a bold upper case symbol, P and in the wavenumber frequency domain with a
tilde ~ above the symbol, P . The notation convention for the various domains that play a
role in this thesis is summarized in Table 1.

Table 1 Notation convention for the different domains that play a role in this thesis.

domain space-time space-frequency wavenumber-frequency
domain,

symbol variable (x,,2,1) (x, ¥,2,0) (kx’ k}” 2 (D)
function P(x,y,z, t) P(xayaz’ (J.)) P(kx>ky,2, U.))
scalar P P P

vector p P }'3

matrix /] P P




16 Symbols and Definitions

The transpose of a vector (or matrix) is denoted with a superscript 7, the complex conjugate
with a superscript « .

Transformations

The forward temporal Fourier transformation of a (space and) time dependent function is
defined by :

F(xay,lm, 0)) = fwﬂx,y,lm:t)e—jmtdta (1)

The inverse transformation is defined as :

ﬂx:y,lm,t) = %fw F(x,y,zm,m)eimtdm . (2)

where f(x,y,zm,!) represents a real-valued three-dimensional function at datum level z=z,,
and w=2xf denotes the angular frequency. Throughout this thesis only positive frequencies
are considered, thus > 0. The inverse temporal Fourier transformation can be reformulated
as:

f(xy)’,zm,t) = ':Em[j: F(X,}’,Zm, w)e’mtdw] ] (3)
with R denoting the real part of the term between the brackets.

The spatial Fourier transformation of the function F(x,y,zm,w) from the space frequency
domain to the wavenumber frequency domain is defined as :

Flkokyszmyo) = [~ [ Fxy,zm, )% 5 dudy @

and its inverse as:

2 ) . .
F(X,y,zm,m) = (%) fw fw F(sz ky,Zm, u))e_kaxe_]kyydkxdky . (5)
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Abbreviations
AVA Amplitude Versus Angle CFP Common Focus Point
CDP Common Depth Point CMP Common Mid Point
CRG Common Receiver Gather CSG Common Shot Gather
CWS Crosswell Seismic SNR Signal to Noise Ratio
FT Fourier Transform RT Radon Transform
ISD Integrated Seismic Display | SWD Seismic While Drilling
MSL Mean Sea Level VSP Vertical Seismic Profile
NMO Normal MoveQut RVSP Reversed VSP
SRME Surface-Related Multiple VSP-CDP | VSP-CDP transformed data

Elimination

WLSQ Weighted Least SQuare 1-D 1-Dimensional
P-wave Compressional wave 2-D 2-Dimensional
S-wave Shear wave 3-D 3-Dimensional

Throughout the thesis several variables are used which are described below :

Table of Notation

p compressional-wave s shear-wave velocity [m/s]
velocity [m/s]
o(x) spatial delta function f temporal frequency [Hz=1/s]
ke ky ok, wavenumbers [1/m] K bulk compression modulus
[N/m?]
Au Lamé coefficients [N/m?] slowness [s/m)]
P acoustic pressure [Pa=N/m?] | p volume density of mass
[kg/m’]
) time [s]; also used as o Poisson’s ratio
‘two-way time’ [s]
v ‘one-way time’ [s] Ar, A sampling interval in

‘two-way time’ [s], respec-
tively ‘one-way time’ [s]
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tysp VSP travel time [s] T intercept time [s]
Tr> Ty s shear and tensile stresses Ve, Vy horizontal respectively verti-
ete. [N/m?] cal component of the particle
velocity [m/s]
X,y,2 cartesian coordinates [m] Ax, Ay, Az | sampling interval along
x-axis, y-axis and z-axis [m}]
® angular frequency (2nf) Z,,Zg receiver respectively
[rad/s] source level [m]
extrapolation matrix for extrapolation matrix for
W* (zm.z0) downgoing wave fields W (20,2m) upgoing wave fields
from z, to z,,, from z,, to zy
F inverse extrapolation matrix - inverse extrapolation matrix
(20,2m) | for downgoing wave fields (2m20) | gor upgoing wave fields
from z,, to z, from z, to z,,
—1 —
=[W* (am>20)] = (W~ (z0,2m)]"!
— *
~[W~(20,2m)]* ~[W*(zm,z29)]
R (zm) matrix representation of the P(z) matrix representation of
" reflection operator at depth 0 seismic data at depth level z,
level z, (see Appendix A)
_ focusing operator, where j _# focusing operator, where i
Fj (20:2m) | denotes the lateral position F; (zm»z0) | denotes the lateral position
of the focus point in of the focus point in
focusing in emission focusing in detection
p. CFP gather for focusing in B CFP gather for focusing in
I emission i detection




Chapter 1

Introduction

1.1 The seismic method

Today, geophysical exploration plays an important role in the ever increasing demand for
energy resources. For the oil and gas industry, geophysics contributes to an economic explo-
ration and exploitation of hydrocarbon (oil and/or gas) reservoirs. Several methods are being
used in geophysical exploration, but the seismic exploration method is by far the most
important one.

Seismology is the science that deals with the propagation and reflection of elastic waves in
the earth’s interior. In earthquake seismology, the waves excited by an earthquake are
recorded and investigated for a better understanding of the generation of earthquakes and
the propagation of the resulting waves as a means of understanding the global structure of
the earth. The aim of the seismic exploration methods is to produce images of the earth’s
subsurface (down to approximately 7 kilometers) and to obtain physical properties from
data recorded at the surface. In seismic exploration man-made sources are used, which emit
seismic waves into the subsurface.

In the most often used seismic exploration techniques both sources and detectors are placed
near or at the surface, at land as well as in marine environments. On land, dynamite and seis-
mic vibrators are commonly used to generate the source wave field. In general for the marine
case, airgun sources are used. The response is measured at the surface by a distribution of
geophones (land) or hydrophones (marine).

Figure 1.1 illustrates three types of seismic surveys. At the left-hand side of the illustration,
the acquisition of seismic measurements on land is shown. Seismic waves are emitted into
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the earth by a seismic source (here a dynamite source). These waves propagate through the
subsurface. However, whenever changes in the subsurface parameters occur, a part of the
wave field gets reflected and propagates upwards to the surface. At the surface the waves are
detected by geophones, yielding recorded seismic signals. The result of each seismic
experiment is a shot record containing the registrations (as a function of travel time) of
reflected wave fields at each detector. The seismic experiments are repeated many times, in
which the sources and receivers are placed at different surface locations, in order to obtain
a good image quality. At the right-hand side of Figure 1.1, the experiment is shown for a
marine acquisition where hydrophones are used to detect the wave field originating from an

airgun source array.
airgun

dynamite source

subsurface

Figure 1.1  The principle of acquisition of seismic measurements in different seismic exploration
configurations :

*qcquisition on land (left) - Seismic waves which are generated by the seismic
source (generally a dynamite source), propagate through the subsurface, get reflected
by the layer boundaries and propagate back to the surface. Geophones at the surface
are used to measure the response of the seismic waves as a function of time;
*qequisition at sea (right) - Hydrophones along the surface are used to measure the
response from an airgun array near the surface;

*acquisition in a borehole (middle) - A tool with geophones and/or hydrophones is
lowered in a well to measure the response from a source at the surface.
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To obtain more information about a potential reservoir and to investigate the characteristics
of the layers from nearby, a well can be drilled. The existence of a borehole allows the seis-
mic method to be applied with sources and/or detectors in the borehole. With these type of
surveys extra information can be obtained in the neighbourhood of the borehole, particularly
in the target zone (the area where oil and gas reservoirs are found or expected to exist). Plac-
ing sources and/or receivers in boreholes helps reservoir engineers in accurately mapping
reservoirs. This type of data acquisition where receivers are located in a borehole is also
illustrated in Figure 1.1 (in the middle). Note that here an offshore configuration is shown
for a vertical well. The acquisition of the data where sources are placed at the surface and
receivers in a borehole is called a Vertical Seismic Profiling (VSP) recording. A comple-
mentary configuration called reverse-VSP (RVSP) is obtained by placing the sources in the
well and receivers at the surface.

In Figure 1.2a a preprocessed surface shot record is shown. The preprocessing consists of
1)interpolation of the missing near offsets, 2)removal of the direct waves (the direct wave
consists of energy emitted by the source that travels along the surface of the earth directly
to the receivers) and 3)elimination of the surface-related multiples (these multiple reflected
waves have traveled more than one time through the subsurface of the earth). Figure 1.2b
shows a preprocessed VSP record after common level stacking and noise removal. The main
upgoing reflected waves are indicated by the arrows.

offset [m] depth [m]
o -3000 -2000 -1000 0 0700 1200 1700 2200 2700 3200 3700

Figure 1.2 a)Preprocessed seismic surface shot record (marine acquisition) and
b)preprocessed Vertical Seismic Profiling (VSP) record
(note the upgoing reflected waves shown by the arrows).
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In this thesis a method is presented for the transformation of surface seismic data into
pseudo VSP data or, more generally, pseudo borehole data. This transformation is per-
formed numerically and results in seismic data as if they were “measured” in the subsurface,
instead of the measurements recorded at the earth’s surface. In the remaining part of this sec-
tion, a brief description will be given of the seismic method for obtaining a structural image
of the subsurface. The main advantages of borehole data will be discussed together with the
motivation and aim of the research.

Recorded waves contain information about the earth along the paths the waves have trav-
eled. In the seismic processing phase, the measured quantities need to be transformed into
a model describing the relevant properties of the subsurface and into sections in space and
time (or space and depth) of the subsurface. These sections need then to be interpreted in
order to obtain structural images of the subsurface. In other words, in the seismic method
information is extracted about the earth from the seismic measurements with the objective
to present it in terms of geological structure and material properties. With this information
geologists may decide to choose an optimum location for drilling. A correct image (with
respect to the lateral and depth positioning of the structures as well as the strength of the
reflectors) is important for a correct delineation of the reservoir.

The method for transforming the seismic measurements into a structural representation of
the subsurface is called seismic imaging or seismic migration. Imaging requires knowledge
of the way seismic waves have propagated in the earth’s subsurface (wave theory).

Prior to obtaining the reflection information at the target zone, the propagation parameters
of the overburden (=part of the subsurface above the target zone) have to be estimated. This
description is generally referred to as the macro model of the subsurface. The macro subsur-
face model is a sparse model since it does not contain detailed information (e.g. thin layers).
If these parameters of the overburden have been estimated accurately, it is possible to correct
for the propagation properties of the overburden, yielding the reflection information (seis-
mic migration).

Wave field extrapolation lies at the basis of seismic migration methods. The seismic migra-
tion method can be formulated as the computational process reconstructing the wave fields
below the surface from data at the surface. In this way, data acquisition can be simulated at
any desired depth level in the subsurface. Wave field extrapolation removes the propagation
effects between the surface and the new depth level. From the extrapolated data, the local
reflection properties are estimated by applying the imaging principle (time coincidence of
an upgoing wave field with a downgoing wave field, Claerbout (1971)).
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The method presented in this thesis, aims at the generation of pseudo borehole data from
surface recorded data, using wave field extrapolation algorithms.

The generated pseudo borehole data can then be integrated with migrated seismic data for a
better understanding of the images.

1.2 Seismic borehole data

In this section a brief overview is given on data acquisition surveys with receivers or sources
in a borehole. The borehole data being discussed here are the Vertical Seismic Profiling
(VSP) and the Crosswell Seismic (CWS) data.

1.2.1 Vertical Seismic Profiling

The ever increasing costs of drilling has pushed geophysicists to come up with new tech-
niques to reduce the number of mispositioned boreholes and to improve the field develop-
ment planning. Vertical Seismic Profiling (VSP) is one of the geophysical techniques
responding to this demand of more successful planning. The basic aim of all exploration
methods is to obtain a consistent image of the subsurface of the earth, securing future oil-
and gas supply, and to keep exploration and production profitable. Vertical Seismic Profiling
is a technique where sources are placed at the surface and receivers in a borehole for inves-
tigating the characteristics of the structures from nearby. A complementary configuration is
obtained by placing the source in the well and the receivers at the surface. The latter is the
reverse-VSP (RVSP) configuration. VSP adds a depth dimension to seismic data and allows
a more detailed seismic view of the subsurface. This offers the potential for better interpre-
tation of the surface seismic data. The interest in the performance of Vertical Seismic Pro-
files (VSP) has increased more and more for the last decade. Since all or part of the
measurement and observation of VSP takes place inside the earth, one can observe the atten-
uation and distortion of a surface generated pulse progressing through the earth (downgoing
source wave field). The reflection and refraction of the pulse can be observed and also how
it is converted to shear and/or pressure waves. Multiples can be a major problem in surface
seismic data processing. Therefore the understanding of the multiple generation and reflec-
tion mechanism is very important and the way in which they may obscure the primary reflec-
tions in the vicinity of the well.

The identification of multiples and their origin in seismic data can be seen very clearly in
VSP data.
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Vertical seismic profiling has been accepted as a useful tool to solve many uncertainties
appearing in the surface seismic data around wells. For the last two decades a lot of research
was carried out in the field of real VSP and synthetic VSP modeling and their applications.
The lowering of a recording device down a borehole for seismic investigation purposes was
first reported by Fessenden (1917). This was the basis for borehole seismic development and
was followed by many authors including Gal’perin (1974).

Several authors (Kennett et al. (1980), Wyatt (1981), Balch et al. (1982), Hardage (1983),
Balch and Lee (1984), Dillon and Thompson (1984), Fitch (1984), Cassell (1984), Toksoz
and Stewart (1984), Aminzadeh and Mendel (1985), Oristaglio (1985), Stewart and DiSiena
(1989), Dupal et al. (1993), Hinds et al. (1996)) showed the various advantages of VSP data
over surface seismic measurements, around the borehole.

The major advantages of VSP data over surface seismic data may be summarized as follows:
«Identifying different wave types : primaries, multiples and P- and S- wave conversions.

*Recording of both up- and downgoing waves at a sequence of depth levels, enabling to
observe reflected and transmitted wave fields through the geological section.

«Separation and removal of up- and downgoing waves leading to better multiple recog-
nition.

*Because of the close proximity of the receivers to the target zone, today the VSP data
are generally characterized by a better SNR and a higher resolution (compared with the
equivalent surface seismics) offering a more detailed seismic view of the subsurface.
This increases the reliability of the geological interpretation.

«Lithology can be correlated with the processed VSP data, permitting the prediction of
lithologies ahead of the drill bit and around the borehole.
In short, the application of Vertical Seismic Profiling proves to be a useful tool for better
seismic interpretation.

1.2.2 Crosswell Seismic Profiling

In areas where more than one borehole is available, it is possible to put the sources into one
well, and the receivers into another well. In this way it is possible to use relatively high fre-
quencies because both sources and receivers can be positioned near the target zone and
beneath the attenuating shallow section (depending on the distance between the boreholes).
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1.3 Motivation and aim of research

Considering the advantages of borehole data recording, a new method is presented in this
thesis for the transformation of seismic surface measurements into pseudo borehole data
with the objective to obtain a better insight and understanding of the propagation and reflec-
tion of the waves in the subsurface. In other words, the schemes discussed in this thesis
result in seismic data as if they were measured in the subsurface instead of measurements
recorded at the earth’s surface. The method is based on wave field extrapolation that is aimed
at removing the propagation effects and thus improving the interpretability of the seismic
data. The application of the method as proposed in this thesis, is mainly focused in the area
of seismic data imaging and interpretation. The pseudo borehole data will be proposed as a
tool for integrating surface data with real borehole data, images and well log data. It is
important to notice that in the transformation of surface data into pseudo borehole data no
new information is created. It is a model-based transformation unlike many other transfor-
mations e.g. the Fourier or the Wavelet transformations.

1.4 Importance of data reorganization and wave propagation

As outlined in the previous sections, the measurements of seismic waves can be recorded at
the surface or in a borehole (space-time domain). In the following illustrations, different
data acquisitions will be shown for a single source, transmitting waves into the subsurface.
The wave propagation, reflection and transmission of the seismic waves will be shown on a

simple two dimensional acoustic subsurface model as depicted in Figure 1.3.
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Figure 1.3  Acoustic subsurface model.

Figure 1.4 illustrates three snapshots for a point source at the surface at lateral location
x=2500m. The three snapshots show for increasing times ¢,, ¢, and ¢;, the propagation of the
waves through the subsurface and the reflection and transmission at the layer boundaries.
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These snapshots have been modeled using an acoustic finite difference algorithm. From
these snapshots it can be easily seen that the seismic source wave field propagates downward
and that at each velocity or density contrast, part of the wave field is reflected and transmit-
ted. For increasing times these wave fields may become very complicated so that it will
become difficult to understand and identify the various events.

Figure 1.4  Three snapshots for increasing times t, t,, and t; illustrating the propagation,
reflection and transmission of the waves through the subsurface.

For subsequent times, a series of snapshots can be stored on top of each other and form a
cube of data (x,z¢). Figure 1.5 illustrates the registration of the wave field in the different
planes. By recording the wave field at the surface with some detectors, a shot record (x,#) is
obtained representing the reflected upgoing wave field at the surface along lateral position
x for subsequent times ¢ (Figure 1.5a).

From this cube of data (x,z), the wave field (2,z) can be extracted at each depth level z for
subsequent times ¢ (at a particular location x).
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4

Figure 1.5

Wave field registration in different planes
a)shot record,

b)VSP record and

c¢)snapshots.
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The obtained data representation Figure 1.5b, is then similar to a VSP recording containing
the up- and downgoing wave fields at the various depth levels. The lateral location of the
“well” is also indicated in the snapshots (see Figure 1.5c). The VSP display is very useful
to analyze the entire wave field propagation since it shows the response of the subsurface
model to the source pulse at any depth point in the subsurface.

Figure 1.6a illustrates the cube of data with three different data recordings : shot record (x,1),
VSP (t,z) and snapshot (x,z,t=t;). This volume of data has been “unfolded” into two dimen-
sions for a better view on the continuity of the different events in the different planes (Figure
1.6b). This figure consists of two parts : the left part shows an integrated shot record-snap-
shot display (x-axis in common) and the right part shows the integrated shot record-VSP
display (f-axis in common). Finally, the lower part of the figure is an integrated snap-
shot-VSP display (z-axis in common). From this integrated data representation it is clear
that the VSP display gives significantly more insight in understanding the wave propagation
through the subsurface and facilitates the identification of the events in the shot record.

shot record ‘ shot record

Pi02aJ J0US

snapshot ' ap

Figure 1.6 Illustration of wave propagation with three different data recordings :
shot record, VSP and snapshot (x,z,t=t3).

This example shows clearly that if in the recording of VSP and surface seismic data the same
source is used, both measurement techniques record different cross-sections of the same
wave field. This important property forms the basis of the idea for transforming surface seis-
mic measurements into pseudo borehole data and underlines the importance of data reorga-

nization.
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The generation of pseudo borehole data has a number of applications, predrilling as well as
postdrilling. In the predrilling stage, pseudo borehole data may be evaluated to optimize the
location and the amount of deviation of the borehole. This can be realized by predicting the
VSP data that would be measured in the planned well. Well locations are generally chosen
on the basis of a geological interpretation of the image of the earth's subsurface obtained
from seismic surface data. Therefore, the generation of pseudo borehole data from surface
data may assist in designing (deviated) wells to be drilled. Since the pseudo VSP data shows
the intermediate stage between the unmigrated data and the migrated data, the macro model
of the subsurface can be easily verified. In addition, taking all the boundary conditions at the
seabottom into account and using two-way techniques, source wavelets can be estimated
interactively from marine data with all surface-related multiples included. For the genera-
tion of pseudo borehole data, the seismic data need to be of higher quality than is common
in seismic acquisition. Therefore one or more multi-component seismic shot records could
be acquired at the potential well location. Subsequently, these data may be transformed into
pseudo borehole data and further processed with the existing borehole inversion tools. The
extra costs of the dedicated acquisition should be seen in comparison with the high costs of
drilling.

In the postdrilling applications, an important aid in the interpretation of borehole data is the
comparison with processed surface data related to the same area. The method proposed in
this thesis, transforms the surface recorded data into the same "format" as the real borehole
data for optimal comparison (Figure 1.7). The comparison of the pseudo borehole data at
different locations with the real borehole data extends the structural information laterally for
improving the subsurface interpretation.

Figure 1.7  Postdrilling : the proposed methodology of pseudo VSP data generation improves the
integration of surface data with VSP data.
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After a well has been drilled, the VSP acquisition geometry may be designed optimally with
the aid of generating pseudo borehole data (e.g. pseudo VSP data may be generated for a
series of shot records along the drilled well, to optimally design the acquisition for the VSP
recording). For instance, from the generated offset pseudo VSP data, the different illumina-
tions may be studied for an optimum acquisition design to illuminate specific target loca-
tions. This may help define the reflectivity as one progresses away from the well (lateral
prediction). In this way, the pseudo VSP data can be used to accurately define attributes
which could be used to estimate the reservoir properties.

Geologists always infer fault locations through subhorizontal reflector discontinuities. The
energy scattered from faults is largely lost in standard processing schemes which emphasize
subhorizontal reflectors. The pseudo VSP emphasizes the subvertical reflectors (i.e. faults).

For some geologies, it is sometimes quite difficult to acquire VSP data for all the depth lev-
els. The pseudo VSP data can be generated from the surface data along the well to bridge
gaps in real VSP data. In other words, the pseudo VSP data can be used to insert the missing
depths in real VSP and integrate real VSP data with surface data. This may have also impor-
tant applications in prediction ahead of the drillbit. Finally, if a real VSP and a surface shot
record are available, recorded with almost the same shot location, the pseudo VSP can be
generated and compared with the real VSP data, and offers possibilities to obtain informa-
tion on the source and receiver characteristics used in both acquisition recordings. The sin-
gle source real VSP may then be extended to a multi source pseudo offset VSP data to
include the angle-dependent properties away from the well.

In this thesis it will be shown how pseudo borehole data can be used in imaging structures
along pseudo wells.

1.5 Outline of this thesis

In this thesis a method is discussed for the transformation of seismic surface data into
pseudo borehole data.

The body of this thesis is divided into three main parts :

A)lntroduction, theoretical considerations and formulations of the pseudo VSP method
(Chapter 2 and 3),

B)Relations of the pseudo borehole data generation and the Common Focus Point
Technology and single-fold imaging using multi-offset, common-well and
multi-well, common-offset pseudo borehole data (Chapter 4, 5 and 6), and

C)2-D and 3-D case studies (Chapter 7 and 8).
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In Chapter 2, the formulation of the propagation and reflection of waves through a subsur-
face is briefly reviewed. Starting from the acoustic wave equation, the two-way representa-
tion of wave fields is determined and compared with the one-way wave fields. The various
wave field extrapolation algorithms are discussed using two-way and one-way operators in
acoustic and elastic media. The forward model for seismic data is briefly reviewed.

Chapter 3 discusses the formulation for the transformation of surface data into pseudo VSP
depth records. Some numerical examples illustrate the importance of pseudo VSP data,
demonstrating the link between the unmigrated data and the migrated data (using one-way
as well as two-way techniques).

In Chapter 4 the Common Focus Point (CFP) technology is discussed briefly. The relation
between the construction of CFP gathers and the generation of pseudo VSP data is pre-
sented. It is shown how pseudo VSP data can be generated as function of the one-way time
¢’ instead of generating the response at each depth level z. All the examples shown in Chap-
ters 4 to 6 are based on one-way operators.

Chapter 5 discusses how single-fold images are built up with multi-offset, common-well
pseudo VSP data. The contribution of various shot records to the image points at a fixed well
location is shown by generating a series of varying offset pseudo VSP data. The single-fold
images can be stored in a composite gather : the image gather. Similar to pseudo VSP data
where the sources are at the surface, pseudo borehole shot records can be constructed by
simulating virtual sources in pseudo wells using the CFP technology.

In Chapter 6, the construction of two-way and one-way common-offset sections is discussed.
Two-way common-offset sections refer to the conventional common-offset (source-receiver
offset; two-way offset) sections. This in comparison with one-way common-offset sections
which refer to single-fold images obtained using multi-well, common-offset pseudo VSP
data (source-well offset; one-way offset). These one-way common-offset sections show the
illumination of structures from various angles defined by the borehole/detector configura-
tion. The construction of two-way time, one-way time and depth common-offset sections
will be shown on synthetic and field datasets.

In Chapter 7 some 2-D case studies are presented on field data examples and physically
modeled data.

Finally in Chapter 8 some 3-D case studies are presented on various 3-D numerical and
physically modeled data.

The used matrix notation can be found in Appendix A. Appendix B discusses the construc-
tion of the optimized spatial convolution operators. Finally Appendix C illustrates some of
the main VSP processing schemes applied on a field dataset.
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Chapter 2

Formulation of propagation and
reflection

2.1 Introduction

In a seismic experiment the wave field is registered at a number of locations at the surface
or in a well. For studying the behaviour of the wave fields at various depth levels, it is nec-
essary to use operators which describe the mathematical relationship between the recorded
seismic measurements and the geophysical properties of the earth. This forward model rep-
resentation, which describes the seismic reflection experiments, forms an essential basis in
formulating the methodology of generating pseudo borehole data from seismic surface mea-
surements. The methodology of transforming surface data into pseudo VSP data will be pre-
sented in Chapter 3. The transformation of surface measurements (space time domain) to
the subsurface structures (space depth domain) requires knowledge of wave theory, describ-
ing the propagation and reflection of waves in the earth. In this chapter a review will be pre-
sented on the formulation of the propagation and reflection of wave fields.

The reflection response of a wave field measured at the surface depends on more parameters
than the reflection characteristics of the reflector itself. The source wave field propagates
down into the subsurface, reflects at the layer boundaries, and the reflected wave field prop-
agates up to the surface. Therefore the seismic response that is measured at the surface con-
tains a mixture of propagation (up- and downward) and reflection information of the
subsurface. The behaviour of the reflected waves are determined by two properties of the
medium. The propagation properties which are primarily determined by the macro layering
of the subsurface (they depend on the global acoustic properties of the medium such as aver-
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age velocity and average absorption). As a second property, the reflection properties, which
are determined by the layering of the subsurface (they depend on the local spatial changes
of the acoustic properties of the medium). The principal objective of the seismic processing
method is to deduce from seismic measurements, the structure of the subsurface and cor-
rectly position the true amplitude reflectivity.

The appropriate method that eliminates the propagation effects from the seismic measure-
ments is called seismic migration. For the elimination of the propagation effects, a macro
model of the subsurface is needed. The process of seismic migration can also be formulated
as bringing the up- and downgoing waves into focus at the reflecting boundaries.

Wave field extrapolation lies at the basis of the seismic migration method and can be formu-
lated as the computational process which transforms the recorded data (using the wave equa-
tion) into a series of new recordings representing the simulated registrations at new
locations. In forward extrapolation, propagation effects are added to the seismic data. In
inverse extrapolation, wave propagation effects are removed from the data.

After extrapolating the wave field downwards into the subsurface, at each depth point the
local reflection properties are estimated (imaging principle). The imaging principle is based
on the time coincidence of an upgoing wave field with a downgoing wave field (Claerbout,
1971).

In Section 2.2 a review is given on the two-way and one-way wave equations. Starting from
the acoustic wave equation, the two-way representation of wave fields is determined and
compared with its decoupled representation, being the up- and downgoing one-way wave
fields. Both representations are used in the forward model and data description. Some atten-
tion will be paid to the formulations for elastic waves. Section 2.3 summarizes the wave field
extrapolation algorithms using two-way and one-way operators in acoustic and elastic
media. Finally in Section 2.4, the one-way forward model (‘WRW model’) is briefly dis-
cussed. Here the matrix notation is used for describing the seismic wave field. The matrix
notation for seismic wave fields has been introduced by Berkhout (1982) and will be used
throughout this thesis. An overview of the data matrix notation in the forward model can be
found in Appendix A.

2.2 Review of the two-way and one-way wave equations

In this section the representation of two-way and one-way wave fields is briefly discussed.
Some of the main expressions of the various wave field extrapolation operators and their
relation to each other are presented. In the formulation of the two-way wave field extrapo-
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lation operators, the total acoustic wave field is considered. Both up- and downgoing waves
are extrapolated simultaneously. Since the total wave field is continuous across acoustic
impedance contrasts, the boundary conditions are included implicitly in recursive schemes.
Thus transmission effects and multiple reflections are incorporated. A drawback of extrap-
olation techniques based on the two-way wave equation is the sensitivity to model errors.

In the one-way wave field extrapolation, the total wave field is decomposed into up- and
downgoing waves. For an overview of recent references on one-way wave theory, the reader
is referred to Wapenaar (1996). In this thesis, for convenience the up- and downgoing waves
are supposed to propagate independently in the macro layers. The one-way wave field
extrapolation techniques are very robust with respect to model errors. A slightly erroneous
macro model causes only a small distortion in the extrapolated wave field. At acoustic
impedance contrasts coupling of up- and downgoing waves occurs. The boundary condi-
tions and optionally, the multiple reflections should be included explicitly.

The use and formulation of the different wave field extrapolation operators employed in this
thesis are extensively discussed by Berkhout (1982) and Wapenaar and Berkhout (1989).

For loss-less inhomogeneous fluids the linearized equation of motion reads (for the source-
free situation) :

av
-Vp=p,, (2.1a)

and the linearized stress-strain relation reads :

. 1lap
-V-o=—- 2.1b
Y“Ka’ (2.15)

where p=p(x,,z 1) represents the acoustic pressure as a function of the spatial coordinates
{x,y.z) and time ¢, ¥ = V¥(x,y,2,t) represents the particle velocity as function of space and
time, p=p(x,,2) describes the space dependent mass density in equilibrium and K=K{(x,y,z)
describes the space dependent bulk compression modulus.

Next, a formulation in the angular frequency domain is chosen because it allows indepen-
dent extrapolation of monochromatic wave fields (Berkhout,1982).

In the frequency domain (see Symbols and Definitions), differentiations with respect to time
are replaced by multiplicative factors, e.g. :

p FT _
v = joV. 2.2)
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Equations (2.1a) and (2.1b) can, respectively, be rewritten in the space frequency domain as:

%VP =-joV and KV-V =-joP, (2.3)

where P=P(x,y,z,w) represents the temporal Fourier transform of the acoustic pressure,
V = V(x,y,z,w) denotes the temporal Fourier transform of the particle velocity and
=V,

The equations in (2.3) can be combined into the frequency domain representation of the
two-way acoustic wave equation :

pvV - (%VP) +k2P=0 or V2P +k*P=Vinp- VP, (2.4)

where k=w/c, with c=V(K/p). c=c(x,),z) describes the space dependent propagation velocity
and k represents the wavenumber. The wave field can be described along the depth coordi-
nate if the z-derivatives in Equation (2.4) are separated from the x- and y-derivatives as:

a (1P 2 a(laP) a(laP)
i e P—p— =) -p—|——
8z(p 62) pax p ox pay poy/’ 23

Seismic data are always bandlimited, therefore Equation (2.5) can be rewritten in terms of
space-variant spatial convolutions as :

p—(———)=—H2 *P (2.6)

with H» (x,y,z, ®) 2.7
- [y (5,) - 2250321 () + 803 (3) - 520611 () + 5N ) |

The filters d,(x) and d,(y) represent for v=1,2 bandlimited first and second order differenti-
ation operators with respect to x and y. dg(x,y)=8(x)d(y) represents a spatial delta function.
K2, alnp/dx and dlnp/dy are space-variant weighting factors. The asterisk + denotes a
space-variant spatial convolution along the x- and y- coordinate.

Using aP/dz = - jopV > the two-way wave equation (2.6) can be reformulated as the fol-
lowing matrix equation :

0 iopdp * =
i[-pP jwpag .y 30, A
E[Vz]' [—jﬁlp—H2 « 0 [Vz] or —=A10;- (2.8)

Note that Equation (2.8) is a first order two-way wave equation in the space frequency
domain for the wave vector Q; = [-P, V; 7.
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The subscript / refers to liquids. The minus sign on P is introduced because, in the full elastic
case, the traction will be considered rather than the pressure. Equation (2.8) is now suitable
for wave field extrapolation in depth z since it represents an easily manageable first order
differential equation in z for the wave vector Q; .

An important simplification occurs if there are no lateral medium variations. In horizontally
layered media (1-D media) it is attractive to perform wave field extrapolation in the wave-
number frequency domain. Following the approach of Berkhout (1982), differentiation in
the space frequency domain can be represented by multiplication in the wavenumber fre-
quency domain. One of the properties of the Fourier transform pair is the multiplication with
respectively -jk, and -jk, (in the wavenumber frequency domain) which corresponds to the
differentiation with respect to x and y (in the space frequency domain) :

aF(xd’,Zm, (l))
ox
F(x,y,zm, )
ox”
OF(x,y,zm, )
ay
MF(x,y,zm,m) -

oy"

Equation (2.8) can be reformulated in the wavenumber frequency domain, as the acoustic

< —jkxF(kx,ky,Zm, (D) and

Aad (—jkx)nﬁ(kx,kyazm,m),
~ @9)
<> —jkyF(kx,ky,Zm, (X)) and

(= kg ) F (e, iy 2, ).

two-way wave equation for laterally invariant media, as follows :
5 0 jop 5 A -
af-p -P 001 &
— |2 = - _ =t . 2.10
62[Vz] [—ﬁi—sz 0 }[Vz] o e A101 (2.10)

Operator H, is defined as H, = kg =K% - k;?; - k% . From here onward a homogeneous
layer is assumed between z,, ; and z,,. A solution of the Equation (2.10) can symbolically be
described as (Ursin, 1983):

01(zm) = Wi(zm> zp—1)01(zm—-1) » (2.11)

in which the matrix W;(zu,2,,_1) is symbolically equal to :

Wi(zm,zm-1) = exp(AjAz) , 2.12)

with Az=z,,-z,, ;. Equation (2.11) is a description of the two-way acoustic downward wave
field extrapolation in the wavenumber frequency domain, where the acoustic wave vector
él contains two-way monochromatic wave fields (pressure P and vertical component of
the particle velocity V, ). Both quantities are continuous across the layer interfaces.
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If the square-root operator H; is defined such that A, = A% = Hy=k,

with ky =/K? - k2 - k% for k% + k; < k» (propagating waves)  (2.13)
ky = —j\/ K2 + k% _x2 for k2 + k; > k%>  (evanescent waves)  (2.14)

then the eigenvalue decomposition applied to operator Ay yields:

_mp
i lkk —jk; 01 1[1 &
I= 0sz21_9

=L; A Lz , (2.15)

op wp

where matrix A; is a diagonal operator matrix'. The acoustic two-way wave field extrapo-
lation operator W;(z,z,_1) can then be defined as :

Wi(zm,zm-1) =exP(fizAZ) = explLy Ay Li' az) = L) exp(Araz) L

. -1 _ ¢ [exp(-jkzAz) -
=Livil =L [ 0 axp(jszz)]L
PP (zZm>Zm-1) WPV(zm,Zm-l))
( vp(ems 2m-1) Wy (zmszm_1) (@.16)
( cos(kzAz) ]‘;:psm(szz))

L2 sin(k,Az)  cos(kzAz)

Substituting Equation (2.16) into (2.11) yields :

(‘NP(Zm )) - (WPP(ZM’Zm—l ) V:VPV(Zm,Zm_1 )) (‘_P(Zm—l )) @.17)
Vz(zm) Wyp(zmszm-1) Wyv(zm:zm-1) Valzm-1) .

in which for a homogeneous layer the suboperators are given in Equation (2.16). Note that
for propagating waves, the suboperators Wpp and Wyy describe the real part of the phase
shift operator exp(-jk,Az). Wpy and Wyp are related to the imaginary part. For evanes-
cent waves the square-root operator Hy =k, becomes imaginary. The goniometric func-
tions should then be replaced by hyperbolic functions of the real argument jk,Az.

Equation (2.17) can also be written as :

Oy(zm) = LViLT Qy(zm-1) - (2.18)

1. Note that this decomposition breaks down for horizontally propagating waves, that is for
FI 1= kz = 0 .
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As will be seen below, the decomposition operator I:l_l describes decomposition of the
total field into downgoing and upgoing waves, V; describes independent one-way wave
field extrapolation of down- and upgoing waves, and the composition operator f, ; describes
composition of the total wave field from its downgoing and upgoing constituents.

The relation in the k.-0» domain between the total pressure P(z,,) and the vertical velocity
component V,(z,) at a depth level z,, and the up- and downgoing pressure wave fields,
respectively P~ (zy,) and P*(z,,) reads:

Py(zm) = [_P;(Z’”)] =IZ"1['P(Z’") !

] 20
- Pf (zm) '"[

k, | 5
Vz(zm) =3 7 g];_:)_ } Ql(zm) . (219)

The superscript ‘+” indicates that the wave is traveling downward in the positive z-direction.
Likewise, a superscript ‘-’ indicates that a wave is traveling upwards in the negative z-direc-
tion. (Note that at the free surface z=z, the total pressure P(zy) =0).

Thus, Equation (2.10) can be decomposed easily into two first order differential equations
by decomposing the total wave field P into downgoing P* and upgoing p~ waves.

Substituting

A ~_] 2 . = - {_ P+
Pr=L;"Qr = Qr=LiP =L > (2.20)
into Equation (2.10) yields the set of decoupled one-way wave equations :

9 _pt —jkz 0O ][_P+] - =
9 - OI-PY AR, - 221
az[-P‘] 0 Jjkll-p |7 22D

The solution of the one-way equation is given by the phase shift operator.

Similarly to Equations (2.10) and (2.11) the solution of Equation (2.21) is equal to :

Bi(zm) = Vi(zm> zm-1)P}(2m1) (2.22)

in which the matrix V;(zy, z,,,_;) is symbolically equal to V;(zm, zy,.7) = exp(AjAz)
see also Equation (2.15) and (2.16) for a description of the matrices.

Hence, the one-way acoustic downward wave field extrapolation is described in the wave-
number frequency domain by :

=P (zm)) _ (W (zms2im-1) 0 )("p+(zm—1))
(-P‘(zm)) ( 0 F (zm,2p-1) ( (2.23)
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The forward extrapolation operator W* (zm, Zy-1) (also called the downward propagation
operator) from z,,_; to z,, is defined as :

W* (2m>zm—1) = exp(~jkzAz) . (2.24)

The inverse extrapolation operator F~ (zp,z,—1) (also called the inverse of the upward
propagating operator) from z,, ; to z,, is defined as :

F (zmrzm-1) = (W (zm_1,2m)) ™" (2.25)

and is usually approximated by the complex conjugate of the forward extrapolation operator
W* (2m,2m—1) (matched filter approach) :

F(zms2m-1) = (W* Gomy2m1)) (226)

where the asterisk * denotes the complex conjugate.

2.3 Two-way versus one-way wave field extrapolation

In this section a summary is given on the various wave field extrapolation operators deter-
mined in the wavenumber frequency domain. These wave field extrapolation operators are
used to extrapolate the data from one depth level to another depth level. Wave field extrap-
olation methods are either non-recursive or recursive. Figure 2.1 illustrates schematically
the difference between non-recursive and recursive wave field extrapolation. In the use of
non-recursive schemes the wave field is extrapolated from one depth level to the desired or
target depth level in one extrapolation step. On the other hand, in the recursive schemes, the
wave field at depth level z,, is determined from the wave field at depth level z,, ;. In this thesis
only the recursive schemes will be considered. In the remaining part of this section the var-
ious wave field extrapolation operators will be summarized for acoustic and elastic media.

non-recursive 2y ‘/ recursive
wave field z wave field
extrapolation 1 4/ extrapolation
p
2 &
1
' <
f <
2 ¢
Zm-1
iy <

Figure 2.1  Non-recursive and recursive wave field extrapolation.
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*The acoustic two-way downward wave field extrapolation can be formulated in the

wavenumber frequency domain as a matrix multiplication. For downward extrapolation
of the total wave field [- p VZ]T from depth level z,, ; to z,, the following equation
holds (assuming a homogeneous layer) :

(—P) ~ COS(kZAZ) j(;:—zpsin(szz) (—P) (2 27)
Z/zy %;J%sin(szz) cos(kzAz) 2z, ‘

Note that with an equivalent operator (with Az replaced by -Az) the upward propagation
can be formulated.

*The gcoustic one-way wave field extrapolation can be formulated in terms of forward
extrapolation of the downgoing (source) wave field and inverse extrapolation of the
upgoing (reflected) wave field :

5, -

Note that with equivalent operators the forward extrapolation of upgoing waves and the

exp( - jkz Az) 0 ) (_ 15+)

0 exp(jkzAz)] \- p~ (2.28)

Zm-1 )
inverse extrapolation of downgoing waves can be formulated :

(2.29)

- P -

(—P+)z,,,_1 - (exp(j(’;ZAZ) exp(—(j)'szz)) (:IP§+)Z

So far it has been illustrated that for a homogeneous layer, the acoustic two-way operator
can be written in terms of acoustic one-way processes. In the following some of the main
expressions derived from the elastic wave equation will be shown. The derivation of the
expressions for the elastic situation are beyond the scope of this thesis. For a further discus-
sion refer to Wapenaar and Berkhout (1989).

In the acoustic two-way techniques the total wave field has been described in terms of the
total acoustic pressure P and the total particle velocity V, . For the elastic schemes, the
total full elastic wave field is defined in terms of the traction ffz = [Tz, T2z ]T and the par-
ticle velocity V = [Vy, VZ]T . For the elastic case, 2-D wave fields are considered.

The two-way elastic downward wave field extrapolation is described in the wavenumber fre-
quency domain by :

és (zm) = WS (zm, Zm-1 )és (Zm—l ) 5 (2.30)
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where the elastic wave vectors Qs contain two-way wave fields (horizontal and vertical
components of the particle velocity: Vx and respectively Vz, and the shear and tensile
stress on a horizontal plane: Txz and respectively Tzz ). The subscript s refers to solids.

*The full elastic two-way wave field extrapolation operator W describes the relation
between the total (two-way) wave fields at two different depth levels. Equation (2.30) is
a short notation of :

vy (Wi Wiz Wiz Wiy v,
| _|Wa Wa Waz Wou || i @31)
T2z W31 W3 Wiz Wiy || T2z '

Valz, \Way Wi Waz Was/ \Vx/ 2,

The expressions for the suboperators Wigeeeen W44 are beyond the scope of this thesis.
Note that these suboperators are defined from depth level z,, ; to depth level z,,. The advan-
tages of the two-way techniques are mainly based on the continuity of the field components
at layer interfaces. This gives that the boundary conditions at these interfaces are always sat-
isfied and therefore many phenomena are treated correctly without extra effort. As opposed
to the one-way schemes, it is important to realize that no assumptions need to be made on
the separability of up- and downgoing wave fields. A drawback of the two-way techniques
is the sensitivity to model errors, which gives rise to artifacts originating at the boundaries.
The four field components in Equation (2.31), that are continuous at layer interfaces, are
extrapolated simultaneously. This means that source and reflected wave fields need to be
superposed before the downward extrapolation.

The multicomponent seismic data at the surface can be decomposed (similar as in the acous-
tic case) into separate compressional and shear wave fields (assuming a homogeneous
layer). Each wave field can then be handled with similar one-way algorithms as developed
for acoustic processing. The elastic one-way and two-way wave fields can be related by the
following equation :

" 7
li!+ - F—1 'Exz
e Ly | (2.32)
9 Vx

where [',;1 is a decomposition operator. With Equation (2.32) it is shown that the total elas-
tic wave field O can be decomposed into down- and upgoing P- and SV- waves by means
of the decomposition operator (P: longitudinal waves and SV: transversal waves with a
polarization in the vertical (x,z) plane).
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*After the decomposition, the full elastic one-way downward wave field extrapolation is
described by:

B+ (Wp _0+ 0 0y g+

i+ 0 0 ol g+

A 0 0 F 0 q:if (233)
Rl p o

iz Vo o0 0 £/ ¥ Mo

Here &% and W" represent the downgoing P- and SV- waves respectively, while &~ and
Y~ represent the upgoing P- and SV- waves.

The operators on the diagonal in Equation (2.33) have a similar expression as for the acous-
tic case (see Equation (2.24) and (2.26) with & replaced by &, or k).

The relation between the two-way and the one-way wave fields (in acoustic and elastic
media) in the wavenumber frequency domain are summarized in Figure 2.2. The operators
Z,l‘l and 1:;1 indicated in Figure 2.2 are the decomposition operators respectively in
acoustic and elastic media. The composition operators are also shown in this figure : L; and
L represent the composition operators respectively in acoustic and elastic media.

The wave field extrapolation operators as derived in this chapter form a fundamental tool of
the procedure of generating pseudo borehole data from a known wave field at a certain depth
level.

Wave field extrapolation can be formulated in general as the construction or reconstruction
of the development of a wave field in space and time, from a known field somewhere on a
certain time or plane and the characteristics of the medium. With ‘construction’ forward
extrapolation is meant and by ‘reconstruction’ inverse extrapolation. The wave field extrap-
olations can be performed in the wavenumber frequency domain by multiplications. How-
ever, the extrapolation operators derived in the wavenumber frequency domain (as
summarized in this section) are only correct if the wave field extrapolation is performed in
a horizontally layered medium (Z-D medium). For handling more complex models than 1-D
models the wave field extrapolation has to be performed in the space frequency domain by
a space-variant spatial convolution.

2. k,=w/c,,. In solids the compressional wave propagation velocity is defined in terms of the Lamé
parameters A and p as : c,=V(A+2u/p). k=w/c, (with c=V(u/p)). The space-dependent bulk
compression modulus K can be expressed in terms of the Lamé constants A and u as K=A+2u/3;
the Poisson’s ratio is equal to o=A/(2A+2u).
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Figure 2.2 Relationship between acoustic a)two-way and b)one-way wave field extrapolation.
Relationship between full elastic c)two-way and d)one-way wave field exirapolation.

Therefore the most simple way is to transform the derived operators in the wavenumber fre-
quency domain numerically back to the space frequency domain. This inverse transform is
not very efficient because the convolution operators become very long. To avoid the use of
very long operators, short wave field operators have been designed which are over a desired
wavenumber band, equal or close to the exact formulation of the wave field extrapolation
operators in the wavenumber frequency domain (Holberg, 1988, Blacquitre, 1989, Thor-
becke, 1997). The theory of the short optimized operators is discussed in Appendix B, in
which examples are shown for two-way and one-way operators which are used in the imple-
mentation, Weighted Least SQuares (WLSQ) techniques have been used in the construction
of the short operators. It this formulation it is assumed that the medium is locally homoge-
neous over the length of the convolution operator. The medium parameter value which is
used over the length of the convolution operator is the one from the middle of the convolu-
tion operator. The middle value is chosen because it has the most significant contribution to
the convolution summation. The application of the short optimized convolution operators is
illustrated in Figure 2.3. On the top of Figure 2.3, a part of a lateral inhomogeneous layer is
depicted. During the extrapolations in the space frequency domain, local homogeneity is
assumed. This is illustrated for three different lateral locations (bottom of Figure 2.3). Note
that the local homogeneity assumption can be circumvented by using a modal expansion of
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the extrapolation operators. A discussion of this method, which is more accurate, but also

much more expensive, is beyond the scope of this thesis. The reader is referred to Grimber-

gen et al. (1995).

—Pp X —Pp X —P x
:

operator length operator length

Figure 2.3  The short operator is designed such that local homogeneity is assumed by assigning
the middle value of the convolution operator to all values of the extrapolation
operator in the aperture of the operator length.

2.4 Review of the one-way forward model (‘WRW’ model)

In practice, seismic measurements are always discrete in time and space. Consequently,
imaging is always a discrete process and therefore the forward model that is used for the
description of the surface, effects of propagation and reflection is chosen also to be discrete.
In this discrete model, the seismic data is ordered as presented in Appendix A. All the matri-
ces are formulated in the frequency domain (and refer to one Fourier component). It is
allowed to represent the model by independent frequency components, since the earth is
assumed to be a linear time-invariant medium?. For this reason and taking into account the
discrete property, vectors and matrices are pre-eminently suited for the mathematical
description of the recorded data. For notational convenience the angular frequency w in the
monochromatic experiments is omitted.

In this section a brief mathematical description for seismic wave fields will be given in terms
of matrix operators. The matrix operators were introduced by Berkhout (1982) and quantify
the physical process of emission, downward propagation, reflection, upward propagation
and detection in inhomogeneous media. For a more detailed description of the forward
(*“WRW’) model, the reader is referred to Berkhout (1985, 1993) and to Wapenaar (1993)
for a matrix presentation and an integral representation respectively.

3. For linear wave theory in a time-invariant medium, the imaging problem may be described in the
temporal frequency domain. Moreover, as the recording has a finite duration 7, a finite number of
frequencies N per recorded seismic trace should be considered, where N=(f,, o frnid Tt FrnaxTomin
being the temporal frequency range of interest. A typical number of N equals 250.
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The forward model consists of a network of various wave field processes.

First the reflection response is discussed for one reflector. The response can be separated
into three parts:

. - Downward propagation - If the vector st (zp) represents one Fourier compo-
nent of the downward traveling source wave field at the data acquisition surface z=z, then
the monochromatic downward traveling source wave field at depth level z,, is given by :

§* (zm) = W (2m,20)8" (z9)- (234)

W (zm,29) represents the downward propagation operator from depth level z, to 2t

Operator W+ is represented by a complex-valued matrix, where each column equals one
Fourier component of the impulse response at depth level z,, due to one dipole at the surface
2. The propagation direction of the waves is indicated by the superscript : ‘+” for downward
propagation and -’ for upward propagation. Note that for laterally homogeneous media
W' becomes a Toeplitz matrix, i.e. the elements along the diagonal are constant.

. - Reflection - At any depth level z,, reflection may occur. For each Fourier com-
ponent, reflection may be described by a general linear operator R (zm):

Pr(zm) = R* (zm)S" (zm) - (2.35)

P}, (zm) is the monochromatic upward traveling reflected wave field at depth level z,, due
to the inhomogeneities at depth level z,, only. The reflection operator R* (z) is a matrix
describing the reflection properties for downward propagating wave fields : each column
describes the monochromatic dipole source response at z,, for one specific grid point at z,,.

. - Upward propagation - Finally the reflected wave field travels up to the surface.

Po(z0) = W (20,2m )P (2m) » (2.36)

where Pp,(zg) is one Fourier component of the reflected wave field at data acquisition sur-
face zy and W™ (z,zm) equals the upward propagation operator from z,, to z,. Each col-
umn of W~ equals one Fourier component of the response at z, due to one specific dipole
at depth level z,,,.

4. It can be built up recursively, according to
W (zm,20) = W (zm, 2m-1 )W (Zm—1,2m-2) - W* (22,21 )W (21,20)
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Combining Equations (2.34) to (2.36) yields one matrix equation for the reflection response:

M M
P (Zo) = E }3;1 (ZO) = [ W (z9,2m )R+ (Zm)W+(zm,ZO) St (z0), (2.37)
m=1 m=1

or for a continuous formulation in z :

P (z) = f:: [W™ (20, 2)R* (2)W* (2,2) dz]5™ (20)) . (2.38)

In practice, inhomogeneities are present at all depth levels. M denotes the number of depth
levels. Note that one depth level does not necessarily coincide with a reflector. Figure 2.4a
illustrates expression (2.37) for one point source and one reflection boundary. Note that the
reflectivity of the surface is ignored. To Equation (2.37), relations should be added between
the induced source function and the downgoing source wave field on the one hand, and the
recorded detector signals and the upgoing reflected wave field on the other hand :

st (z9) = D* (z9,zs )S(Zs) and P(z;)=D" (zr,2g )P— (z9) . (2.39)

Matrix operators D* (z(,zs) and D™ (z,,z) are defined by the boundary conditions at the
data acquisition surface as well as the type of sources and detectors (velocity or pressure).
These operators have been refined by Verschuur (1991) by introducing array properties and
buried sources at z; and buried detectors at z,.

The vectors S§(z;) and P(z,) are defined by the source- and detector patterns and the
source and detector signals respectively (see also Figure 2.5).
Equation (2.37) may be rewritten as :

P (z9) = Xo(20,29)8" (zp) , (2.40)
m-1

with  Xg(z0,20) = | D, W (20,20 )R (zn)W* (z0,29) | + (2.41)
n=1

W~ (20,2m )X (zm, 2m YW (zm. zg),

M
with X(zm,zm) = D, W (zm»2zn )R (20 )W* (20, 2m ) - (2.42)

n=m
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Figure 24  a)Propagation and reflection for one point source and one reflecting boundary z,,
ignoring the reflectivity of the surface, btaking the reflectivity of the surface and
source and receiver operators into account.

R* (zm)

X (z9,2z9) represents the half-space reflection operator at depth level z, due to inhomoge-
neities at z>z, Note that X(zg,z) does not include the reflection of depth level z,. The
matrix element (i,j) of Xy(zy,zy) may be considered as one Fourier component of the
reflection response at position (x,y); on surface z, due to a unit dipole source at position (x,y);
on the same surface z,. For further details see Berkhout (1985).

Similarly, matrix X(z,,,zm) describes at a detector position at depth level z,,, one Fourier
component of the spatial impulse response due to inhomogeneities at z>z,, (see Figure 2.5)
due to an unit point source (dipole) at z,,. In other words, matrix element Xij(zm, zm ) may
be considered as one Fourier component of the reflection response at position i on surface
z=2z,,, due to a unit point source at position j on the same surface (z=z,,).

The vector P~ (zg) represents the detector positions of one seismic experiment (for one fre-
quency). The extension to a multi-experiment can be easily performed. In case of a multi-
experiment all vectors of one single experiment are collected into one matrix P™(zp) , in
which every column describes the response of one single monochromatic experiment.
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The formulation of a multi-experiment of Equation (2.40) yields :

P~ (29) = Xg(20,20)S" (z9) . (2.43)

In practice the data acquisition surface z is a strongly reflecting boundary and the first equa-
tion in (2.39) should be extended to :

Pt (20) =R (29)P" (29) + D* (20,25)S(2s) (2.44)

where P*(z) represents the total downgoing wave field at z, and P~ (zg) contains all the
surface-related multiples. In Figure 2.4b the surface reflectivity has been taken into account.
Matrix operator R™(z) defines the surface reflection for upward traveling waves (upward
traveling waves are reflected into the subsurface again).

These waves are known as surface-related multiples. Internal multiples in the subsurface can
also be incorporated in the model, i.e. in the propagation operators. If Equation (2.37) is for-
mulated in a recursive way, internal multiple scattering can be included in the extrapolation
operators, Verschuur (1991).

The surface-related multiples can be best represented by the feedback loop as depicted in
Figure 2.4b, where matrix reflection operator R™(zg) defines the surface reflection for
upward traveling waves.

Taking the surface-related multiples into account, the total spatial impulse response of the
lower space z>z, at the surface z, can be extended to :

X(20,20) = [1- X (29,20 )R (29)] 1 Xy (20, 29) (2.45)

This equation forms a fundamental basis of the surface-related multiple removal technology
as described by Berkhout (1982) and Verschuur et al. (1992).
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P (z9)

P(Zr)<. D-(Zr,ZO) <_S.(Zs)
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Figure 2.5 Response at the reflection-free surface zy due to reflection in half space z>zy, ignoring
internal multiples and transmission losses. Xy(zp2g) and X(z,,2,,) are the pulse
responses which include the reflection of the depth level z,,,

In this chapter, the two-way and one-way wave field extrapolation operators have been
determined starting from the acoustic wave equation. The expressions for the different oper-
ators in the wavenumber frequency domain have been presented. In the next chapter, the

derived wave field extrapolation operators will be used in the methods for generating pseudo
VSP data from seismic surface data.




Chapter 3

From surface to pseudo VSP data

3.1 Introduction

In the previous chapter a description has been given on the formulation of waves propagat-
ing and reflecting through a subsurface. Following this formulation using the forward model
description of seismic data, different wave field extrapolation operators have been formu-
lated in using the one-way and two-way wave equations.

As already discussed in Chapter 1, an important application of Vertical Seismic Profiling
(VSP) data recordings is its integration with surface seismic measurements. Considering the
various important advantages of VSP data, an algorithm will be presented in this chapter, in
which surface seismic measurements are transformed numerically into pseudo VSP data.

In transforming receivers along the surface into pseudo receivers placed in a pseudo well,
wave field extrapolation techniques play a fundamental role in reconstructing the wave field
at predefined pseudo receiver locations. Comparisons will be shown in the use of one-way
and two-way wave field extrapolation methods and their applications in generating pseudo
VSP data.

It will be shown that the pseudo VSP data acts as an intermediate stage which comprehen-
sively demonstrates the way in which the source wave field and the reflected wave field
increasingly approach each other (in both using one-way and two-way techniques) and in
this way form the image which would be visible in the end stage of a shot record migration
without showing the intermediate steps. In this way, pseudo VSP constitutes a tool effectu-
ating the map of surface seismic data into imaged data and operates as a unique link between
the unmigrated surface data and the migrated data.
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Considering interrelated boundaries of various data types, a 3-D volume representation of
integrated data shows the continuity of events through different interrelated planes and
improves the interpretation of the wave propagation in time as function of the extension in
lateral position and depth of the subsurface. Using the sensitivity of boundary conditions in
two-way wave field extrapolation algorithms, pseudo VSP data constitutes as a tool for ver-
ifying the correctness of macro subsurface models. In the last part of this chapter some illus-
trations on the use of different wave field extrapolation methods will be given on synthetic
data examples.

In this chapter a formulation will be discussed for the transformation of surface data (shot
records) into pseudo VSP data.

3.2 Algorithm for the generation of pseudo VSP depth records

The generation of pseudo VSP data from surface measurements opens a new way of under-
standing and interpreting seismic events (Ald’i and Wapenaar, 1994). Many events which
cannot be identified on seismic surface shot records are rendered easily identifiable through
the transformation of surface data into pseudo VSP data by a numerical method. The gen-
erated pseudo VSP data contains the same information as the surface data but it is presented
in a different format. The presentation of the VSP data brings in a new dimension to looking
at different events, giving an easier interpretation. This underlines the importance of data-re-
organization as discussed in Chapter 1. When a real VSP is available, the proposed method
will improve the integration of surface data with real VSP data since the surface data is
transformed into the same format as the truly recorded VSP measurements. The computa-
tions and comparison of the pseudo VSP data at different locations, where well information
is not available, with the real VSP data will enable to extend geological knowledge in all
lateral directions and will improve the interpretation of the subsurface model.

The fundamental tool in the transformation of surface data into pseudo VSP data is wave
field extrapolation. The main principle of the pseudo VSP data generation is that if the wave
field and the source properties are known at the surface, and the wave field extrapolation is
carried out correctly (using a correct macro model of the subsurface), then it is possible to
reconstruct the wave field at all depths in the subsurface. Wave field extrapolation lies at the
basis of advanced seismic processing and reconstructs the field at points in the subsurface.
In principle, downward extrapolation can be applied towards any subsurface point in an area
below the seismic detectors. Figure 3.1 (left) shows the functional diagram of the method
for pseudo VSP generation. The core of the procedure is downward extrapolation of a wave
field (acoustic or elastic) from the surface into the subsurface. The technique of pseudo VSP
generation requires (high quality) seismic shot records, a description of the source proper-
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ties and a macro model of the subsurface. A pseudo VSP dataset can thus be obtained by
extrapolating the surface wave field (i.e., the shot record) to a range of detector positions in
a potential borehole (see Figure 3.1). On the right of Figure 3.1 it is illustrated that the infor-
mation of detectors along the surface are focused into pseudo detectors which are placed in
a pseudo well.

potential well

seismic detectors £ detectors
source Ao - SR TRTOT

WAVE FIELD

{PSEUDO VSP D)

Figure 3.1  Functional diagram for the transformation of surface data into pseudo VSP data.

Note that zero offset as well as non-zero offset VSP data can be obtained in this way. Seis-
mic surface measurements (containing detailed information of the subsurface) are used to
generate better VSP results. This in comparison with methods where surface data is not used
at all.

The macro model, which defines the propagation properties of the earth, is used to calculate
the extrapolation operators. With these operators it is possible to extrapolate the total wave
field from one depth level to another. A description of the potential borehole/detector con-
figuration is necessary to make the correct depth step from one detector level to another and
to select the correct VSP trace for all depths (Figure 3.2).

The wave field extrapolation is repeated recursively for all depths where detectors are cho-
sen in the potential borehole. The result of one extrapolation step is used as input for the
extrapolation of the wave field to the next depth level. The result is a complete pseudo VSP
dataset, after all depth steps for the predefined source-receiver VSP survey. Note that with
this scheme it is possible to handle all kind of borehole detector configurations.
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X : true detectors along the surface

position depth

X % .pseudo detectors
in-pseudo well

Figure 3.2  Transformation of a seismic shot record into pseudo VSP data. The black crosses
represent the true detectors which recorded the surface data; the white crosses denote
the pseudo detectors placed in a pseudo well.

3.3 One-way and two-way formulation

In the previous chapter the different wave field extrapolation operators have been discussed
briefly. In this section the generation of pseudo VSP data is illustrated in the use of one-way
and two-way wave field extrapolation operators. The expressions for the various wave field
extrapolation operators have been derived in Chapter 2 from the two-way wave equation.
The operators presented in Chapter 2 have been derived in the wavenumber frequency
domain. In the formulation of the operators in the frequency domain, the seismic data is
decomposed into a number of independent monochromatic wave fields which are extrapo-
lated independently. Figure 3.3 illustrates the seismic measurement matrix for the 2-D sin-
gle component surface data (see Appendix A for the notation of the data matrix).

In horizontally layered media (I-D media) it is justified to perform wave field extrapolation
in the wavenumber frequency domain. However, it is possible to expand the operators which
are derived in the wavenumber frequency domain to operators which can handle more struc-
turally complex (2-D and 3-D) subsurface models. The extrapolations need then to be per-
formed in the space frequency domain. In the previous chapter a method has been discussed
for transforming the operators from the wavenumber frequency domain to the space fre-
quency domain in an optimized way (see also Thorbecke, 1997). Short operators have been
designed such that local homogeneity is created in the aperture of the operator length (see
Appendix B for the formulation and illustration of the design of the operators which are per-
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Figure 3.3  The seismic measurement matrix for (2-D single component) surface data.
One column refers to one shot record and one element refers to one trace.

formed in the space frequency domain). The general form of operators depends on the
domain in which they are derived. In the space frequency domain the operators are convo-
lutions and in the wavenumber frequency domain just simple multiplications.

In the following, four schemes are presented for transforming the surface data into pseudo
VSP data. The schemes are illustrated for acoustic two-way and one-way wave field extrap-
olations applied on surface data with all multiples included and on data after surface-related
multiple elimination. The choice of the calculations in the frequency domain has the impor-
tant consequence that the multi-dimensional forward model for describing the seismic
reflection data becomes relatively simple. All matrices refer then to one Fourier component.
An important wave field extrapolation method in seismic processing is the one-way method,
where the wave field is decomposed into upgoing and downgoing wave fields. These wave
fields are separately extrapolated. The two-way approach is another description for wave
field extrapolation which takes all boundary conditions into account and fully describes the
propagation and reflection of wave fields including multiple reflections. In the formulation
of the two-way extrapolation operators, the upward traveling and downward traveling P
(and S) wave fields are handled simultaneously, which makes the two-way schemes very
sensitive to different parameters of the macro subsurface model. The one-way schemes on
the other hand, are robust with respect to errors in the macro subsurface model, but ignore
mode conversions (from P to S and vice versa) and internal multiples reflections. A two-way
wave field can be decomposed into upward and downward propagating wave fields. If mul-
tiple reflections are neglected, the decoupled one-way wave equations describe the up- and
downgoing wave modes separately.

For the generation of pseudo VSP data, a wave field P(zp, w) , representing the subsurface
response and a wave field S(zg, ) , representing the source function is required.
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These wave fields are decomposed into upgoing and downgoing waves which can be extrap-
olated separately for the one-way techniques. In the use of two-way wave field extrapolation
operators, the total wave field is used as input to the algorithm. Figure 3.6 illustrates the data
flow for respectively the two-way and one-way techniques. Here the monochromatic imple-
mentation for generating pseudo VSP data is shown. As an initial process, the surface data
is preprocessed and is transformed to the space frequency domain. Based on a gridded
macro model defining the propagation properties of the subsurface, extrapolation operators
are designed in the wavenumber frequency domain (discretized operators and thus suitable
in their performance on sampled data). For the expressions of one-way and two-way wave
field extrapolation operators in the wavenumber frequency domain, the reader is referred to
Chapter 2.

Extrapolation operators are calculated around every lateral x position in the wavenumber
frequency domain (local homogeneity assumption over operator length), which are then
mapped into the space frequency domain using an efficient Weighted Least SQuares
(WLSQ) technique. Operator tables are calculated based on the frequency content of the
data and the minimum and maximum velocities of the used macro model. The variable x in
Figure 3.6 denotes the variable lateral position over the operator length (opl) which is
applied on the data to calculate the value at the next depth level for one lateral position x’
(see also Figure 3.4).

operator length (opl)

4

opl
Figure 3.4  Application of the WLSQ short operators. One extrapolation for one lateral position
is stored as a row vector in the propagation matrix.

The data is convolved for each depth level with the spatially varying operators, resulting in
a new redatumed monochromatic data vector. The wave field extrapolation is performed for
all depth where pseudo detectors are positioned in the pseudo well : exactly one element is
selected from the data vector and stored to build up the complete pseudo VSP dataset which
fulfills the predefined borehole/detector configuration. The algorithm is applied for all fre-
quencies and the pseudo VSP data (0yz) is transformed back to the space-time domain (%,z)
using a temporal Fourier transformation. In the top part of Figure 3.6 the algorithm is shown
for the use of two-way operators. Here the total wave field is considered. In using one-way
operators the up- and downgoing wave fields are determined separately and added after-

wards.
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Figure 3.7 illustrates the monochromatic wave field extrapolation which is performed in the
space frequency domain using two-way (top) and one-way (bottom) wave ficld extrapola-
tion operators. According to the predefined borehole/detector configuration, a trace is
selected from the extrapolated data which is stored per depth level to obtain after all depth
levels a (deviated) pseudo VSP dataset. Note that the data is convolved with the operator
over a short operator length and that the selection of the trace may differ along the lateral
position (e.g. Pj(z;) and P(z,,) in Figure 3.7, where the indices j and / refer to the lateral posi-
tion that is selected fulfilling the predefined pseudo VSP geometry).

For the one-way schemes (bottom of Figure 3.7), only the forward extrapolation is illus-
trated for downgoing waves P* . A similar illustration holds for the inverse extrapolation
of the upgoing waves P~ . For the two-way extrapolations (top of Figure 3.7), two sets of
VSP data are created, a pressure field and a velocity field (see also Figure 3.6).

The wave field extrapolation schemes that are discussed in this thesis are applied recursively
(see also Figure 3.2). This means that the wave field at a depth level z,,,; depends on the
wave field at level z,, which depends again from a higher depth level z,,_; (Figure 3.5).

—P(Zm) Vz(Zm) P+(Zm) P_(Zm)
AZI : i : " AZI : i : " AZI : E : "
———— T=Zpy ] —_——— 22y | —_— 2y ]
_Pi(zm+1) VZi(Zm+l) P;(Zm+1) P;(Zm+l)
2) b) <)

Figure3.5 The wave field at depth level z,,, ; depends on the wave field at a higher depth level z,,,
ajtwo-way scheme (down- and upwaves), bjone-way scheme (downwaves), c)one-way
scheme (upwaves).

The expression for the various two-way sub-operators, Wpp , Wpy , Wyp and Wy, are
given in Equation (2.16) of the previous chapter.

Since the calculations are performed in the space frequency domain (by using WLSQ oper-
ators), the two-way wave field extrapolation in the space frequency domain will be noted as :

). - W

v, Wyp Wyy \V, -

A similar notation is used for describing the one-way wave field extrapolation.
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Figure 3.6  Data flow for the transformation of surface data into pseudo VSP data :
two-way scheme (top) and one-way scheme (bottom).
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Figure 3.7  Illustration of the monochromatic wave field extrapolation in the space-frequency
domain in the two-way (top) and one-way (bottom) pseudo VSP data generation.
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Figure 3.8¢g to j illustrate four schemes in the use of two-way and one-way wave field extrap-
olation operators. Two shot records are modeled using an acoustic finite difference algo-
rithm for a simple 2 layer model with only a density contrast. The parameters of the model
are : ¢, =1500m/s, p;=1 000kg/m?, c,,=1500m/s and p,=3000kg/m>. ¢,y and ¢y, are the
acoustic P- wave velocities for respectively the first and second layer and p; and p, denote
the density. The reflector is positioned at depth z=200m. The modeled shot records (v,) for
a free surface condition is displayed in Figure 3.8a. Note that 5 multiples are visible. In Fig-
ure 3.8b the data is displayed after surface related multiple elimination.

Two situations can be considered for fwo-way techniques :

« The surface multiples in the data generated at the free surface are approximated by — P ( zy)
(reflection coefficient is equal to -1, which is a usual assumption for marine data). The pressure
and velocity fields read in this case :

P(zg) = st (zp) and Vz(zo) = K(S'+ (z9) - 2P (29 )) . Note that for this acoustic case
the vertical component V, is used. P~ (zq) is the recorded wave field and S*(z9) is the
pressure of the source. (K <> (kz/wp) ; K is applied in the space frequency domain).

* The surface-related multiples have been removed from the data in the case of a transparent sur-
face boundary condition, (assumption : surface z; is non-reflective). The total pressure and veloc-
ity at the surface can respectively be written as :

P(zg) = P (z9) +8* (z9) and Vz(z9) = K(5 (20) - P (z0)) -

Similarly, the following situations can be considered for one-way techniques :

* The surface multiples are estimated by — P (z;) (assumption of free surface). The upgoing
respectively downgoing wave fields are described by :

B (z9) =P (z9) and P*(z9) =-P (29) + 5" (20) -

« In the case of a transparent surface boundary condition, the surface-related multiples have been
removed from the data (assumption : surface z, is non-reflective). The upgoing respectively
downgoing wave fields (after decomposition and surface-related multiple elimination process)
are then given by :

A= - Bt ot
P (ZO) =P (ZO) and P (ZO) =S (ZO) .
The input data for the different schemes are summarized in Table 1.

Table 1 Input data for the various schemes in generating pseudo VSP data.

two-way —{ one-way two-way T one-way
with multiples (free surface) without multiples (transparent surface)
p=5 P =P P=P +§" P =P
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Figure 3.8  Pseudo VSP generation from a)surface data with multiples and
b)after surface-related multiple elimination using acoustic two-way respectively
one-way wave field extrapolation operators.
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Figure 3.8¢c and d show the result of the acoustic two-way and one-way techniques applied
to surface data with multiples.

For the two-way techniques the total wave field is separated into a source wave field and a
reflected wave field and both wave fields are extrapolated separately from the free surface.
This separation illustrates that for a correct macro model the upgoing non-causal events
(which are automatically generated at the reflector in the separate pseudo VSP wave fields)
will cancel each other. For the one-way techniques the wave field is decomposed into up-
and downgoing pressure wave fields which are extrapolated separately and pseudo VSP data
are generated. Addition of the result of these separate wave fields results into a full one-way
pseudo VSP. Comparing the results obtained by one- and two-way techniques it can be seen
that the extra (incorrect) events in the one-way pseudo VSP (Figure 3.8d) will result in a
false image in the shot record migration (see arrow in Figure 3.8d).

Note that the pseudo VSP data acts as an intermediate stage which comprehensively dem-
onstrates the way in which the source wave field and the reflected wave field increasingly
approach each other and in this way form the image which would be visible in the end stage
of a shot record migration without showing the intermediate steps. Summarizing, the pseudo
VSP constitutes a tool effectuating the map of surface seismic data into imaged data and
operates as a unique link between the unmigrated surface data and the migrated data.

The pseudo VSP is generated also from surface data after surface-related multiple elimina-
tion (Figure 3.8b). Figure 3.8 and f show the result of the acoustic two-way and one-way
techniques applied to surface data after surface-related multiple elimination. The results are
shown in Figure 3.8¢ for the two-way techniques and in Figure 3.8f for the application of
the one-way techniques. Comparing the results of Figure 3.8e and f, a non-causality is
observed in the one-way pseudo VSP data which is not correct and meaningless (have to be
zeroed).

3.4 Data integration

Vertical seismic profiling is a widely used geophysical technique which responds to the
demand of more successful planning and improvement of the field development.

The interest in the performance of Vertical Seismic Profiles (VSP) has been increased more
and more over the last decade. Since all or parts of the measurement and observation of VSP
takes place inside the earth, one can observe the attenuation and distortion of a surface gen-
erated pulse progressing through the earth. The reflection and refraction of the pulse can be
observed and also how it is converted to shear and/or pressure waves. Multiples can be a
major problem in surface seismic data processing. Therefore the understanding of the mul-
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tiple generation and reflection mechanism is very important and the way in which they may
obscure the primary reflections in the vicinity of the well. The identification of multiples and
their origin in seismic data is very useful and can be seen very clearly in the VSP display.

Vertical seismic profiling has been accepted as a powerful tool to solve many uncertainties
appearing in the surface seismic data around wells. For the last two decades a lot of research
was carried out in the field of real VSP and synthetic VSP modeling and their applications.

It is worthwhile to mention that in the past many authors have modeled VSP data in order
to compare them with recorded VSP data.

Given the source properties and a detailed description of the subsurface it is possible to com-
pute the wave field at any position in space (for instance in a borehole) by solving the wave
equation numerically (forward modeling). Of course the reliability of the details fully
depends on the reliability of the detailed description of the full subsurface model that has to
be specified as input for the modeling scheme. For comparison, in the method of the pseudo
VSP generation, the details in the resulting VSP data come directly from the measured sur-
face data rather that from the seismic interpreter. This essential difference is illustrated in
Figure 3.9.

seismic source & seismic data

full subsurface model*ﬁ{ forward modeling ) (downward eXTfaP°|aﬁ0"37macro subsurface model
modeled VSP data pseudo VSP data

Figure 3.9  Pseudo VSP data generation in comparison with VSP modeling.

In this section some attention is paid to the importance of reorganization of data. With the
aid of a simple elastic 7-D model, it will be illustrated how different data types can be inte-
grated with each other. In the introduction of this thesis, different data types in Chapter 1
illustrated the wave propagation through a medium. An integration was shown of the record-
ing of the wave field at the surface (shot record) with a macro model through which the
waves propagate. The axis that was common for both was the lateral position x. The shot
record was displayed as function of the lateral position x and two-way time ¢. Similarly, inte-
grations were made between the model and snapshots (at increasing times ) which had both
axes (lateral location at the surface x and depth z) in common. The snapshots viewed the
propagation of the wave fields through a medium as function of increasing times. In the
same way, VSP data was integrated with the model; the depth axis z was common to both
data types. It was illustrated that in using an equal source in both recording the shot record
and VSP data, both data acquisitions would record the same wave field.
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layer | Az [m] Cp [mis] | cg[m/s] p[kg/m3]

1 2000 1200 1000
2 500 2500 1500 1000
3 1000 3000 1800 1000

TN <)
non-causal events
Figure 3.10 Integrated display of modeled data a)shot record and VSF, b)pseudo VSP data
generated from the shot record with correct model (see table), c)pseudo VSP data

generated with an erroneous model c,y=2375m/s.

Figure 3.10a shows the integration of modeled surface data and offset VSP data using an
elastic finite difference algorithm corresponding to a vertical stress source T, and horizontal
v, receivers. Note that both datasets have the time axis in common, since they record the
same wave field. The display consists of two parts, an upper part and a lower part. The upper
part representing the surface data and the lower part representing the VSP data. The source
signature is a 60Hz Ricker wavelet, the receiver spacing is 8m and the time sampling is 4ms.
Various events are indicated in this figure. Figure 3.10a shows the reorganization of data, by
presenting the same information of data in a different format. Both datasets contain the same

information but are represented in different formats for an easier interpretation of the vari-
ous events. The VSP data gives a significant better understanding of the complex events e.g.
multiples and wave conversions. Figure 3.10b shows the pseudo VSP data, computed from
the surface data. Note the time-coincidence of the events by comparing the surface data with
the VSP data.
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Two-way full elastic wave field extrapolation operators have been used which were applied
in the wavenumber frequency domain. The surface data has been preprocessed in order to
correctly locate it within the window of the propagating waves for any layer. The same
macro model is used as for the VSP modeling. Figure 3.10c illustrates the pseudo VSP gen-
erated from the preprocessed surface data in Figure 3.10b, using an erroneous macro model
(5% error in the velocity of the second layer). The compressional velocity of the second
layer has been taken c,,=2375m/s instead of the correct velocity of c,,=2500m/s (the sub-
script 2 refers to the second layer). This gives rise to many non-causal P- and S- events. Note
that these effects accumulate with depth and do not influence the events of the layer above.
This illustrates the potential of the pseudo VSP method for macro model verification which
will be discussed in the next section.

In this example the VSP is modeled and generated for one offset (112m) in a vertical well.
This can be extended to modeling VSP data for increasing offsets and for the same shot posi-
tion (offset VSP data contain information about the reflection and transmission properties
of the earth laterally away from the well). Figure 3.11 illustrates offset VSP data for increas-
ing offsets on both sides of the single shot position (v, receivers for a vertical stress source
T,,). A 3-D volume of data can be constructed by collecting the series of offset VSP data in
a cube.

Figure 3.12 shows various views and slices through the 3-D volume of modeled data (v,
receivers). Figure 3.12a shows some snapshots which can be also used to build up the vol-
ume of data. Figures 3.12b to d show some slices out of the volume illustrating the continu-
ity of the different events in the various shot record, VSP and snapshot planes.

Figure 3.13a and b show a 3-D volume of data (v, receivers) illustrating the different cross
sections (shot record, VSP and snapshot). This 3-D data volume has been built by a series
of offset VSP data (see also Figure 3.11). This 3-D volume of data can also be built by a
series of downward extrapolated shot records or by a series of snapshots.

Figure 3.13a illustrates clearly the different planes (x,#), (x,z) and (1,z) of this volume, which
represent in fact the shot record, the snapshot and the VSP respectively. The continuity of
the events in the different planes adds another dimension to the interpretation of the events.
A remarkable event in Figure 3.13a is the headwave (see arrows in the snapshot and VSP).
With this 3-D volume of data it is possible to take slices of it, to identify different events.

The 3-D data volume can be unfolded and pasted into two dimensions which makes the con-
tinuity of the different planes more identifiable (see Figure 3.14).
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pseudo VSP
data

Figure 3.11 Construction of a 3-D volume
of data by a series of offset VSP
data or downward extrapolated

shot records.

Figure 3.12 Various slices through the 3-D volume of modeled data
(snapshots, shot records and VSP data).
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Figure 3.13 3-D volume of data illustrating the different cross sections
(shot record, VSP and snapshot : v, registrations for a T, source).
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Figures 3.14a to ¢ show the unfolded 3-D volume of data, representing three pictures of the
wave propagation for increasing times #; to ¢3. Each figure consists of two parts. The left part
shows the shot record in combination with the snapshot (x-axis in common). The lateral
position of the well is displayed in these figures. The right part illustrates the integrated shot
record-VSP display at the position of the well (the time axis is common to both the datasets).
Finally the lower part of each figure is an integrated snapshot-VSP display (z-axis in com-
mon). From this integrated data representation it is clear that for increasing times ; to 3, the
VSP display gives much more insight in understanding the wave propagation through the
subsurface and facilitates the identification of the events in the shot record.

It is common practice to use the snapshots to understand the complexity of a shot record.
The investigation of snapshots gives insight but to understand what is really going on it is
proposed to generate VSP data. By generating VSP data, much more insight will be gained
into the different events because all the complex events become identifiable. This is a pow-
erful method of studying complex shot records. This way of looking at the data underlines
the important application of vertical seismic profiles. VSP establishes a unique link between
the geological interface in depth and its time event on the surface seismic section.

— x

N —

— x c)

Figure 3.14 Snapshots, VSPs and shot records illustrating the wave propagation for increasing
times tl to t3.
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3.5 Boundary conditions

If the total (acoustic or elastic) wave field is known and full knowledge of the medium
parameters is gained, every boundary condition can be met throughout the complete extrap-
olation process and optimal reconstruction of the wave field propagating in the earth can be
achieved. When some parts of the required knowledge as pointed out above are not avail-
able, then some unwanted components of the wave field are generated. These unwanted
components can not be avoided, due to inaccuracies in specified medium parameters, which
are inevitable in velocity estimation and migration. The strength of these unwanted compo-
nents, the non-causal events, is related to the reflection coefficient of the erroneously posi-
tioned contrast causing the generation of these components. Two-way wave field
extrapolation techniques are sensitive to errors specified in medium parameters. This sensi-
tivity can be used in the extrapolation to introduce a new criterion for the verification of the
correctness of the macro model. In this section some examples show the verification of the
parameters of macro subsurface models in using two-way operators.

The information on a macro model of the subsurface is present in the seismic shot record in
the arrival times of the reflections. If an erroneous model is used as input for a two-way wave
field extrapolation algorithm, non-causal solutions are observed, because the arrival times
are not properly handled due to a wrongly specified depth or layer velocity. In two-way wave
field extrapolation techniques downgoing and upgoing waves are handled simultaneously.
Therefore the source and reflected wave fields need to be superposed before downward
extrapolation. The basic principle of macro model verification lies on the sensitivity to
errors in the macro model. The automatic fulfillment of the boundary conditions at layer
boundaries is illustrated in Figure 3.15 using two-way wave field extrapolation techniques.

For a better understanding of the coupling between the up- and downgoing waves, they have
been split at the surface into incident downgoing and reflected upgoing waves and the effects
of two-way downward extrapolation is analyzed on the down- and upgoing waves indepen-
dently. The upgoing waves below the interface (dashed arrows) in Figure 3.15a and b are
automatically generated to fulfill the boundary conditions at the layer interface. The bound-
ary conditions are automatically fulfilled because the total wave field is continuous for all
depths. Addition of these two separate parts will result in a correct coupling in case of a cor-
rect model; the dashed arrows cancel each other, because they are of same amplitude but
opposite in phase (see Figure 3.15c). Extrapolating with an erroneous macro model will
result in an incorrect upgoing wave (see upgoing dashed arrow in Figure 3.15d). Here the
difference is shown between correct and incorrect coupling between up- and downgoing
waves. In other words, surface data extrapolated with a slightly wrong macro model, will
result in incorrect coupling between up- and downgoing wave fields at the layer interfaces.



70 3 From surface to pseudo VSP data

incident downwave reflected upwave reflected upwave

boundary correct
B model
.
‘ transmitted " transmitted transmitted
downwave downwave downwave
incident downwave reflected upwave reflected upwave
bound. + =
oundary Wroi
P mot?eq .
’ *
’ transmitted * transmitted incorrect’ transmitted
downwave downwave upwave downwave

pseudo VSP —p t

Y

4

N N N
w N L
correct model

<
N~

pseudo VSP —p» t

4

N N
N =

&
wrong model

o}

NON-CAUSAL EVENTS

Figure 3.15 Boundary conditions at interface for a)an incident downgoing wave and b)a reflected
upgoing wave, cjsuperposition of a) and b) for correct coupling and d)incorrect
coupling. e)Pseudo VSP data using a correct macro model and f)the occurrence of
non-causalities in the pseudo VSP data using an erroneous model in the wave field

extrapolations.

Upgoing wave fields would then arrive earlier at the detectors than downgoing primaries,
which is not possible for configurations where sources are positioned at the surface.

A possible updating procedure (Figure 3.16) may be used for the verification and estimation
of the macro model of the subsurface, starting with an initial macro model : the initial
pseudo VSP may be inspected on the occurrence of non-causal events. In the presence of
non-causal events, the procedure of transformation and inspection may be repeated itera-

tively until non causal events disappear.

NS L EXTRAPOLAT
_Source properties ;

: macro model updats

Figure 3.16 Proposal for an iterative macro model updating procedure using two-way techniques.

In the following, some examples on the macro model verification are illustrated on synthetic
modeled data based on an elastic horizontally layered subsurface model. The updating pro-

cedures using pseudo VSP data are beyond the scope of the thesis.
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The elastic layer parameters of the macro model are given in Figure 3.17. Figure 3.17a
shows the shot record (v, registration) that is modeled in the wavenumber frequency domain.
The source used for this experiment is a vertical t,, source at the free surface. Here a similar
approach is used as in Figure 3.8c, where the total wave field is separated into two wave
fields, i.e. the source- and the reflected wave field. The wave fields are separately extrapo-
lated downward using full elastic two-way operators, see Equations (2.30) and (2.31). The
extrapolation is performed in the wavenumber frequency domain. Both wave fields have
been extrapolated with the correct macro model. The upgoing waves below the interface are
automatically generated to fulfill the boundary conditions at the interface. These upgoing
waves below the interface are the so-called non-causal compressional and shear wave
events. The separately generated pseudo VSP data (source wave field : 3.17b) and (reflected
wave field : 3.17c) show the transmittion and reflection of P- and S- waves. Addition of Fig-
ure 3.17b to Figure 3.17c results in a “correctly generated” pseudo VSP (Figure 3.17d). The
non-causalities cancel each other because they are of equal amplitude but opposite in phase.
The pseudo VSP data have been generated to a depth of 700m. This example manifests
clearly the fulfillment of the boundary conditions at the interface in using two-way extrap-
olation operators. Here the pseudo VSP generation constitutes an effective tool for a better
understanding of boundary conditions at interfaces. The separately extrapolation of source
and reflected wave fields gives a clear view and understanding of the elastic boundary con-
ditions. Note that for the generation of pseudo VSP data the 4 components of the elastic
wave field (v,, T,,, T,,, v,) are computed at each depth level. The generated t,, response is
depicted in Figure 3.17e. The other components v, and t,, are shown in Figure 3.18. Similar
to Figure 3.17 the wave fields for the v, component has been treated separately. From Figure
3.18b and c it is clearly seen, that the upgoing non-causal S- waves are better identifiable.
Addition of Figure 3.18b and c gives the result which is depicted in Figure 3.18d. Note the
higher S- wave energy in all the panels in comparison with those in Figure 3.17.

The appearance of the non-causalities is illustrated with the following examples which show
the behaviour of the different non-causalities appearing by wrongly specified parameters of
the macro model. Figure 3.19a represents the pseudo VSP data generated from the surface
data (v, and v, registrations for a vertical t,, stress source; depicted above the pseudo VSP
data) for the correct macro model using two-way elastic wave field extrapolation operators.
The same elastic horizontally layered model has been used as depicted in Figure 3.17 and
Figure 3.18. Figures 3.19b to e show the generated pseudo VSP data using erroneous macro
models. In Figure 3.19b the pseudo VSP data are shown with an error of 10m in the depth
(first reflector). This gives rise to many non-causal events in comparison with the correct
VSP data (Figure 3.19a). Figure 3.19¢ shows the results for an error in the P- wave velocity
(cp) of the first layer : 100m/s has been subtracted.




reflected wave field

*
=

ﬂ_ﬂ

i

I

¥

_:

.
%@

|
.

_H_

|
,*

I

=

=

Wi
_

a%.

i

247
o)

m«mm“m

3 From surface to pseudo VSP data

700

0
Note that the pseudo VSP data have been generated at 112m offset with respect to

figures show the various components of the data for a v, source at the free surface.
the shot location.

1
2000
1200

source wave field

Sp [m/s]
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p [kg/m3] 1000 | 1000
Az[m} || 3O

Figure 3.17 Transformation of elastic surface data into elastic pseudo VSP data. The different
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source wave field

Cp [m/s]

Cg [mys]

p kg/m’]

Figure 3.18 Transformation of elastic surface data into elastic pseudo VSP data. The different

figures show the various components of the data for a t,, source at the free surface.
Note that the pseudo VSP data have been generated at 112m offset with respect to

the shot location.




3 From surface to pseudo VSP data

74

_

,_ﬂ

| m_

|

i

i

..

|

!

.__

!

|

I

i

|

|

_

I

I
h

*_________

2

i wummv.». % mm
Ew IS el
ss%mmw_ m m.,m_%& m

- i

=-

l

g

w. ua.m.. ;

*___*_3,____@

—___________, L

-¥: ,.A__a_.,.%a%

%_.

I
T

,aw-u

0

RcT:

5

il

T

)

_‘_

—‘____w____

|
7

%_

__

i

%__:___

non-causal

part

y

T

i

m

{

il

_w_

il

a

il

I

___q_a

il

;.

: il
£ u_.__,_ %@u ol

Y

- .aww
=i

._,,m.%
i

5~_4.m~—=-==_=—== =__.

m_“m_ﬁmmw_%u_@___*___“Wﬁ

:...,.%%m a_, a..

__,_m_...g_,ﬁ_m________________ﬂ________m_wmwmﬁ__

|

_~__=_§

i ”.__,_._.wm Mﬁm

e o .& e

s ,,m. ”
R w_
; nm""m.

Q0

i
- i
,E%a

_

..__

== _.4 - : ... a&m

Y

_m. m___. x

,ax ;

“,_mm"v“x..
!
mwwmm.. mw—

,3.

L

p

,_ 7

___‘_*_m___v M@____ﬁ_ﬁ_ﬁ%‘_@_ﬁa ,__m__:_a_g@_mmmmwmw%___ﬁm_% _ﬁ_%______*_

? M = /ey A _m_

]
| ___ :__@_M__%_

__w“ | P
i

v»,;wfw (L V

i ,,m%w.m_a_m__m __= _- _

flieess =5 it
dv

..aa&a%m v - .. o F."w.y. & < - E_?

__ ‘__g___ i

_mm__““_mﬁ”____________,_____________,, I

__‘____.,ﬂwm_:

w/B%00s 1=Cd

s/wgo6 =% K

t=0s

Figure 3.19 The effect of elastic two-way pseudo VSP generation with incorrect input parameters.
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Figure 3.19d shows the effect if the velocity of the S- waves in the first layer have been
decreased by 100m/s. Figure 3.19¢ shows the pseudo VSP data generated with an error in
the density of the second layer : 500kg/m3 has been added to the density of the second layer.
Comparing the results it is clear that the effect of the unwanted field components is repeated
downwards and an error in e.g. the second layer will of course not influence the events of
the layers above. Finally Figure 3.20a shows the effect on the generated pseudo VSP data
with an error in the source amplitude. The amplitude of the source wave field (part of the
input to the algorithm) has been increased by 10% of the original amplitude of the source
wave field. An important point to note in these experiments is that whenever the amplitude
of the source wave field is not correct, the non-causalities appear only at the direct wave
(compare with Figure 3.20). Therefore the best strategy for the macro model verification and
update is to correct first for the errors in the specified parameters of the macro model and
then finally correct for the amplitude of the source wave field.

+10%

AMPgouree

t=0s t=0s

Figure 3.20 The effect on the generated pseudo VSP data with an error in the source amplitude.

To get a better insight into the different non-causalities, the following experiments investi-
gate the appearance of these unwanted events in more detail. Figure 3.21a (top) shows the
shot record generated for the simple situation of a plane wave (at normal incidence) at the
free surface for the given acoustic model (see Figure 3.21). Figure 3.21 shows the behaviour
of the non-causalities in the generated pseudo VSP with errors respectively in the depth,
velocity and density of the macro model. For each type of error, three pseudo VSP data are
shown. Upwards the results are shown for a negative error and downwards for a positive
error in depth. Note that the pseudo VSP data in the middle is correct. The experiment (Fig-
ure 3.21a) is performed with 7 negative and 7 positive errors, with each time an extra error
of 20m in depth. For the velocity and density, 2 negative and 2 positive errors have been
made. Furthermore the last trace of each pseudo VSP is plotted to study the behaviour of the
noncausalities. One thing to notice for the depth error is that 2 non-causalities are generated
(one originating at the correct depth, i.e. z=300m, and the other a shifting non-causality).
Note that the polarity of the non-causalities changes in passing from the negative errors to
the positive ones. Studying the last traces of the velocity error panel, a phase shift can be
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observed in the direct wave of the generated pseudo VSP data. Similar to the above
explained figures, the effect of errors in the density of the macro model is that the shape of
the non-causalities remains the same but the amplitudes are increased with an increased
error in the density. Combination of errors will produce more complicated pictures.

—t
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N — ——Pp x

500
1000

11%
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-500
-250

0
250
500

layer Cp [m/s] | p [ka/m

1 3000 1000 300
2 2500 1000

Figure 3.21 Behaviour of non-causal events in
generated pseudo VSP data. Errors
in a)depth, bjvelocity and c)density
of the macro model.

For acoustic boundaries there are two conditions : 1)the pressure must be continuous and
2)normal component of the particle velocity must be continuous. The angle dependent
reflection and transmission coefficients for a fluid-fluid boundary are given in Figure 3.22.
For the derivation of the different boundary conditions for different interfaces e.g. fluid-
fluid, solid-fluid, solid-solid etc. the reader is referred to Berkhout (1987). Figure 3.23 illus-
trates the acoustical interface equations for two-way wave field extrapolation. R is the angle
dependent reflection coefficient (see also Figure 3.22).

Rt - p2cpacosa — Py cp cosP T 2ppcppcosa 1:qa : )
PP pycppcoso+ pycprcosp PP pacppcosat pycpicosB 2 2
B

Figure 3.22 Angle dependent reflection and transmission coefficients for fluid-fluid boundaries.
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In the case of correct coupling, the following equation holds : P] = RPir and for incorrect
coupling : Pl = RPT + (1 - R) P - R represents the reflection coefficient in the incorrect
macro model. Combining both equations shows that the amplitude of the non-causal event
P isgivenby:

P; = (R—"?—)P; G2

Note that for R = R the non-causal event disappears (correct coupling).

Pi\ 411
P] =RP} +(1-R)P; and P§=(1+RP{-RP;  —— PL ot
P2:Cp2
P, P}

Figure 3.23 Acoustical interface equations for both upgoing and downgoing waves.

3.6 lllustrations on synthetic data

3.6.1 The Marmousi model and dataset

So far, some examples were shown for the application of the pseudo VSP generation method
to surface measurements with horizontally layered models. To handle also a structurally
more complex geology the following example is given. In this example pseudo VSP data
will be generated from the well-known Marmousi dataset. The Marmousi model is based
through the North Quenguela trough in the Cuanza basin (Angola) as described in Verrier
and Branco (1972).

The data is modeled with an acoustic, second order finite difference scheme. The acquisition
geometry is a moving end of spread configuration containing 96 geophone groups, with an
initial offset of 200m. The number of shots is 240. The spacing of the sources and receivers
is 25m. The data has a sampling interval of 4ms (length of data : 4s). The first and last shot
positions are positioned respectively at 3000 and 8975 meters. For a more detailed descrip-
tion of the model and dataset see Versteeg and Grau (1991).

Analogous to the 3-D volumes given in the example of Figure 3.13, a 3-D volume of data is
built for the Marmousi dataset. The 3-D data volume is illustrated in Figure 3.24. The 3-D
volume is further mapped into two dimensions for a better identification of the continuity of
the events in the different planes. Figure 3.25b shows the wave propagation through the
Marmousi model at a time #;. The positions of the well and the source are indicated in the
Marmousi model and the correspondence of the data in depth can be verified with the model.
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SHOT RECORD

Figure 3.24 Wave propagation through the Marmousi model in the different planes
(shot record, snapshot and VSP).
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b)

Figure 3.25 a)The Marmousi model and b)wave propagation through the Marmousi model.

Figure 3.25b consists of two parts. The left part shows the current technology to use snap-
shots to understand the complexity of the shot record. The right part illustrates the objective
of the research presented in this thesis. It is clear that the events in the VSP are much better
identifiable than the complex events in the snapshot.
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In other words, the pseudo VSP gives much more insight into the identification of the dif-
ferent complex events in surface seismic data. Note that the development of the pseudo VSP
algorithm allows insight into the entire wave propagation problem. The VSP data can not
only identify e.g. the surface-related multiple (see arrow in Figure 3.25b), but it can also
illustrate how the multiple is created and which path the source wave field took through the
model layers. Placing the model next to the VSP data allows a fast interpretation of the sur-
face multiple and the layers in which the events are generated.

From the first shot gather of the Marmousi dataset, a pseudo VSP data is generated at 725m
offset. The thin water layer reverberations have been removed from the shot gather and the
missing near offsets were interpolated using a CMP interpolation technique. The removal of
the water layer reverberations improved the data significantly. The sharpening of the wavelet
(due to removal of the thin layer reverberations) can be observed in the comparison of Figure
3.26a and b.

3

2

B@fs_%

e e
R

Figure 3.26 a)Shot #1 of the Marmousi dataset and b)shot #1 after the removal of the thin layer
reverberations.
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Figure 3.27 shows an Integrated Seismic Display (ISD) of the first shot gather of the Mar-
mousi dataset, the modeled VSP data at 725m offset and the Marmousi model. The vertical
axis of the model has been exaggerated to match it with the depth of the modeled VSP data.
The modeled VSP is computed with an acoustic finite difference algorithm.

The integrated shot record / VSP display allows an easy interpretation of the different events
(as shown in Figure 3.27). Following an event in the shot record and the VSP through to the
macro subsurface model enables to have a clear interpretation of the different events.

For comparison, a pseudo VSP data, related to the same area of interest, is generated from
the first shot gather of the Marmousi dataset using two-way wave field extrapolation opera-
tors. The pseudo VSP is generated by downward extrapolation of the wave field in the space
frequency domain (lateral variations can be handled properly). In the space frequency
domain the operators are applied by spatial convolutions.

Figure 3.28 shows an Integrated Seismic Display (ISD) of the first shot gather of the Mar-
mousi dataset, the generated pseudo VSP data at 725m offset (two-way), the velocity profile
at the well and the depth image after full prestack migration. The full prestack depth migra-
tion has been performed in the space frequency domain using the true velocity model. The
Marmousi watergun wavelet is used in the pseudo VSP generation (see Figure 3.28) and
modeling (see Figure 3.27) and is obtained by digitizing a near field signal which has been
filtered with a trapezoid frequency filter (0,10,40,60 Hz).

Comparing the results of the generated pseudo VSP with that of VSP modeling it is clear
that the internal multiples up to the first order are handled correctly (see white arrows in Fig-
ure 3.27 and Figure 3.28). Due to some numerical errors some non-causalities appear at the
layer interfaces. The non-causalities that appeared before the direct wave have been zeroed
because they are not correct and meaningless.

A remarkable difference between the generated pseudo VSP and the modeled VSP are the
multiples at the left (see grey arrows in Figure 3.27) which are not present in the generated
pseudo VSP (Figure 3.28). The absence of the internal multiples in the pseudo VSP is due
to the limited registration time in the surface shot data.
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3.6 Illustrations on synthetic data
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3.6.2 Aliasing issues

For the generation of the pseudo VSP a shot record is used as input. It may be that shot
records which are not aliased at all will result in a pseudo VSP data that is spatially aliased.
Spatial aliasing occurs in surface data if the sampling of the data Ax>(c,;,/2fnar)- Temporal
aliasing occurs in surface or VSP data if the sampling time of the data Ar>(1/2f,,,,). To avoid
spatial aliasing in the generation of pseudo VSP data, the following conditions should be put
into attention for choosing the sampling interval of the pseudo receivers : Az<(C, i/ 2f nax)s
where f,,,, denotes the maximum frequency. Figure 3.29 illustrates that spatial aliasing may
occur if the above described criteria is not met. Figure 3.29a shows the response + source
wave field at the surface of a horizontally layered model with 1 boundary at 200m depth.
The parameters of the acoustic model are : ¢,;=1500m/s, p;=1 000kg/m3,cp2=1 000m/s and
p,=3000kg/m>. The dimensions of the model are 1000m lateral and 400m depth with an
equally sampled grid of 10m. The f-k spectrum of the data shows a maximum frequency con-
tent of 60Hz. Figure 3.29b shows the pseudo VSP data with its spectrum. The frequency
content of the response has been increased to a maximum of 120Hz, but the source wave
field has still a frequency content of 60Hz (Figure 3.29¢). Generation of a pseudo VSP data
from the shot record in Figure 3.29c shows that the data becomes spatially aliased for the
higher frequencies (Figure 3.29d). Note the non-causal event that is created due to unbal-
anced frequency.

l—» t input ?t output

z ————

wavenumber [1/m] wavenumber [1/m] wavenumber [1/m] wavenumber [1/m]
'(?105 003 0 003 -00.05 003 0 003 -g.|05 -003 0 003 bo.'os 003 0 003

30

60

frequency {Hz]

90

120

a) b) 0) d)

Figure 3.29 [Ilustration of spatial aliasing occurring in pseudo VSP data. Data and their related
wavenumber frequency spectra : a)shot record (f,,,,=60Hz) + source wavelet
(fnax=60Hz), b)pseudo VSP generated from (a), c)shot record (f,,,,=120Hz) + source
wavelet (f,,,,=60Hz) and d)pseudo VSP generated from (c).
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3.6.3 Laterally invariant subsurface model

The experiment that will be discussed here is based on the acoustic subsurface mode!l given
in Figure 3.30, with an irregular water bottom. The length and depth of the model are respec-
tively 2700m and 2000m.

The spacing of the sources and receivers is 15m. The wavelet used in this example has a fre-
quency band of 0-50Hz with a central frequency at 25Hz. The shape of the spectrum of the
used wavelet is a cosine square. The acoustic layer parameters of the subsurface model are
given in Figure 3.32b. Figure 3.30a shows a simulated shot record (p registration) for the
indicated source position in Figure 3.30, with all multiples included. Figure 3.30b shows the
shot record after surface related multiple elimination, in which the four primaries can be eas-
ily observed. Due to synclinal shapes the multiple behaviour is very complex.

Since the free surface is a very strong reflector, the surface-related multiples can completely

mask the primary reflections from deeper interfaces. This can be observed in the migration
result of one shot record as shown in Figure 3.31. The multiple elimination procedure con-
sists of an adaptive inversion process, see Verschuur et al. (1992). It uses the prestack data
itself in the multiple prediction operator and therefore requires no knowledge about the sub-
surface. By the adaptive application of the surface-related multiple elimination process, the
original source signature is estimated in a true amplitude sense. This multiple-free dataset
will be used to generate pseudo VSP data. The VSP is in this case situated at zero offset.
The pseudo VSP generation method is applied as well on the data with multiples as on data
after surface multiple elimination. The pseudo VSP is generated with the one-way and two-
way extrapolation operators respectively. The wave field extrapolation is performed in the
space frequency domain using the exact subsurface model. Figure 3.30c and d show the
one-way respectively two-way pseudo VSP generation from the shot record with all multi-
ples included. Note that the data parameters as given in Table 1 on page 60, are used to fulfill
the surface boundary conditions. The surface data has been pasted next to the generated
pseudo VSP at the position of the well for an easier interpretation of the different events.
Figure 3.30d shows that most of the multiple energy remains in the first layer.

Figure 3.30e and f show the one-way respectively two-way pseudo VSP generation from the
shot record after the surface-related multiple elimination method is applied to it. Figure
3.30e shows that internal multiples are not handled correctly and in this way cause an incor-
rect intersection with the downgoing source wave field. Internal multiples can be clearly
identified in Figure 3.30d and f (see arrows). Due to numerical errors some non-causal
effects occur because the two-way extrapolation is very sensitive. The non-causalities that
appeared before the direct wave have been zeroed because they are not correct and mean-
ingless. The shots were modeled with a space-frequency algorithm using a limited aperture.

e
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A — A

lateral position [m] lateral position [m] lateral positi
position [m]
1000 2000 0 1000 2000 9 1 0'(’)9 20'00

1

depth {m]

time [s]

Subsurface model with a
complex sea bottom

Figure 3.30 Pseudo VSP generation from a shot record a)with multiples and b)after surface-
related multiple elimination, using one-way (c and e) and two-way operators (d and f).
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Figure 3.30e and f show that the boundary artifacts from aside fade away in depth (out of
plane events). The internal multiples are still visible and are handled correctly in the gener-
ated pseudo VSP. It is important to notice that the generation of the pseudo VSP provides us
with an unambiguous tie between seismic events on a time section and their geological inter-
face in depth.

Figure 3.31 shows the 2-D shot record migrations for the shot with all multiples included
(Figure 3.31a) and for the shot after surface-related multiple elimination has been applied
to it (Figure 3.31b). Note that the internal multiples still cause false images in Figure 3.31b
(see the arrow). Figure 3.32a shows the VSP modeling using an acoustic finite difference
algorithm (v,-registration including all multiples). The comparison of the one-way methods
and the two-way methods reveals the presence of internal multiples in the generated pseudo
VSP (in using two-way wave field extrapolation operators).

lateral position [m]
[} 1000 2000

lateral position [m]
o 1000 2000

depth [m]
2
Q
o
depth [m]
2
Q
o

1500

Figure 3.31 Shot record migration of a single shot record a)with all multiples included and
b)after surface-related multiple elimination.

layer ¢ [mis] p [kg/m’]
1 1500 1000
2 2100 1700
3 2500 2100
4 3000 2500
5 4000 3000
: 5

Figure 3.32 a)Finite difference modeling of the vertical zero-offset VSP (v,) with
the source at 1050m, b)acoustic layer parameters of the subsurface model.
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3.6.4 Accuracy aspects

Next some remarks will be given on the accuracy of generated pseudo VSP data. Figure 3.33
shows the order of the errors appearing in a generated pseudo VSP (two-way wave field
extrapolation, not exact macro model), after surface multiple elimination. It is shown that
the errors in the “non-causal area” are equal to O(R) and in the “causal area” are equal to
O(R3 ). From this figure it follows that the wave fields in the VSP are handled correct in the
“causal area” to O(RZ), even when the macro model is not exact.

O(R3) O(R) OR) one-way |_‘,>|7’-1II multiples are handled as primaries. Correct to O(R). l
EXACT
| | | Y MACRO MODEL
: BEFORE SURFACE
> e oy | | MULTIPLE ELIMINATION
Y, two-wa)ﬁ> “Correct” to O(R)
/\ / A Spurious multiples O(R)
NOT EXACT @
9 N, MACRO MODEL AFTER SURFACE
ORI By Hﬂ‘ MULTIPLE ELIMINATION
3 » “Correct” to O(R?) 3
O(R") O(R) O(R) Spurious multiples O(R”)
a) b)

Figure 3.33 a)lllustration of the order of errors appearing in two-way pseudo VSP data (after
surface related multiple elimination) using a wrong macro model. b)Illustration
of the order of errors in different situations.

Structural information can be obtained both from surface data and from VSP data by seismic
migration. The principle of migration consists of (Berkhout,1984) : forward extrapolation of
downgoing source wave field to a depth z,,, inverse extrapolation of detected upgoing wave
fields to depth z,, and correlation at z,,. Figure 3.34 shows some schematic experiments with
pseudo VSP data generated from the surface data in different situations. Figure 3.34a shows
schematically the results of the two-way pseudo VSP with a correct macro model. This
result with respect to the imaging is correct. Some minor macro model changes will intro-
duce false images. The pseudo VSP generated with an incorrect model (after srme) results
in a false image due to the incorrectly positioned internal multiple reflections. All multiples
are handled as primaries in the one-way wave field extrapolation which introduce false
images, but less than two-way. They can be removed before the downward extrapolation. In
Figure 3.34e¢ it is shown that false images may occur due to internal multiple reflections.
Note that these errors are of the same order as in the situations using two-way schemes.
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_ 2-way (correct mm) image 1-way (dec) t image

"""" TR T

1-way (dec+srme)

OR%) >

Acoustic processing of pseudo VSPs using the

different extrapolation techniques applied on the
surface data (after various processing steps). On

the right hand of each pseudo VSP, the image is
“OR%)— shown consisting of correct images o and false

images @.

Figure 3.34 a)2-way pseudo VSP generated with correct macro model (mm), b)2-way using an
incorrect mm, c)2-way pseudo VSP using an incorrect mm from surface data after
surface-related multiple elimination (srme), d)1-way pseudo VSP from surface data
after decomposition (dec) of the total wave field into up- and downgoing waves and
separate extrapolation of these and e)1-way pseudo VSP from surface data after dec
and srme.

3.6.5 Numerical exampie on internal multiples

The following example is a synthetic data example in which data is modeled through a 5
layered model as depicted in Figure 3.36¢. The model parameters are given in Figure 3.35.

layer op Im/s] p [kg/m’]
1 1500 1000
2 1900 1700
3 2500 2100
4 3500 2750
5 2500 2100

Figure 3.35 Parameters of the 5 layered acoustic model.
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Figure 3.36a shows the integrated pseudo VSP and the shot record. The data does not con-
tain surface-related multiples due to the absent of a free surface. The data have been mod-
eled with a raytracing algorithm. The pseudo VSP data have been generated with the
acoustic two-way wave field extrapolation algorithm.

In this example the objective is to trace the propagation paths of the internal multiples by
studying the pseudo VSP data. The downgoing seabottom reflection (internal multiples gen-
erated by the two-way algorithm) can be clearly identified. Furthermore Figure 3.36d shows
a blow up of Figure 3.36a for a better view on the internal multiples.

The different arrows in Figure 3.36d illustrate the internal multiples which are generated in
the pseudo VSP data. It should be noticed that the non-causalities appearing prior to the
direct wave have been zeroed (the source wave field is missing).

The pseudo VSP offers a very simple tool for understanding the wave propagation through
the model and the paths the “internal” waves took to reach the surface. The data have been
modeled also without internal multiples (data is displayed at the top of Figure 3.36b). The
difference between the shot record (including the internal multiples) and the shot record
(modeled without internal multiples) is depicted at the top of Figure 3.36¢ (the internal mul-
tiples).

The pseudo VSP data have been generated also from the shot records shown in the Figures
3.36b and 3.36¢ for a better understanding of the internal multiples. Figure 3.36¢ (lower
part) shows the pseudo VSP data generated from the shot record (internal multiples) for a
better understanding in which layers the internal multiples are generated. Note that the
upgoing non-causal events are generated because of the missing downgoing wave fields.

Figures 3.36f, g and h show respectively the full prestack depth migration results of the shot
records shown on the top of Figures 3.36a, b and c. Comparing the results, it can be clearly
seen that the internal multiples cause “false” images in the full prestack depth migration
results.

In this chapter, the algorithms for generating pseudo VSP data have been illustrated on dif-
ferent models using different wave field extrapolation operators. Furthermore, some analy-
sis was performed on the behaviour of non-causal events which appeared in using two-way
wave field extrapolation operators with erroneous models. From the examples in this chapter
it is clear that by showing an Integrated Seismic Display (ISD), a fast interpretation may be
obtained between events recorded in the surface seismic data and the corresponding reflec-
tors in the subsurface via the pseudo VSP data generation and integration.
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3.6 Illustrations on synthetic data
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3 From surface to pseudo VSP data




Chapter 4

Pseudo VSP data and
Common Focus Point technology

4.1 Introduction

In this chapter the relation between the construction of Common Focus Point (CFP) gathers
and the generation of pseudo Vertical Seismic Profile (VSP) data is presented. The construc-
tion of CFP gathers (which represents the response of a synthesized areal source that aims
at the illumination of one subsurface focus point) represents a numerical focusing process.
The basic pseudo VSP algorithms on the other hand, as described in the previous chapter,
transform the surface data into pseudo VSP data by downward wave field extrapolation. By
showing that one trace of a CFP gather is equivalent to one trace from a pseudo VSP for a
specific depth point, pseudo VSP data can also be derived from CFP gathers. Since the CFP
technology is based on the one-way schemes, the pseudo VSP data shown in this chapter are
also based on the one-way wave equation. In this chapter it will be shown how pseudo VSP
data can be generated as function of the one-way time ¢’. Selecting one trace from the CFP
gathers results finally in the generation of pseudo VSP data as function of the one-way time
t’. It enables an easier comparison with truly recorded borehole data which can be also
mapped into a “two-way time t versus one-way time t’ display”. Similar to pseudo VSP data
where the sources are at the surface, pseudo Crosswell Seismic (CWS) data can be con-
structed by simulating virtual sources in pseudo wells using the CFP technology. Reverse
VSP (RVSP) and Crosswell Seismic (CWS) surveys are similar to VSP data in the sense that
they record both upgoing and downgoing wave fields, but they differ with respect to source
and receiver configurations.
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Integration of multi-offset, common-well pseudo VSP data, forms so-called image gathers
which will be discussed in the next chapter. In Chapter 6 multi-well, common-offset pseudo
VSP data along seismic lines will illustrate the illumination of subsurface structures from
various angles.

4.2 Common Focus Point technology

As discussed in the previous chapter, for the generation of pseudo VSP data it is essential to
have a description of the propagation properties of the subsurface, high quality shot records
(preferably multi-component) and the properties of the source. The nucleus of the pseudo
VSP generation technique is based on downward extrapolation of a wave field at the surface
into the subsurface. The validity of the pseudo VSP data depends on the description of the
macro velocity model. If the macro model is correctly defined then the up- and downgoing
waves in the VSP will intersect each other at the correct depth.

Berkhout and Rietveld (1994) presented a method for macro model estimation and verifica-
tion based on controlled illumination. The method of controlled illumination generates areal
shot records by combining the field shot records in such a way that the related areal source
wave field has a pre-defined shape at a pre-defined position at the target. A very attractive
way of controlled illumination is defined by a focusing operator (Berkhout, 1992). Synthesis
with focusing operators yields so-called CFP gathers. The resulting CFP method involves a
new way of depth migration, circumventing the estimation of the macro model prior to
migration. In the first part of this chapter, the CFP method will be briefly described and its
relation will be shown with the generation of pseudo VSP data. For a detailed description of
the theory and the various applications of the CFP technology, the reader is referred to
Berkhout (1997a and 1997b) and Thorbecke (1997).

The CFP method explains migration in terms of two separate focusing steps : 1)focusing in
emission and 2)focusing in detection. In this way, the insight in the complex process of
prestack migration will be significantly improved leading to a two-step formulation of
prestack migration. Focusing in emission transforms shot records into CFP gathers. On the
other hand, focusing in detection transforms CFP gathers into prestack migration results.
The second step involves weighted stacking of the traces within each CFP gather and gives
the double focusing result which results into a seismic image. The result of the first focusing
step is suitable for velocity and AVO analysis. Note that the focusing in emission and focus-
ing in detection can be performed in reverse order.

For obtaining the structure of the subsurface the propagation parts of the data have to be
removed. In the WRW formulation this means that the downgoing propagation and upward
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propagation are removed (W-operators) in order to obtain information on the reflectivity of
the subsurface (R). In the previous chapter it was shown that the pseudo VSP data generation
acts as an intermediate stage and illustrates how the downgoing source wave field
approaches the upgoing reflected wave field and thus how an image is formed from surface
seismic data. However, the CFP method is based on a synthesis process. This constitutes to
a formulation of the migration process with the aid of the focusing concept instead of the
concept of wave field extrapolation. In this chapter it will be shown that the pseudo VSP
technology is closely related to the CFP technology.

4.2.1 Designing areal sources

Considering the forward WRW model as discussed in Chapter 2, the incident wave field at
depth level z,, is given by :

§* (zm) = WH(zm,29)S" (z9) . @.1)

In Equation (4.1), W* (zs,2g) represents the forward propagation information between
the surface z, and depth level z,,. Vector §* (zg) represents one Fourier component of the
downward traveling source wave field at the data acquisition surface z=z,.

For a combination of experiments this leads to the following matrix equation :

St (zm) = W (zm,29)8* (z9) . “4.2)

Notice that one column of S*(zy) contains the downgoing source wave field at the surface
for one shot position. The corresponding column in $*(z,,) contains the wave field at
depth level z,, for the same shot position.

For a combination of experiments the recorded wave field is given by :

M
P (z9) = D, [W (20, zm )R* (zm )W (zm.2) }5* (0) - (43)
m=1
Here it is assumed that the surface-related multiples have been removed from the data and
that the data have been decomposed into upgoing and downgoing wave fields. Similar as one
column of the matrix §*(zy) refers to the downgoing wave field at the surface z, for one
shot record, the corresponding column in P~ (z,) contains the reflected wave field.

Considering the different shots to be Huygens’ point sources, these sources can be combined
to construct an areal source. The specific shape of the wave front is determined by relative
amplitudes and timing (Berkhout 1992 and Rietveld 1995). For the construction of the areal
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sources, a synthesis operator ['(zp) is necessary. The synthesis operator has to be designed
such that it illuminates the target in a desired way. The synthesized wave field at the surface
z, can be constructed from differently positioned local sources that are related to different
experiments :

Ssyn (z0) = §%(20)T(20) . 44

The incident wave field due to the areal source at depth level z,, is found by applying the
synthesis operator to both sides of Equation (4.2), yielding

N + N
Ssyn(zm) =W (zm,20)Ssyn(20) - 4.5)
Here S:y,, (z9) and S’;'yn (zm) represent respectively the areal source wave field at the sur-
face z, and at depth level z,,. Assuming that the individual dipole sources at z, are identical
(on a regular grid) according to
St (zg) =S(w)1, (4.6)

the synthesized wave field at z, can be simplified to

Seyn(z0) = () T(zp) , 4.7)

where S(w) denotes the contribution of the wavelet in the data and 7 is the unity matrix.
Using Equation (4.6), Equation (4.5) simplifies to :

Soyn(zm) = W* (zm, 20)S(0) T(zg) . (4.8)

Applying the synthesis operator to both sides of Equation (4.3) results in the following
expression of the areal shot record :

M
Py (2 2 ~(20,zm )R* (zm)W* (zm. 20) Psyn (20) 4.9

in which P, (z9) = P~ (2p)T(z) » (4.10)

denotes the synthesized response due to the synthesized areal source. From Equation (4.10)
it can be seen that each shot record (each column in P~ (z) ) is multiplied with the corre-
sponding value of the synthesis operator I'(zg) . Hence, in the time domain, each shot
record is convolved with one trace of the synthesis operator after which the resulting shot
records are stacked per common position. The result is an areal shot record.
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4.2.2 Controlled illumination

In the previous section it has been shown that many point source responses can be combined
to construct one areal source response. The areal source wave field at the surface can be
designed such that the incident source wave field at a specific target zone shows a predefined
shape. This principle of controlled illumination (Rietveld, 1995) has various advantages in
performing prestack depth migration in an efficient and accurate way. The necessary
requirements are that one has to predefine areal source properties at a certain target depth
level followed by a synthesis operator design for obtaining the requested wave field. The last
step is performed by inverting Equation (4.8) :

- B F*(zg,zm )gzyn(zm) S*((o)[W_(Zo,zm)]*S;yn(zm) (4.11)
F(z) = S(@) - S(w) P+ ’

where F*(z9,2,,) =[W* (zm, 29 )]_1=: [W(z9,2,,)]" denotes the inverse of the down-
ward propagation operator. The operator is approximated with the complex conjugate of the
upward propagation operator, as proposed by Berkhout (1982) and Wapenaar and Berkhout
(1989), to avoid instability of the inverse propagation operator in the evanescent field and to
obtain accurate amplitudes.

The complex conjugate in the frequency domain denotes a time reversal in the time domain.
Equation (4.11) shows that a synthesis operator can be designed at the surface z, from the

desired wave field S;yn (zm) at depth level z,,.

Remark
Controlled illumination can be described as a depth level oriented approach because the

areal wave field is prescribed at a particular depth level. In the remaining part of this chapter,
this approach is turned into a gridpoint oriented approach (target point). For convenience, in
the use of focusing synthesized wave fields the subscript ‘syn’ will be replaced by a sub-
script i or j, indicating the lateral position of the focus point.

In addition, the term synthesis operator T(zy) will be replaced by focusing operator
F (2052, ) » Where j denotes the lateral position of the focus point in emission (hence the
focusing is source related).

If the focusing is receiver related, the operator FlT (zm,zy) will be used, where i denotes
the lateral position of the focus point in detection; the dagger T denotes a row vector.
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4.2.3 Focusing in emission

As described in the first part of this section, the CFP method can be described in two con-
secutive numerical focusing processes : 1)focusing in emission and 2)focusing in detection.
In this subsection, the process of focusing in emission (yielding a CFP gather) is described
and the next subsection discusses the process of focusing in detection (transforming each
CFP gather into a single trace).

An initial focusing operator is necessary for the construction of the CFP gather from all
available shot records. The constructed CFP gather represents a multi-offset response of the
subsurface that is generated by a focusing source array at the surface. The CFP gather rep-
resents the registration of individual receivers at the surface with different positions. This

process is called focusing in emission.

To achieve illumination of a focus point at z,,, the downgoing source wave field at z,, has to

be prescribed to be zero for all the lateral position, except for the location of the focus point :
5} (zm) = S(@)j(zm) = [0,0,0,+,0,5(),0,0,0, ..., 01" » (4.12)

with fj( Zm) 2 unit column vector with a I at the Jj* position at depth z,.

Hence the subscript j denotes the lateral position of the focus point (x;z,). (Note that the
subscript syn is replaced by a subscript j). The focusing operator reads (analogous to Equa-
tion (4.11)) :

Fi(z0,2y) = [W‘(zo,zm)]*fj(zm) ) (4.13)

The areal source at the surface can be expressed by (analogous to Equation (4.8)):

57 (z0) = S(0)[W™ (20,2m) 1" Tj(zm) . (4.14)

Applying the focusing operator to both sides of Equation (4.3) (with §*(zg) = S(0)I(z) )
yields :

M
P_]_ (2072"1 ) = E [W_ (ZO,Zm )R+ (Zm )W+ (ZM720 )]S‘;- (ZO ) ’ (4'15)
m=1
with S‘]+ (20) = S(w) Fj(z0,2m) and P;(z9) =P (29)Fj(zg,2m) describing the areal
source and the response of the areal source respectively.
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Fi(z0,2m) AP; (zp,2m)

fj(zm)

a) b)

Figure 4.1 Illustration of focusing concept: a)design step for determining the focusing operator;
bjvisualization of the focus point response; only valid for reflecting level z,,,

Applying Equation (4.14) to the right-hand side of Equation (4.15), omitting the summation,
yields the response from a single depth level z,, due to the focusing areal source :

APj_(ZO,Zm) = W (20,2m )R" (zm )S(m)f](zm) =W (20, 2zm )R;(Zm )S(w) . (4.16)

Here P]'-' (29,2zm) has been replaced by APJ_ (zg-zm) to indicate that the contribution of
only one depth level is included : AP]— (z9>zm) denotes the focus point response, represent-
ing the response at depth level z, due to a source at position x; of depth level z,,. The reflec-
tivity operator R}L (zm ) describes the directivity patterns of this source. It represents the j*
column of the reflectivity matrix R*(z, ), which contains the angle dependent reflectivity
properties of depth point (x;,z,,).

Figure 4.1 shows a graphical illustration between the two separate steps of design and syn-
thesis.

Addition of the out-of-focus responses to Equation (4.16) results into the CFP gather with
the focus point at (x;,2,,):

B} (20,2m) = W™ (20, 2m )R] (zm)S(w) + L0V 4 ghetow 4.17)
E;‘bo"e and gb€lo¥ represent respectively the contribution from above and below depth

=above =below

level z,,,. The time-domain versions of £ and § represent respectively reflections

that arrive earlier and later than the involved focus point response.




100 4 Pseudo VSP data and Common Focus Point technology

4.2.4 Focusing in detection

In the previous subsection, a description has been given on the process of focusing in emis-
sion. As discussed, focusing in emission synthesizes areal sources that aim at the illumina-
tion of subsurface gridpoints. The involved synthesis process transforms the shot records
into CFP gathers which defines an areal shot record that represents the response of a focus-
ing source located on a single gridpoint. In a similar way, the process of focusing in detec-
tion can be formulated as synthesizing areal detectors to single subsurface gridpoint
responses. The process of focusing in detection transforms CFP gathers into local prestack
migration results. In other words, the constructed areal source, “illuminates” only one point
in the subsurface and the areal detector “listens” only to the response of one gridpoint. The
reader is referred to Berkhout (1997a and 1997b) and Thorbecke (1997), for a thorough
description of the CFP method, its integration in prestack migration (in terms of double
focusing), velocity estimation and Amplitude Versus Angle (AVA) analysis. Figure 4.2a
demonstrates that the directivity of the virtual source is given by a focusing beam : three
focusing source beams are used to illuminate one single gridpoint from left, centre and right.
Note the significant changes in directivity of the related virtual “point” sources at the focus
point. The construction of a CFP focus point is illustrated in Figure 4.2b showing the illu-
mination of a focus point by an areal source array and the detection of the same focus point
by an areal detector array.

source array receiver array
_onfigids  g9vvYYYYL
7 N /‘j
AN
NN
5‘,

CFP focusing point

)

Figure 4.2  Focused illumination: a)three focusing source beams that illuminate one gridpoint
from left, centre and right. b)The construction of a common focus point gather.

Similar to the construction of an areal source using a focusing operator, a focusing operator
may be used for constructing an areal detector. The expression for this desired focusing
operator can be formulated as :

F:f (zm»20) =I‘,T(Zm)F" (zm»29) » (4.18)

where [ j (zm) is a unit row vector with a 7 at the i* position at depth z,,; subscript i denotes
the lateral position of the focus point in detection; the dagger T denotes a row vector.
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The operator F~(zy,z) denotes the inverse of the propagation operator W~ (z,2zm ) -
Operator F~(zp,zy) may be approximated by the complex conjugate of the propagation
operator W* (zy,,20) to avoid instability of the inverse propagation operator in the evanes-
cent field :

F (zm,20) =[W (20,2m) 17 = [W* (zm.20)]" - (4.19)
Substituting Equation (4.19) into Equation (4.18) yields :

Fl (zms20) = T} (zm)[ W (zms20) ] (4.20)

Note that the focusing operator for focusing in emission was a column vector (Equation
(4.13)), while in this case the focusing operator represents a row vector.

Applying the focusing operator FlT (zm,zg) to Equation (4.16) yields the double focusing
result from one single depth level z,,, :

APjj(zm) = F] (2m, 20)AP; (20, 7m) = I (z )R] (zm)S(®) = Ry (2m)S(@) . (4.21)
Considering the out-of-focus responses from all other depth levels gives :

Pjj(zm) = Rij(zm)S(w) + 7% + elloW (4.22)
ag-bo"e denotes the contribution of reflectors above the focusing level, and eg-elow denotes
the contribution of reflectors below the focusing level.

In the description of the prestack migration in terms of double focusing, both the angle aver-
aged reflection coefficient and the angle-dependent reflectivity can be obtained very easily.
If the focus points for the areal source and areal detector are at the same lateral position (j=i)
then that situation is referred to as confocal focusing. The confocal focusing leads to angle
averaged reflection coefficients, which are used in structural imaging. For situations where
the focus points for the areal source and areal detector are not at the same lateral position,
the angle dependent reflection coefficients may be obtained (bifocal focusing). The results
may be used in the Amplitude Versus Angle (AVA) analysis. Table 2 gives a summary on
confocal and bifocal focusing.
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Table 2 Confocal and bifocal focusing (Berkhout, 1997a).

focusing

source and detector array focus at the same location

-> angle averaged reflection coefficients

confocal
structural imaging
source and detector array focus at neighbouring locations
bifocal ||~ angle dependent reflection coefficients

reservoir characterization

The use of CFP technology is illustrated in Figure 4.3. The model used in this illustration
consists of a 2-D slice of the strike direction (dip direction slice x=#200) from the SEG/-
EAGE 3-D Overthrust model. For a more detailed description on this model refer to Chapter
8. An initial focusing operator need to be calculated by positioning a point source at the
desired gridpoint in the subsurface. In Figure 4.3, a focusing point has been chosen at lateral
location y=14000 meters and depth z=3200 meters.

Next the source response has to be calculated at the surface. The focus point illumination
and location of that specific point is illustrated in Figure 4.3b with snapshots, showing the
wave fronts focusing into one single point. The focusing operator for this focus point illu-
mination is displayed in Figure 4.3a. The snapshots have been generated performing a for-
ward recursive downward depth extrapolation of the focusing operator through the model.
Note that the focusing operator is displayed with one-way time ¢’.

Figure 4.4b shows some raypaths through the model for the focusing point experiment. Note
that the aperture shown here is smaller than used in constructing the focusing operator. A
one-way time ¢’ is used in the focusing operator (this is the travel time from the secondary
source to the receivers at the surface).

Figure 4.4a illustrates a focusing beams for the focus point illumination experiment. The
beam is constructed by performing a forward recursive downward depth extrapolation of the
focusing operator through the model and calculating for each depth level the energy of the
wave field per lateral position.
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Figure 4.3  Illustration of focusing the recordings at the surface into one single focus point at
depth (slice x=#200 from the SEG/EAGE 3-D Overthrust model). The secondary
source is located at y=14000m,z=3200m. The focusing operator is displayed in a).

lateral position [km] lateral position [km]
12 13 14 15 16 17 1§ 19 20 11 1? 153 14 16 17 1 19 20

1000+

2000

depth [m]

3000+

4000+

a) b)

Figure 4.4 a)Focusing beam for the focus point illumination experiment.
b)Rays for the construction of the focusing operator.
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4.3 Pseudo VSP generation in relation with Common Focus Point
Technology

In the previous chapter it has been shown that the generation of pseudo VSP data is based
on a wave field extrapolation concept. However, in the first part of this chapter, the CFP
technology has been discussed which is based on a wave field synthesis process.

In CFP-based prestack migration the focusing operator is reapplied to the focus point
response and is integrated to an image at the focus point (this means zero cross correlation).
This is based on a formulation of the migration process in terms of a double focusing con-
cept instead of the wave field extrapolation concepts. For the pseudo VSP this means that
the direct wave field and the reflected wave fields are combined at their intersection, yielding
an image at the focus point for one offset.

In this section it will be shown that both concepts of focusing and wave field extrapolation
are interrelated by showing the generation of pseudo VSP data in relation with the construc-
tion of common focus point gathers. It will be shown that ore trace of a CFP gather is equiv-
alent to one trace of a pseudo VSP for a specific depth point chosen for focus point
illumination. Since the CFP technology is based on the one-way wave equation, the pseudo
VSP data generated in this chapter will be also based on the one-way equation for an optimal
comparison.

For the generation of pseudo VSP data, the offset is fixed and the focus point is variable.
By offset is meant here, the offset of the source position at the surface and the lateral position
of the well head. In the CFP method, one point in depth is studied for a series of sources at
the surface. That means that the offset is variable and the focus point is fixed.

Figure 4.5 shows the relation of the generation of pseudo VSP data and the construction of
common focus points using the CFP technology. The schematic flow illustrates the main dif-
ference in the approach between both methods. Here it is shown that multi-source pseudo
VSP data equals multi-focus CFP data.

The generation of pseudo VSP data from surface data can be performed in two ways: the
pseudo VSP data can be generated from shot gathers by wave field extrapolation operators
(left column of Figure 4.5). On the other hand, pseudo VSP data can be generated from
receiver or shot gathers by focusing operators used for common focus point illumination.
The result is a multi-focus CFP data (middle and right column of Figure 4.5).

As described in the previous section, the double focusing result for one depth level z,, con-
sists of 2 steps:
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common shot gather common receiver gather common shot gather
o —000000%-000000— O
wave field \ % \ % wave field \ / wave field
extrapolation \: synthesis ! synthesis
pseudo receiver seconc?ary source pseudo receiver
defining pseudo receivers using different CRGs using different CSGs

at different depth levels

' CFP . CFP

pseudo
A gather A gather

VSP

focus point variable focus point fixed focus point fixed

multi-source ' multi-focus ' multi-focus

Pseudo CFP gather CFP gather

offset fixed, I offset variable, offset variable,
VSP data A

A

reciprocity

a) b) - )

Figure 4.5 A multi-source pseudo VSP data equals a multi-focus CFP gather.
focusing in emission : P; (z,z,,) = P~ (z)F i (z0,2y,) and (4.23a)

focusing in detection : P;;(zm) = F :r (2m»20)P; (20,2, - (4.23a)

Figure 4.6 illustrates a visualization for the double focusing result. For i=j (confocal focus-
ing), the following equation holds for the estimation of the reflectivity :

(Rii) = ZP i (4.24)

The generation of pseudo VSP data can analogous to Equations (4.23a) and (4.23a), be
described in terms of focusing operators as :

downgoing. P} (zm,z) =f§ (2m )W (2m,20) P (29) = W;r(zm,zo)‘lt(zo) (4.252)
and

upgoing waves: Py (z,20) = I (zm)F™ (zm,20)P% (20) = F{ (zm,20)P% (z9) - (4:25)

The symbol i indicates the lateral position of the predefined well for the pseudo VSP data
generated from a shot record with the shot at lateral location k. Remember that each type of
well configuration can be designed in this way (e.g. a deviated well).
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S$*(z) P~ (z)

focusing in emission focusing in detection

receiver array
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N

CFP focusing point
"4 Rij (z)

Figure 4.6 Visualization of the double focusing result for one reflecting depth level by combining
source and receiver arrays. Note that in this case i=j.

This scheme can be performed recursively, as discussed in Chapter 3. In a pseudo VSP, the
intersections of the upgoing wave fields and the downgoing source wave field are called the
“image points”.

The reflectivity at an image point, generated from a shot record with shot location at £, can
be theoretically written as :

(Rii k(zm)) = 2 Py (zm, zg)

Zm,ZO

_2[ (zm> 20 Pk(Zo)][ T(Zm,ZO)Pk(ZO)] 1, (4.26)

where & represents the lateral shot location. The subscript ii denotes the focusing of the
receivers to lateral location i (first index), and the focusing of the source information to lat-
eral location i (second index) at depth level z,,. Note that the inverse term in Equation (4.26)
can be approximated by the matched filter approach as discussed in Chapter 2. Note that for
the full illumination of a “depth point”, all the other shot records contributing to the image
point, have to be taken into account. The result (obtained by averaging all < R;; k) ) can then
be written as (R;;) . The subscript k has been omitted to indicate the contribution of all the
shot records recorded along the surface. Figure 4.7 shows an illustration for the source and
receiver configurations. Figure 4.8 shows schematically the imaging with the aid of the
pseudo VSP method and its comparison with the CFP method.
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— Ak

Figure 4.7  Illustration for the generation of pseudo VSP from the surface data : a)the
extrapolated wave field at z,, is extracted at the lateral well location i, the source
being located at lateral position k. b) The contributions from the different sources to
the image point are added to obtain the reflectivity <R;;> at z,,,

The main difference in using both approaches is that in the generation of pseudo VSP data,
all the depths along a pseudo well are taken into account for a single shot record (the dataset
is built up for one source-well configuration giving a limited illumination for all depth lev-
els, see Figure 4.8a).

In a later stage, the contribution of all the sources at the surface have to be taken into account
for an optimal illumination to the images at the well. In the CFP technology, one single
depth point is studied for all the source contributions, and in a later stage, the algorithm is
applied to other depth points (for a full image at the well the number of focus points need to
be extended). The method of CFP imaging (see also Figure 4.8b) and illustrations have been
extensively discussed by Thorbecke (1997).

In principle, the same result of imaging should be obtained with both methods, since the
only difference is the sequence of processes applied to the surface data. From Figure 4.8 it
is clear that the full images at the well are built up in different sequences.

Figure 4.8 Imaging of data with the aid of the a)pseudo VSP method and b)CFP method.
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Figure 4.9  The construction of images around the three focus points by correlation of CFP
w gathers with the related focusing operators.

Figure 4.9 illustrates an example on the construction of three focus points at reflecting
boundaries z;, z, and z3 for the simple macro subsurface model depicted in Figure 4.9¢. Fig-
ure 4.9a illustrates three times the same shot record which is transformed to zero-offset
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pseudo VSP data (Figure 4.9b) and to the CFP gathers for the focusing points at the three
boundaries z;, z, and z3 respectively (Figure 4.9c¢).

The process of synthesizing converts the two-way times of the data (shot records) into a
mixture of one- and two-way times. The time-reversed focusing operators, constructed from
the correct macro model, are depicted in Figure 4.9d. Note that only the event in the CFP
gather corresponding with the time-reversed focusing operator (focus point response) is
located at the one-way time ¢’. It is important to notice that for a correct macro model the
time-reversed focusing operator and the related focus point response have equal travel times.
Figure 4.9f visualizes the migrated images around the three focus points. Finally in 4.9g the
three focusing beams are illustrated for the focused points in the construction of the CFP
gathers.

Figure 4.10a illustrates the pseudo VSP generated at 150m offset for the correct macro
model. The CFP is constructed for a focusing point on the first reflector (z=z;). Note the cor-
respondence between the pseudo VSP data and the CFP gather: the trace in the pseudo VSP
at zy is equal to the trace from the CFP gather at the offset of 150m. In Figure 4.10 the pseudo
VSP, CFP gather and migrated section were constructed with the correct macro model. It
can be clearly seen in the migrated section that a focus point image is constructed at the first
reflector (Figure 4.10c). Note that the traveltimes of the focus point response (Figure 4.10b)
and the time-reversed focusing operator (Figure 4.10d) are equal. In case of an erroneous
focusing operator (due to a wrong macro model) the traveltimes between the focus point
response and the time-reversed focusing operator would not be equal and would show a mis-

match. This can be illustrated by the following example (Figure 4.11).

A

correct macro model

Figure 4.10 a)150m offset pseudo VSP data in relation with the b)CFP gather, c)migrated depth
section (1 shot) and d)time-reversed focusing operator.
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wrong macro mode!
(10% error in
velocity of first layer)

Figure 4.11 a)Zero offset pseudo VSP data in relation with the b)CFP gather, c)migrated depth
section and d)time-reversed focusing operator.

An error in the macro model is made in the propagation velocity of the first layer: 10% lower
than the original propagation velocity. It can be clearly seen in the pseudo VSP data (Figure
4.11a) that there is a mismatch at the first reflector: the intersection of the upgoing and
downgoing waves takes place on a smaller depth than the reflecting boundary. This mis-
match can also be clearly identified in the CFP gather: the focus point response in the CFP
gather (Figure 4.11b) does not coincide with the time-reversed focusing operator (Figure
4.11d). Of course, the effect of the erroneous focusing operator and erroneously positioned
focus point response can be also seen in the migrated section (see Figure 4.11c¢): an errone-
ous macro model does not result into a correct focus point image. It can be shown that the
correct focusing operator is situated between the erroneous time-reversed focusing operator
and the erroneous focus point response.

The following example illustrates in a step by step approach, the relation between the con-
struction of a CFP gather and the generation of pseudo VSP data. The used model in this
example is the “syncline model” (Figure 4.12) which will be used also in Chapter 5 and 6.
The numerical data was modeled by forward modeling with an acoustic finite difference
algorithm. The model consists of four interfaces and one diffractor at x=750m, z=1000m.
The model includes a negative reflection coefficient for the wedge located in the right part
of the model. The dipole source used in the modeling of the data is given by a Ricker wavelet
with a peak frequency of 26.4Hz. The numerical data is modeled with a fixed acquisition
spread and 512 time samples. The lateral shot distance between successive shot points (201
shot records each with 201 receivers) Ax=15m. The source locations are defined at each suc-
cessive receiver location.
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Figure 4.12 a)Subsurface “syncline” model and b)parameters of the model.

Figure 4.13 (top) shows five shots from the 201 modeled shot records along the line. The
data have been modeled without surface-related multiples. The source positions for the shots
are respectively Om, 750m, 1500m, 2250m and 3000m.

In Figure 4.13 (middle-left) the zero offset section (containing surface-related and internal
multiples) is illustrated in comparison with the zero-offset section (without surface-related
multiples). A deghosting have been performed on the data with all multiples included, to
make an optimal comparison possible with the data without surface-related multiples. The
four primary reflections are indicated with an arrow. At the bottom of Figure 4.13, the image
results are shown after full prestack depth migration. The left panel shows the migration
result where the data contained all multiples and the right panel shows the result of the
migration applied on the data which was modeled without surface-related multiples. The
recursive depth migration is carried out with the same WLSQ extrapolation operators as used
in the generation of pseudo VSP data. The construction of these operators is discussed in
Appendix B.

The configuration that is used in this example is a walkaway VSP configuration where a
fixed well is chosen and the sources are moved along the surface away from the well. The
well is located at 1650m (see for the model Figure 4.12).

The various sources in this experiment are ranging from 900m to 2400m (largest offset :
750m).

Figure 4.14 shows the raypaths for the above described experiment with the shot locations
respectively at 1050m, 1350m, 1650m, 1950m and 2250m and the well is located at 1650m.
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Figure 4.13 5 shots without surface-related multiples (top), zero offset data (middle) and prestack
migration depth result (bottom) (data with and without surface-related multiples).
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Figure 4.14 Raypaths for the experiment, well at 1650m, sources respectively at 1050m, 1350m,
1650m, 1950m and 2250m.

If the pseudo VSP data are generated from the shots (without surface-related multiples), a
series of pseudo walkaway VSP data is obtained which form together a cube of data. Figure
4.15 shows 2 views of the 3-D volume of data obtained in this way. This experiment shows
clearly the relation of the generation of pseudo VSP data with the construction of CFP data.
The pseudo VSP data have been generated using the one-way wave field extrapolation oper-
ators (this in relation with the construction of CFP gathers which are also based on the one-
way wave equation). Each depth slice through this volume represents a CFP gather. The
upper layer slice represents a common receiver gather. Note that the intersections in the
pseudo VSP data of the source wave field and the reflected wave field map the unmigrated
events from the surface into depth images. It can be clearly seen that the multi-valued bowtie
event (indicated by a pointer in upper picture) which is visible at the upper layer (common
receiver gather) turns into single-valued imaged events at the reflectors.

This volume has been built by a series of walkaway pseudo VSP data and each depth slice
represents a CFP gather. In a similar way, this volume can be constructed using CFP gathers
for focusing in detection. The various focus points are located at the different depth levels
in the subsurface. Selection of one lateral position from the constructed volume results into
a pseudo VSP data for that lateral position. The figures at the right of Figure 4.15 show that
offset VSP data can be obtained by taking slices from the cube of data at various lateral posi-
tions. Similarly CFP gathers can be obtained by taking slices at different z levels.

Figure 4.16 shows the connection of the shot record (shot position at 1650m) and the CFP
gathers for the three layer boundaries z;, z, and z;. The focus points for the CFP gathers are
positioned at the intersection of the pseudo well with the 3 boundaries. The pseudo VSP data
are generated at 450m offset with respect to the shot location. The left part of each panel
shows the shot gather, the middle part of each panel shows the pseudo VSP generated from
the shot record to respectively depth z;=300m, z,=945m and z3=1200m.
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Combined offset VSP
and CFP gather

VSP data at
various offsets

CFP gathers at
various Z levels

Figure 4.15 Slices of the 3-D volume. The 3-D volume consists of a series of walkaway VSP data.
The VSP data are generated from modeled data without surface-related multiples.

z}, 2, and z; represent respectively the depth of boundary 1, 2 and 3. The right part of each
panel shows the three CFP gathers (starting with the trace at the position of the shot record
at the surface z,). The pseudo VSP data shows that only one branch of the triplication in the

Zy 7 Z9 Z Zy Z3

shot VSP CFP a)

shot VSP CFP b)
record data gather

shot VSP CFP
record data  gather )]

record data gather

Figure 4.16 From shot record to CFP gathers via the pseudo VSP data . a)pseudo VSP data
generated at 450m offset from depth z,) to z;=300m, b)same offset VSP from z, to
2,=945m and c)same offset VSP from z, to z3=1200m. Note the imaging of the data
from the surface to their reflection points at the boundaries at depth levels z;, z, and z3.
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shot record is propagated to the depth position of the focus point. The triplication originates
from the syncline structure in the model. The pseudo VSP acts here as a tool to distinguish
which events are reflections from aside the well and which reflections cross the pseudo well.
The pointer in Figure 4.16b and ¢ shows that the event is fading away. Theses events come
from aside the syncline structure and are slowly loosing their energy for the deeper depth
levels. The event in the pseudo VSP data which travels from the top left to the right, repre-
sents the first break crossing the 3 focusing points at z;, z, and z;. The events appearing
above the first break are non-causal events, which are also observed in the CFP gathers. In
other words Figure 4.16 shows the link of the surface data with the CFP gathers via the
pseudo VSP data. The pseudo VSP data gives insight in the illumination properties of the
construction of CFP gathers.

4.4 Pseudo VSP data in one-way time : (t,#’) display

In this section a method is presented for a new display of pseudo VSP data : data display as
a function of the one-way time ¢’ instead of depth z. The presentation of the pseudo VSP
data in one-way time ¢’ allows an easier way of identifying events. The pseudo VSP display
as function of ¢’ illustrates the propagation paths of waves through a medium as function of
the one-way time ¢’. The pseudo VSP data (%,t’) can be constructed using the CFP method
or by a method as described in Section 4.5. Figure 4.17 shows a diagram for the construction
of pseudo VSP data (1,t’). For subsequent depth levels (crossing a pseudo well) different
focus points are selected. The corresponding time-reversed focusing operators are calcu-
lated. For regular depth levels, an irregular depth step in the one-way time A#’ is created. The
time-reversed focusing operators are then interpolated for every one-way equal time step
At’. The interpolated operators are used for the construction of the corresponding CFP gath-
ers. In this way a series of CFP gathers is constructed for increasing one-way time steps A¢’.
According to the well geometry, a trace-selection is made from each CFP gather and in this
way the upgoing wave field in the pseudo VSP (1,¢’) is constructed. Similarly, according to
the borehole/detector configuration, a trace-selection is made from each time-reversed
focusing operator resulting in the downgoing wave field of the pseudo VSP (z,¢’). Addition
of the upgoing and the downgoing wave field results finally in the total pseudo VSP (,2°).

In the following example, a pseudo VSP (,z) data is generated from a shot record along the
seismic line. The data was provided by Mobil Exploration and Producing Technical Center
Dallas, U.S.A.. In addition, this pseudo VSP (1,z) data is transformed to pseudo VSP (1,¢’)
data display. Figure 4.18 shows respectively a shot after surface-related multiple elimina-
tion, the pseudo VSP generated (7,z) data and the pseudo (z,¢’) VSP data. The sampling in
the one-way time direction A¢’ is chosen the same as for the two-way time sampling At.
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Figure 4.17 Diagram showing the construction of pseudo VSP (1,t’) data.

shot record pseudo VSP (t,2) data

Figure 4.18 From surface shot record data to pseudo VSP (1,z) data and to pseudo VSP (t,t’) data.

For the generation of the pseudo VSP data, one-way operators were used. The pseudo VSP
data has been generated using the scheme shown in Figure 4.17. Note that the non-causal
events before the first break have been zeroed. The pseudo VSP (z,¢°) can also be constructed
by stretching the pseudo VSP (1,z) along the first break. This method will be described in
Section 4.5. The mapping of the VSP data (1,z) into a display VSP (4,¢°) data has the advan-

tage that additional processes can be carried out at the reflection points.

pseudo VSP (1t} data
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Such a process is illustrated in Figure 4.19. Figure 4.19a shows the zero-offset section along

the Mobil seismic marine line with a part indicated as “area of interest”. The area of interest
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is also depicted in Figure 4.19b. Figure 4.19c shows the result of preprocessing and single-
fold imaging in (¢,#’). The shot records have been mapped into zero-offset pseudo VSP (1,¢)
data for a vertical well and the data is stacked at the reflection points along 45° and in this
way all the events which have not traveled along the zero-offset are suppressed. Note that
the section depicted in Figure 4.19c is a one-way time ¢’ display and the data is single-fold
imaged. This is in comparison with Figure 4.19b where the unmigrated data is displayed as
function of the two-way time ¢.

4.5 Real VSP data in one-way time : (1,t’) display

In this section a method is proposed for a new display of real VSP data : in ¢’ (similar as
discussed for the pseudo VSP data in the previous section). Figure 4.20 illustrates the trans-
formation of VSP data from (,z) to (z¢’) using the first break as stretching function. An
important application of this transform is the identification of waves traveling through a
medium with a different velocity profile. The events which have traveled along the same ray-
paths as the first break (borehole/detector configuration) will be aligned at an angle of
45°(for sample rate At’=As). All other events that traveled along different rays will not be
aligned. The aligned events (with the first break) can then easily be removed. Finally all
other events including 3-D effects will remain which can be tied to the surface seismic data.

forward transform

input : VSP (t,2) data output : VSP (1,t) data

t: two-way time t' : one-way time

Figure 4.20 Transformation of VSP data from the (t,2) display into the (t,t’) display.

4.5.1 Marine data example

The objective is to transform the VSP display which is generally a display as function of
depth z into a display which is function of the one-way time ¢’. Figure 4.21 illustrates the
transformation from the VSP (1,z) display to the VSP (#,¢’) on real data. The dataset was
obtained from Mobil Exploration and Producing Technical Center Dallas U.S.A.,, contain-
ing marine seismic data and well log measurements. Figure 4.21a shows a part of the pre-
processed VSP data at well B (VSP along the seismic line). Note that the two-way time axis
t is replace by the VSP time (#p). For a more detailed description of the dataset and the
processing on this dataset the reader is referred to Chapter 7 and Appendix C. Figure 4.21b
shows the reorganization of the data as function of the one-way time #’.
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Figure 4.21 From depth to one-way time: a)preprocessed marine VSP data and b)after mapping
to one-way time axis, c)VSP (tysp,t’) regularized in subsequent one-way time steps

At’ and d)linear Radon transform of Figure 4.21c.
As noticed, the spacing in ¢’ is irregular. The regularized VSP (#y¢p,¢’) after interpolation is
displayed in Figure 4.21c. Furthermore a linear Radon transform of Figure 4.21c is depicted
in Figure 4.21d where the arrow indicates the primary reflection in the negative p’ range.
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4.5.2 Land data example ()

In the following, an example is illustrated on a land dataset. The example presented here
shows the application of the VSP (4,¢) display in the suppression of S- wave modes in VSP
data. Figure 4.22 shows the scheme which is used, for the forward and backward transform
in the suppression of the S- waves. Notice that with this scheme each unwanted event can be

removed easily.

/ forward transform\

input : VSP (t,z) data VSP (tt) data

VSP (ff) data

dip-filtering
output : VSP (t,z) data VSP (1) data
\ inverse transform 4/t=2.way time
t'=1-way time

Figure 4.22 Scheme for the suppression of S- wave modes in real VSP data.

Figure 4.23a shows a preprocessed offset VSP land data with the P- and S- waves visible.
The VSP data was recorded in the Middle East. This VSP is also displayed in the VSP
(tysp,t’) display (see Figure 4.23b). The (#ysp,t’) display is obtained by picking the first
break (direct P- wave), stretching the data along the first break pick and interpolating the
missing times ¢’. Notice that the sample rate for ¢’ is chosen the same as the sample rate for
the VSP time fysp (direct P- wave crosses the fygp axis at an angle of 45°). Figure 4.23d and
e show the result of the VSP data (fy5p,2) and (tysp,t’) after transformation to respectively
the (£k) and (ff’) domain. It can be clearly seen from Figure 4.23e how the P- wave energy
is aligned. Furthermore it can be seen from this picture that the S- wave is also aligned but
in an other angle. This (ff’) plot gives also a clear indication on the behaviour of the Pois-
son’s ratio through a medium. A constant Poisson’s ratio through a model should also indi-
cate a sharp S- wave image line in the (£f’) plot (in case stretching is applied on the P- wave
first break velocity profile). One could describe it as follows: the quality of the focus of S-
waves in the (£f’) plot gives an indication on the behaviour of the Poisson’s ratio through a
medium. In the following step, the data has been filtered in the (£f’) plot along the P- wave
curve (dip filter) and transformed back to the (#p,t’) display. The result is shown in Figure
4.23c. From this picture it can be clearly seen that the S- wave energy is suppressed. Note
that the S-P transmission indicated with the arrow in Figures 4.23b and c is visible in both
displays.
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Figure 4.23 The transformation of the depth axis into the one-way time axis applied on land data

a)VSP(tygp,z). The data was recorded in the Middle East,

b)VSP(tysp,t’) and c)VSP(tysp,t’) filtered in the (f,f’) domain.

d)VSP(£k) and e)VSP(ES’).
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Furthermore the dip-filtered VSP (#yp,¢’) is transformed again to the (¢ygp,z) display to be
compared with the original unfiltered VSP data (tp,z). The result for this experiment is
displayed in Figure 4.24. Note that the S- wave energy is suppressed. The arrow in Figure
4.24b indicates the S to P transmission through the model which can be clearly identified.
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Figure 4.24 VSP data (tysp,z) a)before and b)after filtering in the (f,f’) domain.

Figure 4.25 shows respectively the linear Radon transform of the VSP data from Figure
4.23a and b. The linear Radon transform shows a clear separation of the up- and downgoing
events. The upgoing events from Figure 4.23a are mapped to the negative p values and the
downgoing events Figure 4.23a are mapped to the positive p values. Note the different p val-
ues because of the different angles. However in Figure 4.25b only two main different p’ val-
ues can be distinguished because of the stretching of the data along the P- wave first break
(the downgoing P- wave first arrivals show a sharp focused point and the downgoing S- wave
first arrivals show an unfocused point). Here again the quality of the focus of the downgoing
S- wave (indicated with arrow) gives an indication of the Poisson’s ratio. If the point (indi-
cated with arrow) in Figure 4.25b is well focused, then that would be an indication for the
constant Poisson’s ratio throughout the medium.
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Figure 4.25 Linear Radon transform respectively applied on Figure 4.23a and b.

4.5.3 Land data example (1l)

Next an example is shown of another VSP which is a land data from the Canadian Foothills.
The data was provided by Husky Oil Canada. The preprocessed VSP data is displayed in
Figure 4.26a and its corresponding (tysp,t’) display in Figure 4.26b. The P- wave energy is
dominant over the S- wave energy. Note the alignment of the events propagating with dif-
ferent velocity in Figure 4.26b. Studying the VSP data, a very strong upgoing wave can be
identified (see white arrows in Figure 4.26a and b). For the prediction ahead of the drillbit
and predicting the originating reflector for this strong upgoing wave, the pseudo VSP data
(in depth z or in one-way time ¢’) may be generated from the surface data and the velocity
model estimated from the surface data. This pseudo VSP data may be used for “extrapolat-
ing the recorded VSP data towards depth” to predict the originating reflector. The surface
seismic data was not available, but this example shows a proposal for generating pseudo
VSP data to be used in bridging the missing gap to the originating reflector. This is schemat-
ically shown in Figure 4.26a and b.
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Figure 4.26 a)Real VSP data (1,z) and b)after stretching (one-way time display instead of depth).

(courtesy Husky Oil Canadian Foothills Data). Here it is proposed to use a pseudo
VSP data for the prediction ahead of the drillbit.

If the VSP velocity is consistent with the surface seismic data, then the surface seismic data
can be used to generate pseudo VSP data for the prediction ahead of the drillbit. However,
a mismatch between both datasets may give a new velocity profile which can then be used
in the surface seismic processing and pseudo VSP data generation.

In this chapter, the relation was shown between the generation of pseudo VSP data and the
construction of CFP gathers. It was shown that the pseudo VSP data gives insight into the
illumination properties of CFP gathers and integrates the events in the shot record to the

events in the constructed CFP gathers. A method has been proposed for a new display of
VSP data (in one-way time ¢’ instead of depth z). This new domain is less sensitive to veloc-
ity errors and linearizes the reflection events. Furthermore, by displaying the VSP data in
one-way time ¢’, new opportunities are created for the analysis of real and pseudo VSP data.



Chapter 5

Imaging with multi-offset,
common-well pseudo VSP data

5.1 Introduction

In this chapter some of the aspects of imaging with multi-offset (source-well offset; one-way
offset), common-well pseudo VSP data will be discussed. In other words, the contribution
of a range of single shot records along the surface is studied for the imaging of structures at
one virtual well.

In the first part of this chapter, it will be shown how images are constructed using pscudo
VSP data. The generation of pseudo VSP depth and one-way time records will be shown in
Section 5.2. In Section 5.3, a series of multi-offset pseudo VSP data are generated from a
series of shot records at the surface, for a common-well.

In this way image gathers can be built up which show the contribution of various sources to
the image points at a virtual well. The image gathers are constructed as function of depth z
and/or one-way time t’.

The construction of depth and/or one-way time image gathers will be discussed and illus-
trated. All the examples shown in this chapter are based on one-way operators.
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5.2 From surface to pseudo VSP depth and one-way time records

In Chapter 3 of this thesis, the pseudo VSP data generated from seismic surface data has
been illustrated as a tool for integrating unmigrated (single shot) data with migrated data. It
was shown that the pseudo VSP data display helps to establish the relationship between
events in the original shot gather and the migration sections. Furthermore the pseudo VSP
generation was formulated in relation with the CFP method. The most important difference
between both imaging methods has been shown : in the pseudo VSP method, single surface
shot records are transformed into pseudo VSP data. On the other hand, in the CFP method
only the response (of one depth point) is studied for a range of sources at the surface. In this
section it will be illustrated how surface data (i.e. a shot record) can be transformed to
pseudo VSP depth and/or one-way time images. The generation of a pseudo VSP depth
record is illustrated on the syncline model dataset. For a description of the synclinal model
and dataset see Section 4.3.

In Figure 5.1a, the pseudo VSP data has been generated at zero offset from a shot record
(shot at x=1650m) after surface-related multiple elimination. The black line in the shot
record (Figure 5.1a) indicates the well location. The upgoing waves have been inversely
extrapolated and the first break times have been calculated with a raytracing algorithm to
form the pseudo VSP data. The intersection of the first break line and the upgoing waves
yields the “image points” in the pseudo VSP data. Note that the contribution of all the shot
records to these image points will give the same result as the full prestack migration at the
well location (the black line in the migrated section shown in Figure 5.1a indicates the loca-
tion of the well). The “image points” from the pseudo VSP data can be selected and mapped
towards the depth axis or the one-way time axis.

The selection procedure for the image points is performed as follows : as a first step, the
wave field is inversely extrapolated and selected according to the predefined borehole/detec-
tor configuration; the first break is determined for the well configuration by a raytracing
algorithm. Next, unit values are assigned to the first break arrival times. This dataset is then
multiplied with the data containing the upgoing waves. In this way the upgoing events at the
first break times are selected. These image points can be mapped to the depth axis and also
to the one-way time axis resulting in a single trace as function of depth z or one-way time ¢’.
An example of mapping the image points (in pseudo VSP data) to the depth or one-way time
is illustrated in Figure 5.1b. The white arrows show the image points. Note that the non-
causal part before the direct arrival has been zeroed. These image points have been deter-
mined and mapped to depth (top of Figure 5.1b) and mapped to one-way time (left of Figure
5.1b); the resulting trace have been reproduced 5 times for display purposes. It should be
noticed at this point that for an optimal comparison with the full prestack migration the
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Figure 5.1 The effect of limited aperture on the image points constructed from pseudo VSP data.
For a wide aperture the image points are better determined.
a)Integrated Seismic Display (ISD) of shot record with shot at x=1650m, pseudo VSP
at zero offset and prestack migrated depth section, b)pseudo VSP generated from the
shot for which all offsets were used and c)pseudo VSP generated from the shot with a
limited aperture of 600m at each side of the shot record (arrows in the shot record
show the limited aperture).

“image points” should be corrected in amplitude and phase by 1/\/ (jw) and also for the prop-
agated source wavelet. Furthermore it is important to use a large aperture of receivers such
that the image points are best determined. A limited aperture results into a poor image as
illustrated in Figure 5.1c. The pseudo VSP of Figure 5.1b has been generated from a shot
record with 201 receivers. On the other hand the pseudo VSP shown in Figure 5.1c has been
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generated using only 81 receivers (600m maximum offset on both sides of the well). The
arrows in Figure 5.1a show the limited aperture that was used in generating the pseudo VSP
of Figure 5.1c. Comparison of Figure 5.1c with Figure 5.1b shows that the image points are
not correctly determined for a limited aperture. This example shows that pseudo VSP image
points can be restored correctly for a wide aperture (and a correct model). Therefore, a split
spread shot gather is preferred rather than using the end of spread shot records. According
to the theorem of reciprocity (Rayleigh, 1896, and Fokkema and Van den Berg, 1993), Fig-
ure 5.2 shows that a split spread shot gather can be constructed from a series of end of spread
shot records. Reciprocity is applied on shot & to p to construct a full split spread shot record
Jj (left). A sparser split spread gather j can be constructed from shots & to m if the source spac-
ing is larger than the receiver spacing (right).
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Figure 5.2  Procedure for constructing a split spread shot gather from a series of end of spread
shot records using the principle of reciprocity.

In the previous chapter, the relation was shown between the generation of pseudo VSP data
and the construction of CFP gathers using the CFP technology. From the relation between
the pseudo VSP and the CFP gathers it is clear that the full images at a pseudo well can be
built up in different ways. In the pseudo VSP method, the images are built up for one
source-well configuration (limited illumination but detectors at all depth levels). The contri-
bution of other sources have to be taken into account for an optimal illumination: extension
to multi sources. On the other hand, in the CFP technology only one point is illuminated for
all sources. For a full image at the well, the number of focus points need to be extended.

5.3 Construction of depth and one-way time image gathers

In this section the construction of image gathers will be discussed. The image gather repre-
sents a composite gather built from the contribution of all the sources to the image points at
a well location. In Figure 5.3a a schematic illustration is given that may be used for the con-
struction of image gathers. The objective of constructing image gathers is to study the influ-
ence of the various shot records to the image points at a predefined borehole/detector
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Figure 5.3  a)Geometry that may be used in the construction of image gathers : the contribution
is studied of the various sources to the image points at the well location.
b)lllustration for the time that has to be corrected per detector level with respect to
the source : moving the sources virtually to the well-head.
configuration. Note that each type of well configuration can be used (e.g. a deviated well).
The image gathers can be constructed by mapping the image points from pseudo VSP data
as described in Figure 5.1, to the depth axis or to the one-way time axis. In this way depth
and/or one-way time image gathers can be built up. Note that for the construction of the
one-way time image gathers, a moveout correction has to be applied to the resulting gathers
(see Figure 5.3b, t’,, is the zero offset one-way time and ¢’ represents the correction
time). The moveout correction means that each source is shifted virtually to the well head.

5.3.1 From pseudo VSP depth records to depth image gathers

Figure 5.4 shows a configuration for a fixed well and a series of shot records at the surface.
If the image points from the generated multi-offset, common-well pseudo VSP data are
mapped to the depth axis and a correct macro model is used, then each event in the resulting
image gather should be horizontally aligned regardless the structure in the subsurface. Fig-
ure 5.4 (right) shows the depth image gather that is constructed from the image points
obtained from generated pseudo VSP data.
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Figure 54  The construction of a depth image gather from pseudo VSP depth records.
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Since the image gather is a composite gather in which the different shot records are individ-
ually migrated at the well location, the contributions should be all aligned if a correct model
is used (Berkhout, 1984; Al-Yahya, 1989, Lafond and Levander, 1993). The non-alignment
of the events in Figure 5.4 at the edges of the images is due to a limited acquisition range.
The different shot records give individually their contribution to the image at a virtual well
location. This means that if the events in an image gather are stacked, the resulting trace is
similar to that obtained by prestack depth migration.

5.3.2 From pseudo VSP one-way time records to one-way time image gathers

In this section some of the imaging aspects will be discussed for a range of shot records
along the surface and detectors vertically distributed in a virtual well. The construction of
the image gathers from pseudo VSP (1,+°) data will be discussed and illustrated with an
example.

* Construction of one-way time image gathers

In this example, a series of walkaway VSP data is generated from a series of shot records
(after surface-related multiple elimination) distributed along the surface of the syncline
model. The range of the source locations is from 900m to 2400m with a step of 15m. The
well is located at 1650m.

As discussed in the previous chapter, for the construction of the pseudo VSP (1) data, a
series of CFP gather responses can be constructed for various focus points chosen in depth.
For the construction of the pseudo VSP (1) data, the response of the wave fields have to be
extracted for each successive one-way time step ¢’. Folowing the scheme of Figure 4.17, a
series of time-reversed focusing operators can be calculated for a range of focus points in
the pseudo well at 1650m. The time-reversed focusing operator related to a focus point at
the first boundary (z=300m) is depicted in Figure 5.5a. The corresponding CFP gather is
shown in Figure 5.5b. Note that because a correct model has been used here, the event of the
time-reversed focusing operator and the corresponding event in the CFP gather (focus point
response) are time-coincident. This is based on the principle of equal traveltime (Rietveld,
1995, Berkhout, 1997a and 1997b). In other words, for a correct macro velocity model the
arrival times of the focus point response are given by the traveltimes of the involved time-re-
versed focusing operator. The focus point response is defined as the coherent event in the
CFP gather, representing the reflection response from the involved focus point. For a thor-
ough discussion on the macro model aspects the reader is referred to Berkhout (1997b) and
Thorbecke (1997). The focus point response is indicated with an arrow in Figure 5.5b. The
construction of the CFP gathers refers to the first focusing steps. In the second focusing step,
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the information of the CFP gather is added and positioned at the one-way time (in the second
focusing step, the CFP gather has to be moveout corrected).

This is performed by a I-D convolution between the time-reversed focusing operator and
the corresponding CFP gather. The 1-D convolution has to be performed in time. The result
of this convolution is the alignment of the focus point response at ¢=0s (for a correct macro
model). Figure 5.5d shows the moveout corrected CFP gather with the aligned focus point
response at #=0s. Figure 5.5c shows the same as Figure 5.5d but an additional shift (to the
one-way time) has been applied. Similar type of panels have been shown by Cox (1991) who
called them common depth point gathers and showed that the alignment of the events con-
tains information that can be used for macro model estimation.

For the construction of the pseudo VSP (#,#’) data, a series of one-way time operators is
needed. As a first operation some distributed focus points are chosen for which time-re-
versed focusing operators are calculated. This is illustrated in Figure 5.5e. Note that there is
no need to distribute the focus points regularly. The operators are then interpolated in time
for a regular one-way time step and the result is depicted Figure 5.5f. For each time step At’,
the CFP gathers are constructed and one trace is selected per CFP gather related to the well
configuration. The constructed zero offset pseudo VSP (4,¢°) data is depicted in Figure 5.5g.
Remember that zero offset refers to the zero distance between the well head and the corre-
sponding source location at the surface.

Note that the upgoing events are cut at the first break times. The data can also be selected
from the moveout corrected CFP gathers. The result is shown in Figure 5.5h (moveout cor-
rected pseudo VSP (1) data), where a stretching is visible of the events to the zero time.
The moveout correction means that each source is shifted virtually to the well head. If the
procedure of constructing pseudo VSP (1,¢’) data is repeated for all the offsets, a cube of data
(x,t,¢’) can be constructed.

Figure 5.6 shows some generated pseudo VSP (1,¢’) data for various offsets. The offsets
selected from the CFP gathers are respectively : -600m, -300m, Om, 300m and 600m.

It is important to notice from this figure that all the “imaged points” (i.e. points from the
upgoing wave field muted at the first break) are all positioned at equal one-way times ¢’
although the shot records (input) correspond to different source locations. The events which
have traveled along the borehole are all straight. The events from aside the synclinal struc-
ture which were recorded in the shot record fade away by approaching the “imaged points”.
The pseudo VSP (z,¢’) data after moveout correction (see also Figure 5.5h) are stored in a
cube as shown in Figure 5.7a (data without surface-related multiples) and Figure 5.7b (all
the multiples are included).
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cfp gather (moveout)

Figure 5.5 The different steps in the construction of pseudo VSP (t,t’) data. The moveout
corrected pseudo VSP (1,t’) forms the image for one single shot contribution.

Figure 5.8 gives an explanation of the constructed cube of data for interpretation purposes.
Figure 5.8 is based on the data without the surface-related multiples. The vertical slices
along the lateral x-axis represent the moveout corrected pseudo VSP (1,¢°) data (Figure 5.8a).
The moveout corrected pseudo VSP (4,°) at zero offset is depicted below Figure 5.8a. The
horizontal slices (Figure 5.8b) through the volume represent the moveout corrected CFP
gathers which have been constructed for subsequent one-way time steps A¢”. The moveout
corrected CFP gather corresponding to the first boundary (z=300m) is depicted below Fig-
ure 5.8b. Note that the focus point response is aligned and positioned at t=0s. The black line
represents the same trace as depicted in the pseudo VSP (z,¢°) data of Figure 5.8a. The front
side of the cube shows a composite gather : the so-called one-way time image gather.
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Figure 5.6 Constructed pseudo VSP (t,t’) data for various offsets with respect to the well at
x=1650m. The shot locations for the shot records (x,) that contribute to the pseudo
VSP (t,t’) data are shown below each panel.

The image gather at t=0s (shown below Figure 5.8c) shows the “image points” of the gen-
erated pseudo VSP (,#°) data (for a common-well at 1650m) with the contribution of all the
shot record with shot locations at the surface ranging from 900m to 2400m. All the events
corresponding to the reflection of the layer boundaries are aligned at t=0s (for correct
model). Note that the straight line corresponding to the synclinal reflector becomes unfo-
cused as indicated with the arrow.

The reason for that (critical angle) can be explained with the following figure. Figure 5.9
shows some raypaths for the source at x,=2400m. Here the top of the right flank of the syn-
cline structure starts acting as a diffraction point (indicated with arrow) and most of the
energy is propagating along the flank. The propagation from the energy from the diffraction
point is also visible in the pseudo VSP (,¢°) data of Figure 5.6 (x,=2250m). It can be clearly
seen (in Figure 5.6, x,=2250m) that at a particular ¢’, energy is growing and approaching the
second reflector and this energy results into a “false image™ at the first break times. If the
pseudo VSP (1,+’) data are generated from the data with all multiples included, a resulting
cube (x,1,¢’) is obtained as shown in Figure 5.7b. Note that the events corresponding to the
primary events are all horizontally aligned except the surface-related multiple events which
have a bending shape. Comparison of Figure 5.7a and b shows a phase shift of the data with
multiples. The surface data with all multiples included have to be deghosted to obtain the
same phase as the data without surface-related multiples.



134 5 Imaging with multi-offset, common-well pseudo VSP data

Figure 5.7 Image gathers constructed from pseudo VSP (1,t’) data using the correct velocity :
a)surface data without surface-related multiples and
b)data including the surface-related multiples.

—_—p X —_— X

Figure 5.8 Various slices from the 3-D cube of data (x,1,t’).
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Figure 5.9  Raypaths for the source at x;=2400m.

Figure 5.10 illustrates some slices from the cube (x,2,¢’) without surface-related multiples
(see also Figure 5.7a): the picture on the top shows the moveout corrected CFP data (+shift)
at the three boundaries.

At the bottom some gathers are shown for increasing times 1=0.0s, t=0.26s, t=0.52s,
t=0.78s and t=1.04s. These slices are snapshots showing how the different events are
aligned at time #=0s (one-way time image gather). The image gathers give an illustration of
the angle-dependent illumination of a particular depth point at a boundary illuminated from
a series of sources along the surface.

As discussed earlier, if the macro velocity model is correct it means that correct operators
have been used in the construction of the CFP gathers and all the events in the image gather
(t=0s) should be aligned horizontally. If there are errors in the macro model the different
images will not line up horizontally.

To illustrate the construction of the one-way time image gathers with a wrong macro veloc-
ity model, the following experiment has been done. In the construction of the cubes (x,%,¢’),
a wrong velocity has been used, leading to incorrect time-reversed focusing operators.

Figure 5.11a and b show respectively the construction of the cubes from data without sur-
face-related multiples and with all multiples included. Incorrect velocities have been used
in the construction of the cubes : a velocity of 200m/s too low has been taken in each layer.
The resulting image gathers show an upward curvature of the primary events.
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Figure 5.10 Slices from the cube (x,t,t’) without
surface-related multiples :
(top) Moveout corrected CFP data at
the 3 boundaries.

(bottom) Gathers for increasing times
t=0.0s, 0.26s, 0.52s, 0.78s and 1.04s.
These slices are snapshots showing
how the different events are aligned at
t=0s

(one-way time image gather).

t=0.0s 1=0.26s 1=0.52s 1=0.78s t=1.04s
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Figure 5.11 Data mapped into one-way time image gathers with pseudo VSP (t,t’) data using
wrong velocities. a)Data without surface-related multiples: a lower velocity of 200m/s
has been taken in each layer, b)data including surface-related multiples, velocity in
each layer : -200m/s, c)data without surface-related multiples: a higher velocity of
200m/s has been taken in each layer, and d)data including surface-related multiples,
velocity in each layer : +200m/s (Note that the fresnel zone is moving out of the
aperture of the data).
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In the generation of pseudo VSP data, the source positions are still at the surface. Hence, if
a secondary source is constructed somewhere in depth using the CFP technology as dis-
cussed in Chapter 4, then any type of pseudo shot record can be simulated in a (virtual) bore-
hole. This idea offers the possibility to create pseudo Crosswell data from CFP gathers
(2-step process). If the pseudo borehole data is created for the same focus points as chosen
to build up the CFP gathers maximum energy will be obtained at the reflecting boundaries
for a correct macro model. The aforementioned way of constructing pseudo seismic bore-
hole data (or well-to-well data) from surface measurements has another interesting feature.
If the virtual borehole is chosen along a raypath and the zero-offset pseudo borehole data is
constructed, then the traveltimes of the reflected events are minimum and the amplitudes are
maximum. Hence, if the velocity model is not correct then the raypath is not correct and the
wave field energy does not travel along the (virtual) borehole.

In Chapter 4 it was shown that numerical focusing may be seen as simulating virtual sources
anywhere in the subsurface. Hence, the measurements of any source-detector configuration
in the subsurface can be constructed from surface measurements. The potential of this capa-
bility will be discussed with the following example. For a correct velocity model the travel-
time of the source event and the related reflection event in the CFP trace are equal (principle
of equal traveltime). A pseudo shot record in a borehole (‘borehole shot record’) can be eas-
ily computed by generating a pseudo “VSP” record from a CFP gather. Figure 5.12 shows
an Integrated Seismic Display (ISD) of a synthesized borehole shot record from a CFP
gather together with the CFP-related focusing operator. Note the focusing point at the sec-
ond boundary at #=0s (maximum energy). Figure 5.12f shows the amplitude contour plot of
the borehole shot record. A focusing beam related to the focusing point chosen in Figure
5.12c, is displayed in Figure 5.12¢. Incorrect focusing can be very well studied with this
type of Integrated Seismic Displays (ISD).

Figure 5.13 illustrates how pseudo borehole shot records can be generated for the imaging
of steep flanks. Real source positions at the surface can be mapped to virtual source posi-
tions in depth at the (virtual) borehole. Next pseudo borehole shot records may be generated
in the (virtual) borehole. This procedure may be an effective tool to image steep flanks.
Optionally, the virtual borehole may be chosen along a raypath such that the traveltimes of
the reflected events are minimum and the amplitudes are maximum. The wave field energy
does not travel along the virtual borehole if the velocity model and thus the raypath is not
correct.

Of course, the sources and detectors may also be positioned in different wells; the result will
then be pseudo well-to-well data.
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Figure 5.12 From CFP gather to pseudo seismic borehole data.
Note the very nice visualization of the focusing effect at the focus point.
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Figure 5.13 Two-fold double focusing for controlled imaging of very steep flanks.
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5.4 Picrocol model and dataset

In the following example the Picrocol model has been used. The dataset and model was pro-
vided by the Institut Francais du Pétrole (IFP). The Picrocol geological model contains a salt
diapir that pierces horizontal sedimentary layers, folding and uprising them near the flanks
and breaking them in and above the “cap rock”. The sedimentary layers are nearly symmet-
ric on the two sides of the salt body (the bases of these layers are almost at the same depth
in the regions where the layers are horizontal) and are made up in the shallow parts by
shaly-sandy detrital sediments and in the deeper parts by carbonates. The base of the salt is
horizontal, slightly faulted and situated at about 3300m depth. The Picrocol structural model
is based on a real dataset shot over a salt dome in the southern North Sea (Ehinger, 1994)
and is shown in Figure 5.14 in which various layers are numbered. The dimensions of the

model are 16km (length) by 4km (depth).

WEST lateral position [km] EAST
0 2 4 6 8 10 12 14 16

1 L ) 1 I 1

o

depth [m]

Figure 5.14 The Picrocol structural model.

The velocities c, [m/s] of each layers are respectively defined as follows :1)1700, 2)1800,
3)2000, 4)2200, 5)2310, 6)2450, 7)2800, 8)3200, 9)3500, 10)4200, 11)4500 and HS)5000.
The corresponding densities p [kg/m’] are respectively defined as : 1)2000, 2)2100, 3)2100,
4)2200, 5)2200, 6)2250, 7)2300, 8)2400, 9)2450, 10)2550, 11)2200 and HS)2700. The
acquisition parameters for the seismic survey were : *number of shots: 501, shot from west
to east, *first shot at 3000m last shot at 13000m, *distance between shots: 40m, *receivers:
symmetric array with first trace at offset 2500m west of shot location, *number of receivers:
251, receiver spacing 4m and *number of samples per trace: 1001; sampling interval: 0.004s
(recording time 4s). The synthetic seismic data have been generated using a 2-D finite dif-
ference acoustic wave propagation modeler (SIERRA™ ). The source consisted of 5 guns
with a total spread of 32m, the interval between guns being 8m and the depth of the guns 8m.
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The “shot point” is in the middle of the spread. The 5 guns were “fired” at the same moment.
The source signature is the first derivative of a Gauss function with a central frequency of
22.5Hz. The data have been preprocessed and the surface-related multiples have been
removed (Verschuur, 1991). Figure 5.15a shows the zero offset section from the data after
surface-related multiple elimination. The depth image after recursive full prestack depth
migration has been depicted in Figure 5.15b. Note that the right flank of the salt dome is not

- properly imaged.
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Figure 5.15 a)Zero offset section of the Picrocol dataset across the salt dome and
b)depth image after full prestack depth migration.
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The construction of image gathers using pseudo VSP data is illustrated in Figure 5.16. A
vertical well has been located at 7km and the contribution of the shot records at the surface
is studied. Figure 5.16a shows the configuration of the well at 7km. The image points are
determined as discussed before (see also Figure 5.1), by the multiplication of the first break
arrival times (unit amplitude) with the data. Figure 5.16b shows the resulting depth image
gather (here the image points have been mapped to the depth axis). It is interesting to iden-
tify that the steep flank indicated with the arrow in Figure 5.16a is imaged (in depth) mostly
from the contribution of the-shot records at the left. All the events corresponding to a bound-
ary have been horizontally aligned because a correct model was- used. The single-fold
images related to the steep flank are indicated with an arrow in Figure 5.16b. Note that for
obtaining the full prestack image at the well location, the traces in the image gathers have
to be stacked. The result of the stacking is shown respectively in Figure 5.16c for the well
at x=7km. The resulting trace has been reproduced 5 times for display purposes. If the image
points are mapped to the one-way time axis, a gathers is obtained as depicted in Figure
5.16d. Note that to obtain the one-way time image gather, an additional time shift (moveout)
has to be applied to the data (see also Figure 5.3b).
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Figure 5.17 Constructed depth image gathers using erroneous velocity models.
The velocities in each layer are chosen a)200m/s too low and b)200m/s too high.

So far it has been shown that for a correct model the events in the image gathers will be hor-
izontally aligned regardless the structure of the model. To illustrate that the image gathers
can be used to verify the correctness of the subsurface model, in the following example erro-
neous velocities have been used (the velocities in the model have been decreased by
200m/s). The result for this experiment is shown in Figure 5.17a. The events in the image
gather show an upward curving behaviour indicating that the subsurface model is incorrect.

Figure 5.17b shows the result in using an incorrect model (the velocity of each layer has
been increased by 200m/s). If a larger velocity is used than the correct velocity, the events
in the image gather show a downward curving behaviour and due to the higher velocity the
Fresnel zone moves outside the aperture of the data (in the construction of this gather, the
Fresnel zone moves outside of the aperture of the shot record data and for larger offset
pseudo VSP data this becomes visible). The depth image gather may also be constructed for
a deviated well. This is shown in Figure 5.18a where a deviated well is chosen and the con-
tribution of the various shot records is investigated. The result is shown in Figure 5.18b.
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Figure 5.18 The construction of depth image gathers for a deviated well configuration :
a)geometry of the deviated well and bresult of the image gather.

For an optimal display the result of Figure 5.18b has to be shifted laterally along the coor-
dinates of the pseudo well, to locate the images at their correct lateral position.

In the following experiment, some focusing beams have been constructed and the energy
have been calculated from the corresponding CFP gathers. The results are depicted in Figure
5.19 a to d. The focus points have been respectively chosen (x=10km z=830m), (x=6.8km
z=750m). The beams of Figure 5.19a and b, are constructed by performing an inverse recur-
sive downward depth extrapolation of the time-reversed focusing operators through the
model and calculating for each depth level the energy of the wave field per lateral position.
Using the time-reversed focusing operators, two CFP gathers have been constructed. These
CFP gathers have been used to calculate the energy of the wave field per depth level by
inverse recursive downward depth extrapolation. The results are illustrated in Figure 5.19¢
and d.

From these figures it can be clearly seen that the energy is focused at the focus points and a
direction is shown for the events of the next or previous layers. By studying the Figures
5.19c and d, pseudo wells can be designed along the raypaths such that the maximum energy
is followed and pseudo borehole data are generated. Note that in this way pseudo borehole
data is generated from CFP gathers (response of a common focus point in depth).

The advantage of using CFP gathers to generate borehole data is that reflections from faults
and other structures become better identifiable in the CFP gather which are then used as
input to generate pseudo borehole seismic data. Figure 5.20a illustrates a shot record with
the shot at (x=6.8km, z=0m). A CFP gather has been constructed from all the shot records
along the line and the result is shown in Figure 5.20c. The focus point for the construction
of the CFP gather was placed at x=6.8km at a depth level of 750m.
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Figure 5.19 a) and b): Focusing beams at different positions. ¢) and d): Energy calculation per
depth level for corresponding CFP gathers.

The configuration of the well that is used in this experiment is depicted in Figure 5.20b. The
location of the focus point has been indicated in this figure (see also Figure 5.19b and e).

From the CFP gather with the focus point at (x=6.8km, z=750m) it can be seen that the
reflection from the flank of the salt is better visible than in the shot record. This event is indi-
cated in Figure 5.20c with an arrow. From the CFP gather in which some of the reflections
are clearly visible, a VSP depth record has been generated according to the borehole/detec-
tor configuration as shown in Figure 5.20b. The result of the generation of the VSP depth
record is depicted in Figure 5.20d. The black line indicates the first break times calculated
with raytracing.

Using the CFP gather as input to the pseudo borehole data generation has the advantage that
the various events will be focused in depth. Figure 5.20e shows a contour plot of the enve-
lope of the upgoing waves from Figure 5.20d. From the contour plot it can be seen that the
energy of the event (indicated with the arrows in Figure 5.20d and e) is focused at the depth
level z=750m. The focus point was placed at x=6.8km, z=750m.
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The reflection corresponding to the focus point (“the so-called focus point response”) will
be focused at the depth of the focused point using a correct model. According to the results
of Figure 5.19b and d, some of the other events in the CFP gather will be also focused at
particular depth levels. Here it should be noticed that in the generation of a VSP depth record
from a CFP gather, only the event corresponding with the “common focus point response”
will be focused at its correct depth (using a correct macro model).

Similar panels like in Figure 5.20e can be found in Cox (1991) who called them focus panels
and used them for macro model velocity analysis. Other references are Yilmaz and Cham-
bers (1984) and Faye and Jeannot (1986) who used the focus panel approach (maximum
amplitude of depth points should be located at zero time).

From the previous examples it may be concluded that the pseudo VSP image points can be
mapped to the depth or one-way time axis for a common-well and a series of shot records
along the line. The results of the imaging with multi-offset, common-well pseudo VSP data
are respectively called depth image gather and one-way time image gather. The events in an
image gather will be aligned horizontally regardless the structure of the subsurface model,
assuming the used velocity model is correct. A lower velocity shows an upward curvature.
A higher velocity shows a downward curvature. The construction of the pseudo wells may
be chosen along zero offset rays to include an optimal imaging and illumination of struc-
tures.

Furthermore it has been shown that by simulating virtual sources using the CFP technology,
pseudo borehole shot records (with a virtual source chosen somewhere in depth) can be gen-
erated from CFP gathers. The macro model can be verified and optimum pseudo wells can
be constructed by showing the energy flow in the subsurface. These energy flows can be
shown by displaying the energy of downward extrapolated CFP gathers. For a correct macro
model the energy will be maximum at the correct boundaries.
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Chapter 6

Imaging with multi-well,
common-offset pseudo VSP data

6.1 Introduction

In the previous chapter it was shown how various shot records along a line contribute to the
image of the reflecting boundaries at one pseudo well location. Examples have been shown
on the construction of depth and one-way time image gathers. It has been shown that with
the construction of image gathers, the correctness of the macro velocity model of the sub-
surface can be verified. For a correct macro model the contributions from the different
sources will be horizontally aligned in the image gather regardless the structure of the sub-
surface.

In this chapter it will be shown how single-fold images are built up using multi-well, com-
mon-offset pseudo VSP data. The availability of virtual multi-wells along a seismic line
enables the lateral imaging with the aid of common-offset pseudo VSP data. The advantage
to illustrate the imaging of structures with the aid of pseudo VSP data is that particular struc-
tures can be illuminated from various angles defined by the borehole/detector configuration.
For an optimum illumination, the borehole/detector configuration can be chosen raypath ori-
ented. This means that the borehole/detector configuration can be chosen along raypaths
(raypath imaging). The result of the imaging with the aid of multi-well, common-offset
pseudo VSP data leads to a composite section, the common-offset (source-well offset) sec-
tion.
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The two-way common-offset sections refer to the conventional common-offset (source-re-
ceiver offset; two-way offset) sections. This in comparison with one-way common-offset
sections which refer to the multi-well, common-offset (source-well offset; one-way offset)
sections.

The pseudo VSP data shown in this chapter, are generated in the space-frequency domain
using the one-way wave field extrapolation operators. One-way common-offset sections
with a fixed offset refer to vertical wells. Similarly, one-way common-offset sections with a
variable offset refer to sections constructed from deviated wells. In Section 6.2 the construc-
tion of one-way common-offset sections will be discussed. Examples will be shown on syn-
thetic (Section 6.3) and field data (Section 6.4). The one-way common-offset sections
illustrate the contribution of various sources to the images along predefined borehole/detec-
tor configurations and clearly reveal possible acquisition deficiencies for the coverage of
data given a source and receiver configuration. In other words, one-way common-offset sec-
tions reveal which shot records do not contribute to the image of a specific subsurface grid-
point. The construction of two-way time, one-way time and depth common-offset sections
will be discussed.

6.2 From image gathers to common-offset sections

In the previous chapter it was shown how image gathers can be built up from multi-offset,
common-well pseudo VSP depth and one-way time records. In this section the single-fold
images are built up using multi-well, common-offset pseudo VSP data. A fixed configura-
tion is moved laterally for the various sources and pseudo VSP data are generated to deter-
mine the image points. Figure 6.1 shows that for a fixed source-well configuration the
“image points” can be mapped to construct depth and/or one-way time common-offset sec-
tions. Note that the source-well offset can be either negative or positive.

2) b)

Figure 6.1 The construction of one-way common-offset (source-well offset) sections for
a)fixed offset (vertical wells) and b)variable offset (deviated wells).
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One-way common-offset sections illustrate the illumination of structures at the pseudo well
location for specific borehole/detector configurations. Each trace from a common-offset
section represents the result of one single source. However, for an optimal illumination of
subsurface structures with the aid of pseudo VSP data, it is necessary to take into account
all the sources (at the surface) contributing to the image at a particular pseudo well.

By constructing one-way common-offset sections, a series of single-fold imaged (half-mi-
grated) sections using multi-well, common-offset pseudo VSP data are obtained, each
showing different illuminations and thus another view on the imaged structures in the sub-
surface. These one~way common-offset sections can be used to obtain a better interpretation
of different imaged structures by choosing specific pseudo wells.

6.2.1 Construction of two-way and one-way common-offset sections

In this section the construction of two-way and one-way common-offset sections will be dis-
cussed. In the midpoint technology, Common Mid Point (CMP) gathers (two-way) can be
reordered to two-way common (source-receiver) offset sections (offset definition in Figure
6.2a). It is important to notice that the two-way common-offset sections contain unmigrated
data.

This in contrast with the one-way common-offset sections in which the events are half-
migrated. These one-way common (source-well) offset sections can be obtained by imaging
with multi-well, common-offset pseudo VSP data (offset definition in Figure 6.2b). The
resulting one-way common-offset sections can be displayed in depth or one-way time. The
one-way common-offset sections clearly reveal possible acquisition deficiencies for the cov-
erage of data given a source and receiver configuration. One-way common-offset sections
can be determined by re-ordering one-way image gathers. Alternatively, one-way com-
mon-offset sections can be constructed by mapping pseudo VSP image points to the depth
(result : depth common-offset section) or to the one-way time axis (result : one-way time
common-offset section) for multi-well, common-offset configurations.

source-receiver offset source-well offset A
—> 4—>

XXXXXXXXXXOXXXXXXXXXX XXXXXXXXXXOXXXXXXXXXX
a) b)

Figure 6.2  Definition of a)source-receiver offset (two-way offset) and
b)source-well offset (one-way offset).
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Table 3 shows the comparison between the construction of two-way and one-way com-
mon-offset sections.

Table 3 Construction of two-way and one-way common-offset sections (Berkhout, 1997a).

two-way common-offset section one-way common-offset section

orientation : midpoint orientation : gridpoint

offset : source-receiver offset (two-way) | offset : source-well offset (one-way)

procedure : sorting from surface data procedure : sorting from one-way image gathers

result : in two-way time result : in one-way time or depth

data : unmigrated data data : half-migrated data (single-fold images)

6.3 Synthetic data examples

6.3.1 Syncline model and dataset

In the following example, the synclinal model is used to illustrate the construction of differ-
ent common-offset sections. For a description of the syncline model and data the reader is
referred to Section 4.3. Figure 6.3a illustrates the construction of the two-way conventional
common-offset sections. The two-way offsets are respectively Om, 750m and 1500m. In Fig-
ure 6.3b the result are shown of the constructed one-way time common-offset sections. The
one-way offset used here are Om, 375m and 750m. Note that the data is half-migrated. For
comparing the one-way common-offset sections with each other an additional time correc-
tion need to be performed before adding the different common-offset sections with each
other. The structures in the different one-way time sections should then be aligned (for a cor-
rect model). The depth common-offset sections have been depicted in Figure 6.3c. The
importance of these common-offset sections is that for a correct subsurface model, the cor-
responding structures in all the different sections need to be comparable and located at the
same (x,z) location. Furthermore it is important to notice that addition of the different com-
mon-offset sections should give the full prestack migration result as shown in Figure 6.4.

The depth and one-way time common-offset sections may show some artifacts due to
incomplete illumination (single-fold images obtained from single shot records). A part of
Figures 6.3c have been blown up for a better view of the artifacts and is depicted in Figure
6.3d. As can be identified the artifacts (around the diffraction point) appear at different
angles. In this example vertical wells have been used. All other kind of deviated wells may
be used for positive and negative one-way offsets.
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Figure 6.4  a)Syncline model and b)depth image after full prestack depth migration.

6.3.2 Picrocol model and dataset

In the following illustrations, the Picrocol model has been used. The Picrocol model and its
dataset have been discussed in the previous chapter. The dataset and model were provided
by the Institut Francais du Pétrole (IFP).

For the Picrocol data, various one-way time common-offset sections for vertical wells and
deviated wells have been constructed. The various source-well configurations have been
depicted on the right of Figure 6.5. In a similar way, corresponding depth common-offset
sections have been constructed (see Figure 6.6).

From the common-offset sections it can be seen that the different borehole/detector config-
urations result into different illuminations of the structures. Furthermore the correspondence
between the events in the one-way time and the depth common-offset sections is remark-
able. Note the velocity pull-up effect below the salt dome in Figure 6.5 and its mapping and
its corresponding imaging in the depth common-offset section shown in Figure 6.6. Some
artifacts appear in the common-offset sections because of the incomplete imaging (only one
shot record is used each time). These artifacts would be less in the use of more shot records.
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Figure 6.5 One-way time common-offset sections for vertical and deviated wells.
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Figure 6.6 Depth common-offset sections for vertical and deviated wells.

In the following, an example will be shown on a sector scan configuration. Here the illumi-
nation is shown from one specific surface point to many different directions. A series of
pseudo wells are used as shown in Figure 6.7a. The shot record with the shot location at
x=7km is shown in Figure 6.7b. Figure 6.7c illustrates the shot record migration for the sin-
gle shot. The image points of the pseudo VSP data have been determined and mapped to the
depth axis. The result is depicted in Figure 6.7d. The triangle in this figure shows the area
(x,z) in which the image points have to be mapped.
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6.3.3 SEG/EAGE Sait model and dataset

In this section the Salt model is used, issued from the joint SEG/EAGE 3-D Modeling
Project (SEM). The SEG/EAGE Salt model (Figure 6.8) is one of the geological models that
is used for modeling 3-D synthetic seismic datasets. The dimensions of the model are
13.5kmx13.5kmx4.2km. It has been built to address data quality issues encountered around
the types of geological salt bodies in the Gulf of Mexico (Aminzadeh et al., 1995).

/\

Fault A

X Faultd

3 ST ETORe

Shale Fault B
Sh Sands

Figure 6.8 SEG/EAGE Salt model with lots of surfaces
(modified after the SEG/EAGE Salt Model Committee).

Figure 6.9a illustrates the A-A’ profile. A 2-D seismic line has been modeled along this pro-
file and was provided by Amoco Exploration and Production Technology Group, Tulsa,
U.S.A.. The A-A’ profile has been used by O’Brien and Gray (1996) for comparing different
migration results. The modeled data consists of 325 shot records moving from left to the
right. The location of the first shot is at position x=0m with a receiver line ranging from
x=-4267.2m (-14000ft) to x=0m. The second shot is positioned at 48.768m (160ft). The
sampling interval of the receivers is 24.384m (80ft). The maximum frequency content of the
data is about 25Hz and the time sampling interval is 8ms. The reflectors in the SEG/EAGE
Salt model are constructed by spikes positioned in a smoothly varying background (120%
of background velocity). The structure of the salt is presented with a high velocity of
¢,=4480m/s area. A zero-offset section has been extracted from the modeled data and is
shown in Figure 6.9b. From: this figure it can be seen that there are many diffraction curves.
A depth section after full prestack depth migration is shown in Figure 6.9c.
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Figure 6.9 a)SEG/EAGE Salt model (A-A’ profile), b)zero offset section (the Ss data is displayed
here up to t=4s). c)Depth section after full prestack depth migration.

Additional zero traces have been added to both sides of the shot records to image energy at
large angles.
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Figure 6.10 Five shot records from the Salt model A-A’ profile : shot#1,#82,#163,#244 and #325.

Figure 6.10 shows five shot records (without surface-related multiples) from the 2-D mod-
eled data along the A-A’ profile. The image gathers are illustrated in Figure 6.11.

lateral position [km] lateral position [km]
4 7 .

a)

Figure 6.11a shows a part of the A-A’ profile.
The result of the depth image gather is
depicted in Figure 6.11b. Note that the arti-
facts (“non-horizontal events™) originate
from the diffraction points (single shot illu-
mination).The diffraction points are indi-

cated with arrows in Figure 6.11a.

one-way time [s]

-
(=]
T

Figure 6.11 a)Part of Figure 6.9a, b)depth image
gather, c)full prestack image at well,
d)image points mapped to one-way time.
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For a full image at the well location, the contribution is necessary of all the sources along
the line. A plain stack of Figure 6.11b results into the prestack depth migrated result at the
well (see Figure 6.11c; trace has been reproduced 5 times for display purposes). It is impor-
tant to notice that the horizontal alignment of the events in Figure 6.11b indicates the cor-
rectness of the model. Figure 6.11d shows the results for mapping the pseudo VSP image
points to one-way time. Note the correspondence of the events in comparison with Figure
6.11b. The data of Figure 6.11d has to be moveout corrected and stacked for a full prestack
one-way time image at the well.

Figure 6.12 shows the constructed depth common-offset sections for vertical wells. The
one-way offsets are respectively 250m, 1000m and 1500m.

Comparing the sections for different offsets, the right flank of the salt dome (indicated with
the arrow in Figure 6.12b) and some structures at the right are well imaged (see for compar-
ison Figure 6.9c). These depth common-offset sections show depth sections with different
illuminations of structures. Addition of these sections should give the same result as that
obtained by full prestack depth migration. The depth common-offset sections may contain
some artifacts (due to single shot illumination on diffractions). It is interesting to see that the
fault (fault B in Figure 6.8) is visible in the depth common-offset sections and is not clearly
visible in Figure 6.9c¢. This can be explained as follows. In the full prestack depth migration
the structure of the salt dome is dominant in amplitude. Therefore it is quite difficult to iden-
tify the weaker structures. Since the depth common-offset sections illustrated the image data
for particular pseudo wells, it may be that weaker events become better visible and more
dominant events are being suppressed. In other words, the construction of the depth com-
mon-offset sections may be useful for the illumination of particular structures such that
other dominant reflections are suppressed. Note that each type of deviation of the well can
be used for the construction of the depth common-offset sections. Furthermore comparing
the sections in Figure 6.12, it is clear that the angle of the artifacts is changed in the different
sections. On the other hand, the structures in Figure 6.12 corresponding to the structures vis-
ible in the model Figure 6.9a, are mapped to their correct location for a correct model but
show different amplitude behaviour. To get a better understanding why the fault indicated
with the arrows in Figure 6.12, becomes visible in the common-offset sections, some rays
have been calculated from the fault to the surface. A depth has been chosen on the fault of
interest and a focusing beam have been constructed (Figure 6.13a).

Furthermore some rays have been shot from the same depth point (Figure 6.13b) for a better
understanding of the transmitted energy. As can be seen from Figure 6.13, most of the
energy that may illuminate that specific fault, comes from only some shot records along the
surface (shot locations around 10km and 11km).
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lateral position [km]
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Figure 6.12 Depth common-offset sections for vertical wells. The offsets are respectively
a)250m, b)1000m and c)1500m.

Since only some shot records contribute to the image of that specific fault the weak fault
reflection is lost in the prestack migrated result, because of the bad quality and SNR of the
imaged data below the salt body.
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Figure 6.13 a)Focusing beam for a source on the fault and b)calculated rays for same depth point.

The common-offset sections in Figure 6.12, where constructed for positive offsets. In a sim-
ilar way, a depth common-offset section has been constructed for a negative offset (-500m)
and is depicted in Figure 6.14. Zero traces have been added to the end of spread shot gathers
to study the steep faults in the resulting section. Note that the left flank of the salt body is
imaged and most of the other structures illuminated from the left.

lateral position [km]
6 7 8 g 10 11 12 13 14

Figure 6.14 Depth common-offset section for vertical wells. The offset is -500m.

Figure 6.15 illustrates a depth common-offset section for deviated wells. Note that the
imaged fault is also visible in the result obtained using deviated wells. For comparison, 4
standard common-offset Kirchhoff migrations have been added and the result is depicted in
Figure 6.16. Note that the fault is not clearly visible in the result of the stack of the four com-
mon-offset Kirchhoff migrations.
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Figure 6.15 Depth common-offset section for deviated wells (offset ranging from 25m to 1000m).

lateral position [km]
7

Figure 6.16 Stack of standard common-offset Kirchhoff migrations - offsets :
Om, 500m, 1000m and 1500m.
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Figure 6.17 shows the standard common-offset Kirchhoff migration (two-way offset : 2000m)
in comparison with the one-way common-offset section (as shown in Figure 6.12b) in which
the one-way offset is 7000m. It is interesting to see from Figure 6.17 that the fault indicated
in Figure 6.12b with an arrow (fault B in Figure 6.8) is quite difficult to identify.

lateral position [km]
6 7 8 9 10 11 12 13

Figure 6.17 Standard common-offset Kirchhoff migration (two-way offset : 2000m).

For a better understanding of the contribution of the shot records to the images formed in
the depth common-offset sections, the following experiment is performed. Two focus points
have been chosen : one on the left flank of the salt dome and the other on the right flank (see
top of Figure 6.18). For both chosen focus points the focusing operator is determined and is
displayed in Figure 6.18a for the chosen focus points respectively. Snapshots have been gen-
erated performing a forward recursive downward extrapolation of the focusing operator
through the model (top of Figure 6.18). The corresponding CFP gathers have been deter-
mined and are depicted in Figure 6.18b. Furthermore the CFP gathers have been moveout
corrected with the time-reversed focusing operator and the results for both focus points are
depicted in Figure 6.18c. The double focusing prestack migration results for the focus points
can be obtained by a plain stack of the results moveout corrected CFP gathers
(Berkhout,1997a and 1997b). Note that the events Figure 6.18c are horizontally aligned at
t=0s (for a correct macro model the time-reversed focusing operator and the focus point
response are time-coincident). From this experiment it can be clearly seen that for the focus
on the left of the salt dome most contribution to the image at the left flank comes from the
shot records with sources at the left of the focus point. Similarly, for the focus on the right
of the salt dome most contribution to the image at the right flank comes from the shot records
with sources at the right of the focus point. In other words, for the focus point on the left of
the salt dome the Fresnel zone is moving to the left and for the focus point on the right of
the salt dome the Fresnel zone is moving to the right.
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Figure 6.18 Focusing points with corresponding operators, CFP gathers and moveout corrected
CFP gathers showing the contribution of the Fresnel zone in the full prestack image.
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The moveout corrected CFP gathers can be used for a better understanding of the images
which are formed in the depth common-offset sections shown in this section. For a better
understanding why the fault in Figure 6.12b and Figure 6.12c are better visible than in the
full prestack depth migration and common-offset Kirchhoff migration can be explained with
Figure 6.19.

For the same focus point as used in Figure 6.13, the time-reversed focusing operator is con-
structed and depicted in Figure 6.19a. A CFP gather has been constructed using the focusing
operator. The CFP gather has been moveout corrected with the time-reversed operator and
the result is depicted in Figure 6.19b.

Figure 6.19 shows the contribution of all the sources at the surface to the prestack migration
result at the focus point with coordinates (x,z)=(10.0km,3.2km). For a correct model the con-
tributions of the different sources should be aligned at #=0s. However, in Figure 6.19b it can
be clearly seen that only a small number of shot records at the surface contribute to that spe-
cific image point (see arrows).
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Figure 6.19 a)Time-reversed focusing operator for the same focus point as in Figure 6.13 :
(x,2)=(10.0km,3.2km) and b)corresponding moveout corrected CFP gather.

The following can be concluded regarding the differences in imaging the faults below the
salt body : geologists always infer fault locations through subhorizontal reflector disconti-
nuities. The energy scattered from faults is largely lost in standard processing schemes
which emphasize subhorizontal reflectors. The pseudo VSP emphasizes the subvertical
reflectors (i.e. faults).
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6.4 Field data examples

In this section some examples are illustrated on two field datasets : a marine and a land
dataset, respectively.

6.4.1 ELF model and dataset

The data shown in this section is a marine line consisting of 378 shot records. The data was ‘
provided by the Institut Frangais du Pétrole (IFP) and was owned originally by ELF. The
data were made available for the ISI (Integrated Structural Imaging) project of the Joule II
program of the European Committee.

A macro subsurface model has been estimated (structure shown in Figure 6.20a; Kabir,
1997). The image result of the full prestack depth migration is shown in Figure 6.20b. The
prestack depth migration has been performed in the space frequency domain. The depth step
in the recursive wave field extrapolation was chosen 10m.

Figure 6.21 illustrates an Integrated Seismic Display (ISD) of shot record, pseudo VSP, part
of the model and part of the migrated section. The well configuration and source location
are indicated in the model and the migrated section. The parameters for the data acquisition
were : shot spacing :40m, receiver spacing :26.66m, sampling rate of the data :4ms, total
number of samples per trace :1250. The offset range of the shot records (120 traces per shot
record) ranges from -187,5m to -3362m.

The arrows in Figure 6.21 show the integration of events in the shot record, pseudo VSP and
the migrated depth section. The pseudo VSP data has been generated for a deviated well. In
this way, the events in the shot record (indicated by the 2 pointers) can be followed from the
shot record through the pseudo VSP until they make an intersection with the downgoing
source wave field (in pseudo VSP). In the use of a vertical well, these events would fade
away after some depth steps and would never make an intersection with the downgoing
source wave field in the pseudo VSP data.

Another display of the integrated datasets showing the value of the pseudo VSP data as inte-
gration is shown in Figure 6.22. Here the integration is shown between the shot record and
the generated pseudo VSP (top of Figure 6.22). The integration between the pseudo VSP
data and the prestack migration result is illustrated at the bottom of Figure 6.22 (Note the
deviation of the well).
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Figure 6.20 a)Estimated macro model for the field data example (courtesy ELF) and
b)depth image after full prestack depth migration.
The data was recorded in the North Sea.
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Integration of (deviated) pseudo
VSP data and shot record #290.

2 prestack migrated section
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Figure 6.22 Integration of pseudo VSP data and the depth
image after full prestack depth migration.
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The one-way time common-offset sections constructed along the whole seismic line are
shown in Figure 6.23a (for deviated wells) and in Figure 6.23b (for vertical wells). It is inter-
esting to notice the imaging of the different structures in both sections: in Figure 6.23a the
right flank is imaged because of the deviation of the well. On the other hand by using vertical
wells, the horizontal structures are illuminated. Note that one trace from the one-way com-
mon-offset sections (Figure 6.23a and b) represents the result of one single shot record. Each
trace is the result of generating pseudo VSP data from the shots and mapping the VSP image
points to the one-way time axis.

lateral position [kmj}

1-way time [s]

1-way time [s]

Figure 6.23 One-way time common-offset sections : a)deviated wells and b)vertical wells.
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The construction of two-way time and one-way time common-offset sections is illustrated in
Figure 6.24 (Figure 6.24a : two-way time common-offset section with source-receiver off-
set: 800m. Figure 6.24b shows the one-way time common-offset section (single-fold
migrated data). The image points from 400m offset (source-well offset) pseudo VSP data
have been mapped to the one-way time axis. To obtain a one-way time image, the one-way
time common-offset section of Figure 6.24b need to be corrected to the one-way times such
that the main boundaries will appear at their correct one-way image time.
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Figure 6.24 Common-offset sections : a)two-way time and b)one-way time.
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6.4.2 NAM model and dataset

The field dataset used in the following example was provided by the Nederlandse Aardolie
Maatschappij (N.A.M.), Assen. The data was recorded on land along a line of about 10km
length. The data has been preprocessed to remove ground-roll. The acquisition geometry
parameters are as follows : split spread geometry, number of shots :301, shot spacing :30m,
number of detectors per shot :120, detector spacing :30m, near offset :115m, far offset
:1935m, registration time :4s and time sampling interval :4 ms. The missing near offsets
were interpolated using a CMP interpolation technique. Figure 6.25 illustrates the full
prestack depth migration of the NAM data. The prestack migration is based on recursive
wave field extrapolation and is performed in the space frequency domain.
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Figure 6.25 Depth section after full prestack depth migration.

Figure 6.26 shows an Integrated Seismic Display (ISD) of shot record, pseudo VSP, velocity
log at pseudo well and part of the full prestack migrated section (Figure 6.25). Two-way
wave field extrapolation operators have been used in the generation of the pseudo VSP data.
The arrows in Figure 6.26 show the integration of the various events in the different planes.
It is important to notice that the event (indicated with the pointer in the prestack migrated
section) is difficult to identify in the pseudo VSP data. The major contribution to that image
comes from the larger offsets. The construction of a vertical well for imaging that particular
image will be quite difficult. A deviated well would indeed show a better correspondence
with the prestack migrated depth section.
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Figure 6.26 Integrated Seismic Display (ISD) of shot record (courtesy NAM), pseudo VSF,
velocity log at pseudo well and part of the full prestack migrated depth section.

The used macro model in this experiment was estimated using a traveltime inversion
method.

Figure 6.27 shows the constructed two-way time (source-receiver offset 930m) and one-way
time (source-well offset 465m) common-offset sections. Note that the data in Figure 6.27b
is half-migrated.
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Figure 6.27 Common-offset sections: a)two-way time (two-way offset : 930m);
b)one-way time (one-way offset : 465m).

In this chapter the single-fold imaging of data has been shown using multi-well, com-
mon-offset pseudo VSP data. The availability of virtual multi-wells along a seismic line
enables the lateral imaging with the aid of common-offset pseudo VSP data. The advantage
to illustrate the imaging of structures with the aid of pseudo VSP data is that particular struc-
tures can be illuminated from various angles defined by the borehole/detector configuration.
The result of the imaging with the aid of multi-well, common-offset pseudo VSP data leads
to a composite section, the common-offset (source-well offset) section showing single-fold
migrated results. The common-offset sections in one-way time or depth show single-fold
migrated results (along predefined pseudo wells) and clearly reveal possible acquisition
deficiencies for the coverage of data given a source and receiver configuration. The con-
struction of so-called sector scans in one-way time or depth showed migrated results due to
illumination from one specific surface point to many different directions. Two-way time
common-offset sections (unmigrated data) have been shown in comparison with one-way
time common-offset sections (half-migrated data) on several field datasets.



Chapter 7

2-D case studies

7.1 Introduction

In this chapter some 2-D case studies will be discussed on various data examples. The trans-
formation of the surface measurements into depth or one-way time profiles has shown its
value in the understanding and interpretation of seismic events. Since the VSP type of dis-
play is a valuable tool in the mapping of events from the surface data to the migrated data,
single shot record migration displays can be used to decide where to define a pseudo well
configuration. From single shot record migrations, it can be easily seen where the energy is
mapped to for various angles of illumination. The energy distribution in the migrated data
can be selected for a specific borehole/detector configuration and be used as a tool to inte-
grate the unmigrated data (surface data) with the migrated data. In this chapter some exam-
ples will be shown on this integration of the data. However it is very important that the
surface data, which is the input to the algorithm, is preprocessed. That means that e.g. sur-
face-related multiples have to be removed from the surface data to improve the interpreta-
tion of the primary reflections.

In Chapter 4, 5 and 6 the generation of pseudo VSP data was shown in relation with focusing
techniques yielding pseudo profiles as function of the one-way time. In using focusing tech-
niques, surface data was rearranged such that responses from different depth points could
be studied. The focusing in detection (described in Chapter 4) can be seen as an alternative
view for the walkaway VSP configuration where a receiver is held at a specific depth and
the source is moved along the surface. In a similar way, the focusing in emission can be seen
as the response at the surface from downhole seismic sources : e.g recording of a reverse
VSP (RVSP) survey or Seismic While Drilling (SWD) data.
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Here a series of receivers along the surface, measure the response of a source which is
located in the well. In this way, the use of the CFP gather is very attractive in the comparison
with real VSP data at various depth levels. The common assumption is that the principle of
reciprocity can be applied to RVSP and conventional VSP data since the travel paths for both
configurations are equivalent. This allows to integrate VSP measurements, recorded at a par-
ticular depth, with CFP gathers at the well location. Examples will be shown on the integra-
tion of the CFP gathers with VSP measurements and also on comparisons of pseudo VSP
data with real VSP data.

In Sections 7.2 to 7.4 some examples on marine datasets are discussed to show how surface
data ties to pseudo VSP data and illustrating its integration with migrated sections via the
pseudo VSP data. Since the marine datasets are affected with strong surface-related multi-
ples, these multiples have been removed from the data prior to pseudo VSP generation.
Some illustrations on different land datasets will be given in Sections 7.5, 7.6 and 7.7.
Finally Section 7.8 discusses a study on physically modeled data.

7.2 Marine dataset (1)

To provide a realistic test, a real dataset was obtained from Mobil Exploration and Produc-
ing Technical Center Dallas, U.S.A., containing marine seismic data and well log measure-
ments. The well log data came from two wells that intersect the seismic line. The dataset
comes from the North Viking Graben in the North Sea. The seismic line consists of 1001
shot records, oriented in a structural dip direction (each shot record was recorded on 120
channels for six seconds). The sampling time of the data is four milliseconds. The shot point
interval and receiver group interval are 25 meters. An airgun array (depth is 6 meters) pro-
vided the seismic source. The dataset (acquired in approximately 350 meters of water) is
strongly contaminated with surface-related multiples. Two wells intersect the seismic line:

well A and B respectively.

The Mobil data also contained vertical seismic profiles recorded in wells A and B. The VSP
data for well B has been used to investigate how it ties to the surface data. The objective of
this example is to generate pseudo VSP data from a shot record along the seismic line at well
B and making comparisons with the real VSP data recorded in well B. The data will be gen-
erated from preprocessed surface data with all multiples included and also from data after
surface-related multiple elimination methods have been applied to it (Verschuur et al.,
1992). Finally the comparison between the pseudo VSP and the preprocessed real VSP data
will be discussed.
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7.2.1 Integration of pseudo VSP and real VSP data

In the following, the generation of pseudo VSP data is shown for the real shot record (shot
point 822; CDP no. 1572) at well B. The pseudo VSP data have been generated at 200m off-
set to avoid the influence of near offset interpolation in the surface data; the events become
better identifiable in the pseudo VSP data. In this way, an optimal offset can be chosen from
the surface data (offset with good data quality) to have a better interpretation of the events
mapped to depth.

First the result of the pseudo VSP is shown generated from the shot record with all multiples
included (Figure 7.1). Acoustic two-way wave field extrapolation operators are used in this
pseudo VSP generation. Notice that only reflected wave fields in the shot record are used as
input. The direct source wave field is not taken into account. The non-causal events appear-
ing prior to the direct wave have been zeroed. The seismic dataset is affected by very strong
multiples and the primaries are not clearly visible because of these strong multiples. There-
fore the pseudo VSP is also generated from the same shot record after adaptive surface mul-
tiple elimination has been applied to it. A blocked version of the true velocity log used for
the generation of the pseudo VSP is displayed next to the pseudo VSP to show its relation
in depth with the migrated section.

Figure 7.2 shows the generation of pseudo VSP data from the shot record (at shot point 822,
i.e. at well B) after surface-related multiple elimination. The primaries become more iden-
tifiable in comparison with the pseudo VSP in Figure 7.1. Note the downgoing multiple
reflections from the seabottom (at approximately 375m depth). The transformation of the
surface data into the pseudo VSP data gives a better understanding of the complex events
(e.g. internal multiples). Some reference arrows are displayed showing the relation of the
different datasets in the different planes (x-, -z, x-z) : this facilitates following an event from
the shot record to the VSP data and trace it back to the intersection with the direct source
wave field at the original reflector depth. In fact the pseudo VSP data can be used as a tool
to map an event in the shot record (time event) into depth (depth event): the generation of
the pseudo VSP data provides us with an unambiguous tie between seismic events on a time
section and their geological interface in depth.

Having generated the pseudo VSP data from the surface data, a comparison will be made
with the real VSP data that was recorded in well B. Because the acquisition in a real VSP is
completely different from the one at the surface, the recordings have in general a different
frequency content : the pseudo VSP data may have a lower frequency band (and therefore a
lower resolution) than the real VSP data.
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Integrated Seismic Display (ISD) of shot record, pseudo VSP and
migrated section (after surface-related multiple elimination).

The data was recorded in the North Sea.

Figure 7.2
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On the other hand, after proper preprocessingl, the pseudo VSP may have a better SNR.
Also the sources and detectors used in both recordings are different. Hence in practical sit-
uations both VSP data may enhance each other significantly. Now the fundamental impor-
tance in the pseudo VSP generation method is that one can walk away from the well with
the optimally determined matching parameters at the well and extend the geological knowl-
edge in all lateral directions. In general the acquisition for real VSP data is quite difficult
and expensive. The real VSP data is generally contaminated with different types of noise;
obtaining noise-free recordings at each depth level is quite difficult in practical situations
(e.g. bad coupling of VSP geophone to the borehole wall). The pseudo VSP which can be
generated from the surface seismic data, can be used to interpolate the missing recordings
in real VSP data at various depth levels. This would be very helpful to integrate the real sur-
face data (shot record) with the VSP data. An example of using pseudo VSP data to link sur-
face data with real VSP data is depicted in Figure 7.3. The traces that represent pseudo VSP
traces, indicate a depth interval where no receivers were positioned or bad traces which are
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Figure 7.3  Integration of real VSP and surface data with the aid of pseudo VSP data :
pseudo VSP data is inserted in the missing gap between the real VSP and shot record.

1. This may include a thorough study of the sources and detectors that are used in both situations.
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Only the upgoing waves of the pseudo VSP and the real VSP have been integrated here. The
strong downgoing wave modes have been subtracted from the real VSP to obtain an easier
identification of the weaker upgoing waves (see Appendix C). Some arrows indicate the cor-
responding reflections which can be identified in both the pseudo and real VSP data. In a
similar way, pseudo VSP data can be integrated with real VSP data below the total depth of
the well for the prediction ahead of the drill bit. The combination of horizontal and vertical
profiling acquires a special meaning for the study of the origin of waves recorded on the sur-
face. The waves observed on the surface may be tracked on the vertical profile down to the
boundaries with which they are associated (see e.g. arrows in Figure 7.3 linking the surface
data with the VSP data with the aid of pseudo VSP data). Vertical and horizontal traveltime
curves are linked by time values corresponding to the borehole location at depth zero, since
this is the point that is common to both profiles. Although there was not sufficient informa-
tion available on the shot location of the VSP data, comparable results (of upgoing waves)
have been shown for integrating surface seismic data with real VSP data. In other words, the
pseudo VSP data appears to be useful in bridging gaps in real VSP data (missing data: bad
traces or depth intervals where no receivers were positioned) and in tying surface data with
VSP data. For optimal integration, the surface and VSP data should be at the same “level”.

7.2.2 Integration of the corridor stack with surface data

In this part, the corridor stack of real VSP data is integrated with surface data. For the pre-
processing steps applied on the VSP data, the reader is referred to Appendix C. Figure 7.4a
illustrates the VSP corridor stack of the upcoming wave profile inserted in the processed sur-
face seismic section for comparison. The section represents a time-stack of the surface seis-
mic data (stack after NMO) after surface-related multiple elimination. Comparison of the
surface section with the VSP corridor stack at the well location indicates a good correlation
of the events. The difference in frequency content is partly attributed to differences in pro-
cessing these two sections and is partly attributed to less high-frequency attenuation effects
due to the shorter traveltimes associated with the VSP recordings. The VSP configuration
allows to distinguish between primary reflections and multiples. The VSP corridor stack can
be seen as the best surface seismic trace within a given bandwidth. The VSP traveltimes
have been related to surface seismic travel times with the aid of the VSP corridor stack with
primary reflections enhanced and multiples excluded. Depending on how well thin-layer
multiple events are rejected that extend into the narrow corridor around the first arrivals, the
events on the surface seismic data that correlate with events on the corridor stack should be
primaries, and other may represent remaining internal multiple energy. Figure 7.4b shows a
comparison between the VSP migrated trace (repeated S times) and a poststack depth migra-
tion of the surface seismic line (after surface-related multiple elimination) crossing the well.
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Figure 74  a)Corridor stack of the VSP data spliced into the surface seismic data (after
surface-related multiple elimination) at the borehole location. The corridor-stacked
trace, which has been reproduced 5 times contains events which should correspond
to primary reflections and b)migration of the VSP data spliced into the depth
migration of the surface seismic data (after surface-related multiple elimination) at
the borehole location. The migrated result (1 trace) has been reproduced 5 times.
The data was recorded in the North Sea.
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A good match is observed between the various events. The difference in frequency content
is partly attributed to differences in processing these two sections and is partly attributed to
less high-frequency attenuation effects due to the shorter traveltimes associated with VSP
recordings.

7.2.3 Source wavelet estimation using two-way operators

As shown in Chapter 2, two-way wave field extrapolation operators are very sensitive to
errors in the parameters of the model. If a wrong macro model is used in the generation of
pseudo VSP data, non-causal events will appear at the reflecting boundaries. This sensitivity
of the two-way wave field extrapolation operators can also be used (see also Figure 3.16) to
estimate the source wavelet from a marine shot record with all multiples included (from the
same marine line as in the previous example, courtesy Mobil). Figure 7.5a shows a part of
the shot record (surface-related multiples included). The preprocessing applied on the data
consists of direct wave removal and missing near offset interpolation. As a first stage, a
pseudo VSP (Figure 7.5b) is generated from the shot record at 273m offset using a homoge-
neous macro model with the parameters of the sea water layer (compressional velocity
€p1=1490m/s and density p=1000 kg/m®). Note that the downgoing source wave field is
missing. The small offset has been chosen to validate the use of the acoustic scheme and
avoid the influence of shear waves. The events of the second multiple reflection (indicated
with white arrow and number 2) can be followed through the pseudo VSP till its intersection
with the downgoing multiple reflection (indicated with number 1) to determine the depth of
the seabottom (z=355m). Next, a model is defined with the water layer and a layer below
z=355m for a fixed density value p=1500 kg/m’® but in which the velocity Cp of the second
layer has been ‘scanned’ from 1500m/s to 3000m/s. By generating a series of pseudo VSP
data for the varying velocities, and studying the behaviour of the non-causal event (indicated
with black arrow in Figure 7.5b) in the different generated pseudo VSP data, an optimal
result is obtained for c,,=1700m/s. The result is shown in Figure 7.5¢, from which it can be
clearly seen that the non-causal event (indicated in Figure 7.5d) has completely disappeared.
For this particular model, the multiple reflection has been handled correctly at the boundary,
but there is still a non-causal event appearing at the seabottom (indicated with the white
arrow in Figure 7.5¢). The final step is to estimate the source wavelet (by changing the
amplitude and delay of the wavelet) such that this non-causal event will disappear. Figure
7.5d shows a result in which the estimated source wavelet is still not correct in amplitude.
Therefore the non-causal event at the first break is still quite strong (white arrow). Figure
7.5g shows the final iteration in which the non-causal event has completely disappeared.
Figure 7.5h shows the final estimation of the source wavelet. Figure 7.5¢ and f show the inte-
gration with the original shot record and the identified multiple reflection paths.
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Figure 7.5 Source wavelet estimation from marine data (surface-related multiples included).
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7.3 Marine dataset (ll)

In this section the pseudo VSP generation method is demonstrated on another field dataset
which was acquired also in the North Sea and provided by SAGA Petroleum A.S.. The data
is from the Haltenbanken offshore area Norway with a sea bottom depth of almost 300m.
From a seismic line 301 shot records have been processed, each shot record consisting of
120 traces with 25m shot and receiver spacing. The missing near-offset gap is 150m which
corresponds to 6 missing traces. Some faults occur in the target area, which ranges from
2400m to 2600m. The following preprocessing steps have been applied to the data (see Ver-
schuur,1991) : 1)muting of the direct wave in the x-t domain, 2)amplitude correction by a vt
gain (3-D to 2-D amplitude correction), 3)near offset interpolation by applying a NMO cor-
rection followed by a lateral interpolation algorithm and 4)the adaptive surface-related mul-
tiple elimination procedure has been applied for all shot records together with a source
signature estimation. In Figure 7.6, the prestack migrated depth section is shown. The
prestack migration has been performed with a recursive algorithm in the space frequency
domain. From the SAGA dataset, a VSP data was available which was recorded in a well
along the seismic line (approximate lateral location: 13.13km). The available VSP data for
this dataset was ranging from depth level z=1739m to 3204m at 87 levels. Similar to the
example in the previous section, a combined display is shown in Figure 7.7 between the sur-
face section and the VSP corridor stack. The VSP preprocessing steps for real VSP data are
illustrated in Appendix C.

lateral position [km]
o11 12 13 14 15 16 17 18 19 20

depth [m]

Figure 7.6  Depth image after full prestack depth migration.
The data was recorded in the North Sea.
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1.2 13 13 lateral position [km] 18.7

time [s]

Figure 7.7  VSP corridor stack spliced into the surface data (after surface-related multiple
elimination) at the well. The corridor-stacked trace has been reproduced 10 times.
Figure 7.8 shows an Integrated Seismic Display (ISD) of a shot record (after surface-related
multiple elimination), pseudo VSP, velocity profile at the well and the migrated section. The
pseudo VSP has been generated using two-way wave field extrapolation operators.

For the generation of the pseudo VSP data using two-way wave field extrapolation opera-
tors, a density model was necessary. The density model was determined from the macro
velocity model using Gardner’s equation :

)0.25 2.1)

¢,
p= 17‘”(101!(7)0

As noticed from Figure 7.8, a “transparent surface” boundary condition has been applied
prior to generating pseudo VSP data, since the surface-related multiples were removed from
the surface data. The downgoing seabottom multiple reflections are visible in the pseudo
VSP data. Figure 7.9 shows the integration of the shot record, pseudo VSP and real VSP
data (upgoing waves). The downgoing waves have been removed from both VSP data and
both datasets have been shifted to two-way time (two-way time correction) for a better inte-
gration with the preprocessed surface data. Here again, the pseudo VSP data has been used
to integrate the surface data with the real VSP data. The integration of both VSP data has
been made at depth 1740m.
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Figure 7.8  Integrated Seismic Display (ISD) of shot record (after surface-related multiple

elimination), pseudo VSPF, velocity profile at the well,

and part of the image after full prestack depth migration.



190 7 2-D case studies

lateral position -f— — depth [m] 1740m 3200m

shot record -~ pseudo VSP real VSP

Figure 7.9 Integrated display of shot gather, pseudo VSP data (upgoing wave modes, two-way
time corrected) and real VSP data (two-way time corrected).
The integration of the pseudo VSP data is made at a depth of z=1740m.

The integration of the different events in the different datasets is clear in spite of the poor
definition of the events in the record below the times ¢=1.75s. The comparison of the pseudo
and real VSP data can also be made using their relation with the CFP technology as
described in Chapter 4. Similar to the data volumes as constructed in Chapter 4, a data vol-
ume is constructed at the well location by generating offset pseudo VSP data from various
shot records with varying shot locations. One depth slice of this volume represents a CFP
gather for that particular depth location allowing to integrate a real VSP trace recorded at
that particular depth location. Figure 7.10 shows the integration of the CFP gathers with
traces from a VSP data recorded at 2 particular depth levels. Two different depth levels are
considered here : the integration has been made at depth levels z=1800m and 2=2500m (Fig-
ure 7.10a respectively Figure 7.10c). The offset of the source from the well is ranging from
-1175m to 1175m with increments of 25m. The trace with zero-offset (from the CFP gather)
has been replaced by a trace of the VSP data recorded respectively at z=1800m and
z=2500m. This trace has be reproduced 9 times for a better interpretation. The integrations
have been blown up for a better view and are illustrated in Figure 7.10b respectively Figure
7.10d. From these figures which show some part in more detail, a clear match can be
observed between the events from the CFP gather (constructed from pseudo VSP data) and
the real VSP. At some particular one-way times ¢’ the match is not good.
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Figure 7.10 a)Integration of a CFP gather with focus point at depth z=z,,=1800m and a real VSP
trace at depth z=z,,=1800m and b)blow up showing the area in detail between time

t’=1s and t’=2s. ¢) and d) same but for a depth (z,=2500m,).

The VSP trace at z,, for zero offset has been reproduced 9 times for display purposes.

Here it should be noticed that in the CFP gather only upgoing waves have been taken into
account. This in comparison with the real VSP in which the recorded traces contain both
upgoing and downgoing waves. From the constructed pictures, the Amplitude Versus Angle
(AVA) behaviour of the reflected wave field can be studied. This is a very important aspect
which can be viewed by this type of integrated displays. The construction of the integrated
displays is schematically shown at the right of Figure 7.10 : one trace of a CFP gather (con-
structed for a focus point at depth z,,) is equal to a trace from a VSP data (at depth z,,).
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7.4 Marine dataset (lll)

In this section an example will be illustrated on a marine dataset that was recorded in the
Persian Gulf. The waterbottom is rather shallow (depth about 70m). From the marine seis-
mic line consisting of 201 shot records, one shot record was selected (shot #100) to be used
as input to the pseudo VSP data generation.

The acquisition parameters for the marine data are shown in Table 4.

Table 4 Acquisition geometry for the marine data
(recorded in the Persian Gulf).

geometry end of spread
number of shots 201

shot and receiver spacing 25m

number of receivers per shot 96

nearest offset is (3 missing traces including zero-offset trace) 80m

number of receivers per shot 96

Due to the relatively strong sea bottom and several strong sub-bottom reflectors, a lot of sur-
face-related multiple energy is present in the data which obscures the weaker primary refiec-
tions. Figure 7.11a shows the stacked section after surface-related multiple elimination
(srme), Verschuur (1991). Figure 7.11b illustrates that a large amount of multiples have been
removed from the data, resulting in the restoration of the continuous events as indicated with
the arrows in Figure 7.11a. The stacking velocities of primaries and multiples are apparently
very close. This means that stacking would not result in a considerable reduction of multi-
ples. The following preprocessing have been applied on the data : first, an NMO correction
has been applied on the data followed by a spline interpolation to estimate the missing near
offsets. The intermediate missing offsets have been interpolated linearly between two near-
est traces. Secondly, the direct wave has been muted in x-f domain.

Prior to pseudo VSP generation, a split spread shot record (shot #700) has been constructed
using the principle of reciprocity on the end of spread data. Note that the created shot gather
is not anymore the response of a single shot experiment; it approximates a split spread shot
record if the source function is relatively invariant for all shot records that contribute to the
constructed split spread shot gather. The split spread shot record which has been used as
input to the pseudo VSP generation is displayed in Figure 7.11c. The location of the well is
indicated in this figure. In this example, the pseudo VSP data is generated using the one-way
wave field extrapolation operators. The reflected wave field is inversely extrapolated and the
source wave field is forward extrapolated. The result of the zero-offset pseudo VSP data is
depicted in Figure 7.11d (Note that the events prior to the direct wave have been zeroed).
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Figure 7.11 a)Stacked section after adaptive srme, b)the eliminated multiples, c)shot #100 after
srme and split spread data construction by reciprocity and d)pseudo VSP data.
The data was recorded in the Persian Gulf.
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Figure 7.12 Display of 3 combined datasets : shot record (after surface-related multiple
elimination), generated pseudo VSP data and part of the image after full prestack
depth migration (the seismic marine data was recorded in the Persian Gulf).

Figure 7.12 shows a combined display of the shot record, the generated pseudo VSP data
and the full prestack migrated depth section. The data at the front of the cube represents the
full prestack migrated depth section for the Persian Gulf data. The location of the well is
indicated with the black line.

7.5 Land dataset (l)

In this section, the generation of pseudo VSP data will be demonstrated on a land dataset
which was recorded in the Middle East. The field dataset was measured on land (three-com-
ponents recordings) using a seismic vibrator. Figure 7.13a shows a raw shot gather at station
#1540. The data is heavily contaminated with groundroll. Despite the strong groundroll, the
reflection response of some of the main boundaries is visible in the shot gather.
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Figure 7.13 a)Raw (initial) shot record (station nr. #1540), b)estimated signal (after suppressing
the groundroll by using the linear Radon transform) and c)supergather (summation
of 10 shot gathers) used for the generation of the pseudo VSP data.

The data was recorded in the Middle East.

The commonly used methods for removing or reducing groundroll from surface seismic
data are 1)filtering in the f-k domain or 2)the use of linear Radon methods. Fyfe and Kelamis
(1992) have shown that f-k filtering may leave strong linear artifacts in the data and may not
be a powerful tool to suppress the groundroll. The application of the linear Radon transform
to the data improves the quality of the data. The shot gather after applying the linear Radon
transform is shown in Figure 7.13b. Some of the reflections are better visible in the shot
gather. Most of the groundroll energy has been removed from the data. The result for the
pseudo VSP generation on a single shot gather will not give good results since the events in
the shot gathers are not coherent enough. The results for the pseudo VSP data will be much
better if the reflectors of interest are clearly identifiable in the shot gather. Since there was a
little lateral variation in the data (almost 1-D subsurface), 10 shot gathers (after groundroll
suppression) have been summed together to produce an adequate gather to be used for the
generation of the pseudo VSP data. This so-called “supergather” is displayed in Figure
7.13c. A well was drilled with the well head located on the seismic line, at station #1524.5.
An offset VSP data was also available for this dataset. The offset VSP data has been shown
already in Chapter 4. The source location for this offset VSP is 914 meters from the well
head, about 803m north of station #1540. Although this is a substantial distance from the
wellhead, the geology changes very little and is almost flat. A I-D interval velocity model
has been derived from the recorded offset VSP data and is compared and incorporated with
the interval velocities derived from the shot gathers to build up a I-D model that was used
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for the pseudo VSP generation. The pseudo VSP data is generated at approximately 914m
offset and is used to bridge the gap between the supergather at the real VSP data which con-
tains data below depth z=518m (1700ft). Figure 7.14 shows an integrated display of the
supergather, 974m offset pseudo VSP and the 914m offset real VSP.
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Figure 7.14 Integrated display of supergather, pseudo VSP data and real VSP recording.
The data was recorded in the Middle East.

Note the corresponding events (compressional velocity) in all data-displays for the two main
boundaries (indicated with white arrows). The strong downgoing waves have been removed
from the offset VSP data. Note that there is some upgoing S-wave energy visible in the real
VSP data (indicated with gray arrows). For the identification of P- and S-waves on this VSP
data see Chapter 4.

In the neighbourhood of this line another seismic line was recorded. The multi-component
line consists of 80 traces per record (with record length: 5000ms). The spacing between the
detectors is 30m. The shot gathers were also heavily infested with very strong groundroll.
The groundroll was visible due to its low frequency, high amplitude and its low group veloc-
ity. The estimated macro subsurface velocity model is depicted at the top of Figure 7.15. To
understand to which depth the time-events in the shot record are mapped, the pseudo VSP
data (at zero offset) is depicted along the stack of the dataset (CDP stack with a conventional
processing sequence including linear removal, spiking deconvolution, residual statics, AGC,
NMO and CDP stack), see Figure 7.15. This facilitates following an event at the well
through the stacked section to the pseudo VSP data and trace it back down to the intersection
with the direct source wave field at the original reflector depth.
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7.6 Land dataset (|l)

This land dataset was recorded in North Africa and was provided by the Atlantic Richfield
Company (ARCO) Plano, U.S.A.. In this example some results will be shown on the dataset
from North Africa. The pseudo VSP process works best if there is a coherency in the reflec-
tors of interest and if the events in the shot record are clearly identifiable. Since the single
preprocessed shot gathers did not show enough coherency and the variation of the data was
little, 11 shot records around the well location were summed together to form a supergather.
The missing near offset traces were filled in using NMO and spline interpolation. This pro-
cess produced an adequate gather which can be used as input to the pseudo VSP process.
The supergather is depicted in Figure 7.16a.
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Figure 7.16 a)Supergather (summation of 11 shot records) and b)supergather after NMO.
The data was recorded in North Africa (and provided by ARCO).

The flattened events are the primaries and also some of the multiples. The slightly dipping
events at the larger offsets in Figure 7.16b may be some multiple energy and also some mode
converted waves. These will not be of problem in the generation of the pseudo VSP data
since pseudo VSP data will be generated for small offsets.
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Figure 7.17 shows the c,, ¢, and p values at the well location. The tops of some of the major
lithologic boundaries have been indicated on the ¢, curve and are listed in Table 5.
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Figure 7.17 The values for the velocities (c, and ¢y and density (p) at the well. Some of the major
formations are indicated on the c,, curve. The units for ¢, and cg are [m/s].
The unit for p is [kg/m’].

Table 5 Well tops.

sur- | sea | turo- | ceno- | albian | aptian |neoco-| lias lias lias S4 |trias- | top [hercy-
face | level | nian [manian mian | anhy- | salt | shale sic | serie | nian
drite topt2| infe-
rieure
z 0 190 | 780 300 1150 | 1450 | 1810 | 2540 | 2790 | 3350 | 3420 | 3570 | 3760 | 3830
[m]
t [0.000(0.123( 0.440 | 0.501 | 0.645 | 0.842 | 1.051 | 1.469 | 1.554 | 1.818 |1.868|1.942| 2.022 | 2.055
[sl

The objective of this example is to generate pseudo VSP data from the supergather (shown
in Figure 7.16a, Figure 7.18a) using the model (given in Figure 7.17, Figure 7.18b), and tie
the geological interpretation via the events in the pseudo VSP (Figure 7.18c) to the events
in the shot record. A pseudo VSP data has been generated at 20m offset using the one-way

wave field extrapolation operators since the objective was to tie the information from the
surface into the depth and using the pseudo VSP as a (time-to-depth conversion) tool. The
first break arrival times for the VSP have been determined using ray-tracing and the upgoing

waves in the generated pseudo VSP data have been cut at the first break arrival times to

obtain the pseudo VSP image points.
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Figure 7.18 Geological integration from well log to surface seismic data via the pseudo VSP.

These image points have been mapped towards the depth axis and the resulting trace is
reproduced § times for a better distinction of the different events (Figure 7.18d). The trace
from the shot records at the well location has also been reproduced 8 times for a better
coherency of the events and for an easier interpretation and integration with the pseudo VSP.
Here the pseudo VSP has been spliced onto the supergather at the lateral location of the well
and is tied to the ¢, model with the geological interpretations. In this way, some of the main
geological formations can be integrated with the surface seismic data : the formations indi-
cated on the depth model can be tied to the events on the shot gather via the pseudo VSP
data.
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7.7 Land dataset (lll)

This dataset was recorded at a survey in West Texas, U.S.A., as part of the corporate research
project between UNOCAL and JNOC. The data was provided by the Japan National Qil
Corporation (JNOC). The acquired data quality was quite good despite most of the sedi-
ments in this field are high velocity carbonates. These carbonates generate strong ground
roll noise. For a description of the dataset the reader is referred to Kozawa et al. (1996). Fig-
ure 7.19a illustrates a 2-D slice from the 3-D shot record which where recorded at the sur-
face. Some offset VSP data have been acquired in the neighbourhood of the seismic line.
The offset VSP data have been mapped to depth with the aid of the VSP-CDP transform (see
Appendix C for a brief description on VSP-CDP transforms). The objective of this example
is to use a 2-D slice from the 3-D shot record, generate a pseudo VSP data, and integrate the
events from the pseudo VSP to the VSP-CDP depth profile obtained by the acquired offset
VSP data. Figure 7.19a shows a 2-D slice from the raw 3-D shot surface shot record. The
shot record has to be preprocessed to be used as input to the pseudo VSP generation. Figure
7.19b shows the same shot record after preprocessing. The preprocessing steps were fre-
quency filtering, NMO correction and lateral median filtering, and inverse NMO.

offset [m] offset [m]
-3 2000 -1000

-3000 -2000

1000 2000 3000

Figure 7.19 )2-D slice from the raw 3-D shot record and b)same shot record after preprocessing.
The data was recorded at a survey in West Texas, U.S.A. and was provided by the
Japan National Qil Corporation (JNOC).
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Figure 7.20 shows respectively the offset VSP-CDP mapping (Figure 7.20a) and drillbit
reverse VSP-CDP mapping (Figure 7.20b) inserted into the surface seismic section (Kozawa
et al., 1996). As can be noticed the data quality of the offset VSP data and drillbit data are
quite good and show a very good match with the seismic surface data. The target reflections
are indicated in Figure 7.20a and b.
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Figure 7.20 a)Offset VSP-CDP mapping inserted into the surface seismic section,
b)Drilibit reverse VSP-CDP mapping inserted into the surface seismic section.
The data was recorded at a survey in West Texas, U.S.A. and was provided by the
Japan National Oil Corporation (JNOC).

Figure 7.21 illustrates an Integrated Seismic Display (ISD) of the preprocessed shot record,
pseudo VSP and the comparison with the VSP-CDP depth image obtained from the acquired
offset VSP data. The two target reflections are indicated in the VSP-CDP profile.

The pseudo VSP has been generated from the shot record and the upgoing waves have been
cut at the first break times. The pseudo VSP image points have been integrated with the
events in the VSP-CDP depth image (black arrows). This integration of data with the aid of
the pseudo VSP shows the correlation of the target reflections in the different displays.




203

7.7 Land dataset (III)

‘(DONT) uonv.todio)) 1O uouwN uvdor oy 4q papiaoid som puv “y'§ (] SOXIL ISIA UL A244NS D 1D PIPL0I24 SUM DIDP Y]
‘DIDP Y} Ul PAAIISQO 2q UDI SUONIIY.L 128401 OM] Y]
‘pa1p48a1u1 OS]0 51 VIVP JSA 0pnasd ayl fo uov.iauas ayy 4of pasn svm 1oyg ajfosd K1100124 Y],
‘DIvP ISA 128ffo pasinbov ayp woLf pauiviqo
98vunt ydap JAD-dSA Pup vivp JSA opnasd piodat joys passaooadaid fo (qSI) Avidsiq o1us1ag payoddopu]  [7°L 24ndig

= L
Eg £
£& g
@ [
© o

[w] Jesyo

offset [m]
-3000 -2000 -1000

® o N ¥
X

]
o - -

©
[=] —
[s] awn




204 7 2-D case studies

7.8 Physically modeled dataset

An experiment has been carried out with two different acquisition geometries for respec-
tively recording a standard shot record and a VSP recording (without surface-related multi-
ples). The geometry for the acquisition of both datasets is depicted in Figure 7.22 (the
experimental facility scale to seismic scale is 1:20.000). The values in this section refer all
to the seismic scale. The total number of receivers along the surface is 401 with a spatial
sampling of 8m. An object (cp=5000m/s and p=9000kg/m3) with the shape of a salt dome
(Figure 7.22) has been placed on a horizontal plate (c,=5800m/s and p=7890kg/m’) with a
thickness of 40m (seismic scale). The dimensions of the object are shown in Figure 7.22.
The source has a 100m offset from the VSP and from the nearest hydrophone at the surface.

The objective of this experiment is to illustrate the propagation and reflection of waves for
this configuration with the aid of the VSP data. For a better understanding of the events
appearing in the surface shot record, the display has been integrated with the VSP recording.
Figure 7.23a and b show respectively the recording of the surface shot record and the VSP
recording (the hydrophone spacing in the VSP is 8m). Such integrated displays of vertical
and horizontal receiver datasets in the use of seismic interpretation has been regularly shown
in this thesis.

Due to the structure of the object, a lot of diffraction energy is generated. The appearance
of the diffraction energy is clearly visible in the VSP recording (see e.g. arrows in Figure
7.23b numbered as 1 and 2). The arrow numbered I shows clearly the origin and depth of
the diffraction point (being the top of the object). Some energy is propagating upwards
reaching the surface and some part is propagating downwards. The arrow indicated with
number 2 shows clearly that some energy is propagating downwards, reflects at the plate at
1100m depth and is recorded in the surface data. Note that the direct wave is present in both
datasets. For larger angles, the higher frequencies are attenuated more than the lower fre-
quencies due to the directivity of the receivers. The arrow numbered 3 shows the reflection
from the source transducer. Arrow 4 shows an internal multiple reflection between the plate
and the receiver transducer and in this way shows an apparent velocity propagating up with
1/3 of the direct wave velocity.

Different views of the Delft experimental facility during recording are depicted in Figure
7.24. The arrows in the different pictures indicate the “well” near the object. A near offset
(100m) section has been extracted from all the shot records (shot distance of 8m) and the
result is illustrated in Figure 7.25. The lateral position indicated with “0” represents the
location of the VSP (indicated with the black line). It should be noticed that the trace along
the black line is corresponding to the common trace in Figure 7.23.
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Figure 7.22 Geometry for the acquisition and recording of a shot record and a VSP in
the Delft experimental facility.
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Figure 7.23 a)Shot record and b)VSP recording.

The shot record which is depicted in Figure 7.23a has been used to generate pseudo VSP
data and make comparisons with the recorded VSP data. Here the one-way wave field
extrapolation operators have been used to generate a pseudo VSP data until the depth of the
stainless steel plate at 7700m (Figure 7.26). From the recorded VSP data it is very clear that
some diffraction energy is propagating downwards and reflects at the stainless steel plate.
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Figure 7.24 The acquisition and VSP recording in the Delft experimental facility.
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Figure 7.25 Near offset section extracted from the surface shot records. The near offset is 100m.
The lateral position indicated with “0” represents the location of the VSP.
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lateral position [m] depth [m]

Figure 7.26 a)Shot record and b)generated pseudo VSP data.

For taking the stainless steel plate into account, the pseudo VSP is also generated to a depth
of 2200m. The information below the stainless steel plate (larger depths than 7700m) con-
tains information to define later on the downgoing waves in the generated pseudo VSP data
above 1100m. The result of this idea is demonstrated in Figure 7.27.

The pseudo VSP data in Figure 7.27a has been divided into two parts : one part above 1100m
and the other below 7700m. Using the impedance of the stainless steel plate (equal to 45 10°
kg/(m?s) and the impedance of water = 1.49 10° kg/(m’s)),

the reflection coefficient for a fluid-fluid boundary can be determined according to :

Zy-Z1 45-1.490
R = = = 094 [ 7-2
Zry+Z1 45+1.490 (7.2)

which has to be divided to the data part below 1100m before mirroring and adding it to the
part above 1700m. The symbols Z; and Z, represent respectively the impedances for the
medium above and below the stainless steel plate.
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Figure 7.27 a)Pseudo VSP data generated
to a depth of 2200m. The
arrows indicate that the
information below the stainless
steel plate contains useful
information to define the
downgoing waves in the
pseudo VSP data above the
stainless steel plate and b)final
pseudo VSP result. The
upgoing waves in Figure 7.27a
have been mirrored with
respect to the depth of the
stainless steel plate to define
together with the reflection
coefficient at the plate the
downgoing waves in the
pseudo VSP data from depth
Om to 1100m.
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The final result of the pseudo VSP generation which is depicted in Figure 7.27b shows a
very good match with the VSP data which was recorded in the Delft experimental facility.
The generated pseudo VSP below 1700m has been used to determine the reflection at the
stainless steel plate and define in this way the downgoing waves in the pseudo VSP data
above the stainless steel plate.

This example showed the successful recording of VSP data in the Delft experimental facil-
ity. The measurements of a traditional shot record and VSP registration have been integrated
to each other for a better understanding of the waves which have propagated through the
watertank.

In this chapter some 2-D case studies were presented on field data and physically modeled
data. It was illustrated that by showing Integrated Seismic Displays (ISD) with the pseudo
VSP data, different data types can be integrated to each other for a better data interpretation
and integration. Furthermore some real VSP data were compared with single source and
multi source pseudo VSP data. The pseudo VSP data appeared to be a very useful tool in
bridging gaps in real VSP data and in tying surface data with real VSP data. Real VSP cor-
ridor stack traces have been inserted into unmigrated and migrated surface seismic sections.
Taking all boundary conditions at the seabottom into account, using two-way techniques,
source wavelets can be estimated interactively by generating pseudo VSP data from marine
surface data with all surface-related multiples included. An experiment was performed for
the recording of a combined shot record/VSP configuration in the Delft experimental facil-
ity. The recorded VSP showed a good comparison with the generated pseudo VSP data from
the surface recorded data.
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Chapter 8

3-D case studies

8.1 Introduction

In 2-D seismic exploration, the sources and receivers are positioned along a line at the sur-
face. Here it is assumed that the earth can be considered to be two-dimensional (invariant in
the lateral direction perpendicular to the line of the measurement). Actually the earth’s sub-
surface is three-dimensional and the amount of 3-D seismic measurements have increased
enormously the last years.

In this chapter, the generation of 3-D pseudo VSP data is discussed and illustrated on differ-
ent datasets. 3-D shot records (x,y,zt) will be used for the generation of the 3-D pseudo
VSP data. The 3-D shot records will be transformed to pseudo VSP datasets (x,,yp2t).
Examples will be shown on the SEG/EAGE 3-D Overthrust model, physically modeled
datasets and a 3 layered model. The results of the pseudo VSP data generations are com-
pared with modeled VSP and integrated in combination with the slices from the 3-D
migrated volumes (x,y,z) of data. In combination, the integration of different datasets yields
a better insight and understanding of the wave propagation and the various events originat-
ing from the complex subsurface model. Some 3-D snapshots are shown at the end of the
chapter to improve the data interpretation, further showing the wave propagation at different
times.

The method of 3-D pseudo VSP generation is based on the recursive acoustic one-way wave
field extrapolation schemes that are aimed at removing propagation effects and thus improv-
ing the interpretability of seismic data (Ald’i et al., 1995).
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In other words, the methods that are used in this thesis, result in seismic data as if they were
measured in the subsurface instead of measurements recorded at the earth’s surface.

The total wave field at the surface (3-D shot record (x,,24,t)) is decomposed into down- and
upgoing wave fields. These wave fields are extrapolated separately and at each depth level,
the wave field is extracted for a predefined borehole/detector configuration (xp,yy2), where
xg and y, may be functions of z in case of deviated boreholes. The 3-D wave field extrapo-
lation can be formulated in terms of forward extrapolation of the downgoing (source) wave
field and inverse extrapolation of the upgoing (reflected) wave field. In the wavenumber fre-
quency domain, the monochromatic wave field extrapolation from depth level z,,_; to z,, is
given by the following expression :

(52), - (om0 E), 61

P 0 [W(Zmazm—l )]* P

P Iz,
where the asterisk * denotes the complex conjugate. W is called the forward wave field
extrapolation operator :

2
W (ky, ky, ®, Az) = exp(—h /“’—2 - (k2 +43) Az) ; (8.2)
C

with Az = zy —z,,_1 -These operators have been transformed to the space-frequency
domain in an optimized way (Thorbecke and Berkhout, 1994) such that spatial 2-D convo-
lutions can be performed along the x- and y-coordinate, which can be easily generalized to
accommodate lateral velocity variations. At each depth level the downgoing and upgoing
wave fields are selected at x,y;, thus building up the pseudo VSP step by step.

Zm-1

In this chapter, three-dimensional (3-D) wave field extrapolation operators are used for the
generation of 3-D pseudo VSP data from 3-D surface data. The generation of 3-D pseudo
VSP data deals with the focusing of all the information registered on a plane into the differ-
ent depth locations for a predefined well.

Figure 8.1 illustrates the generation of 3-D pseudo VSP data from 3-D surface data. The 3-D
wave field extrapolation is done by a recursive x,3,® algorithm.

Section 8.2 shows an example on a 3-D shot record from the SEG/EAGE Overthrust model.
In Section 8.3 the 3-D pseudo VSP is generated from a 3-D shot record respectively a 3-D
areal shot record and finally Section 8.4, illustrates the wave propagation through a 3 layered
model where the uppermost layer is a water layer on top of an irregular layer and a dipping
plane.
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potential well

Figure 8.1 3-D pseudo VSP generation from 3-D seismic surface measurements.

8.2 SEG/EAGE 3-D Overthrust model and dataset

In this section a short description is given on the SEG/EAGE 3-D Overthrust model and
some results are illustrated. In the next section an example is illustrated on 3-D watertank
data. The 3-D wave field extrapolation operators used to extrapolate the wave field from the
surface into the subsurface are based on the one-way wave equation.

The synthetic data used in this section, are issued from the joint SEG/EAGE 3-D Modeling
Project (SEM). The aim of the SEG/EAGE 3-D Modeling Project is to provide worldwide
the Oil & Gas industry and academia with 3-D synthetic seismic datasets (simulation of
realistic 3-D surveys through numerical calculations). The modeling of the seismic data has
been computed by Institute Frangais du Pétrole (IFP- 20%) and the Department of Energy
(DOE U.S.A. - 80%). The 3-D Overthrust model has been designed and built in 1994 by IFP
(with the help of TNO using the GOCAD software, from Nancy Geological School
(France). For a thorough description and discussion the reader is referred to the three reports
on the SEM in the Leading Edge: 1)Aminzadeh et al. (1994), 2)Aminzadeh et al. (1995) and
3)Aminzadeh et al (1996).

The Overthrust model includes a thrusted sedimentary sequence constructed on top of a
structurally decoupled extensional basement block. Some features such as the convergence
of the faults, the presence of channels and lenses, will allow to test the ability of the seismic
tools to resolve details in the structure in presence of strong velocity contrasts.
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The energetic and flat seismic marker at the base of the salt unconformity level will provide
a reference level for the processing.

Figure 8.2 illustrates some different views on the 3-D gridded Overthrust model with dimen-
sions 20x20x4km and 17 layers in all. The model comprises a regular grid with a spacing of
25m. Figure 8.2a shows a general view of the model where the 2 converging faults and the
upper channel are visible (the dimensions are indicated along the axes). The surface layer
of the model is eroded (Figure 8.2b). Figures8.2¢, d and e show the complexity of the model
by some depth slices. The model consists of upper and deeper channels. The upper channels
can be seen in Figure 8.2c. The deep channels with meandriform structures can be clearly
identified at the slice with depth z=2625m (see Figure 8.2e).

A 3-D VSP data has been modeled in the Overthrust model. Figure 8.3 shows two orthogo-
nal vertical sections of the velocity cube : 2-D dip-section (y=4535) respectively 2-D strike
section (x=540). In the area where the well is located (indicated with black line in Figure
8.3), the structure is rather flat although lateral velocity variations are present. Notice that
the well intersects the deep channel with meandriform structure (at 2625m depth).

An Overthrust model shot gather (1 shot) provided by IFP, has been used in this section to
test the idea on generating 3-D pseudo VSP data and making comparisons with the 3-D
modeled VSP data. The pseudo VSP has proven to be a useful tool in understanding the
nature (multiple or primary) and the origination point of different events on a seismic trace.

Figure 8.2f illustrates a top view of the Overthrust model at depth z=1725m. Note that the
intersection of the black lines represent the well location. The black lines represent the 2-D
dip and strike section as depicted in Figure 8.3. Furthermore the surface receiver area and
the shot location are marked in Figure 8.2f. The 3-D VSP is modeled at an offset of 100m
with respect to the source location. Figure 8.4a illustrates the geometry of the modeled 3-D
shot record and the 3-D VSP (submodel). Two vertical sections at the well are displayed in
Figure 8.4b showing the area of receivers in the (x,y) plane used in the 3-D pseudo VSP gen-
eration and the 3-D shot record migration.

In the modeling of the data, a Ricker wavelet was used with a central frequency of 15Hz and
max frequency content of 37.5Hz.
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—»x_ (dipdirection)

Figure 8.4  a)Submodel and b)two sections at the well (x,y area is used to generate 3-D VSP data).

Figure 8.5a illustrates a 3-D snapshot at time =15 showing the complex 3-D wave propaga-
tion of a shot point. A 3-D shot record is displayed in Figure 8.5b.

XA/\‘ X(—\A
y

N —

Figure 8.5 a)A 3-D snapshot at time t=1s showing the
complex 3-D propagation of a shot point and l
b)3-D shot record
(modified after Lecomte et al., 1994).

b)

—

Figure 8.6 shows another view of a 3-D snapshot integrated with some layers of the Over-
thrust model.
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X/ \y

Figure 8.6  Overthrust model designed and built by IFP using GOCAD software in
collaboration with TNO Institute of Applied Geoscience february 1994
(modified after Lecomte et al., 1994).

Figure 8.7 shows some time and vertical slices from the 3-D shot record modeled in the
Overthrust model. Note that the (x,y) plane represents the area of surface receivers which is
used in the generation of the 3-D pseudo VSP data. The vertical cross sections are taken at
the well location. Note that the vertical resolution in the data looks quite high-frequent
(apparent velocity of the wave fronts is visible). On the other hand, in the horizontal slices,
the apparent high frequent shape of the wave front disappears (consequently the resolution
is less) and becomes worse as time progresses (see deeper slice in Figure 8.7b). Some 2-D
slices from the 3-D shot record modeled in the Overthrust submode! are displayed in Figure
8.8 (see Figure 8.4a for the geometry). Note that the slice (y=161) represent the 2-D slice
from the 3-D shot record through the well location (receivers along the dip direction).

Figure 8.9 (left) illustrates an integrated display of a)slice of velocity subvolume 2-D strike
section, b)slice of velocity subvolume 2-D dip section, c)velocity profile at well, dycom-
bined slice of modeled 3-D shot record y=161 and 3-D modeled VSP data. From the mod-
eled 3-D shot record, a 3-D pseudo VSP is generated using 3-D wave field extrapolation
operators (based on a recursive x,y,w extrapolation algorithm). The 3-D shot record has been
also migrated. Figure 8.9¢ and f show respectively slices from the migrated volume where
it can be seen that the sand channel as in the velocity model (Figure 8.9a and b) is clearly
imaged.
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Figure 8.7 Time and vertical slices (at well location) through the 3-D shot record modeled in the
SEG/EAGE 3-D Overthrust model.
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— Figure 8.8 Some 2-D slices from the 3-D shot record.

Figure 8.9 (right) illustrates an integrated display of e)slice of 3-D migrated volume -strike
section, f)slice of 3-D migrated volume - dip section, g)velocity profile at well and h)slice
of modeled 3-D shot record y=161 and a generated 3-D pseudo VSP data. The 3-D pseudo
VSP data display helps to establish the relationship between events in the original gather and
the 3-D shot record migrated section. The match between the modeled VSP (in Figure 8.9d)
and the pseudo VSP data (Figure 8.9h) is remarkable. Comparison of both VSP data shows
that internal multiples are handled incorrect in the pseudo VSP data. In the one-way wave
field extrapolation scheme, the boundary conditions are not fulfilled at the reflector. There-
fore these events are extrapolated below the reflecting interface and cause an intersection
with the downgoing source wave field.
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Figure 8.9 Integrated display of slice of 3-D shot record (y=161), 3-D modeled VSP, slices of
3-D migrated volume, velocity profile at well and 3-D pseudo VSP data.
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Pseudo VSP data are particularly useful for detailed structural interpretation : a specific
event in the surface data is connected to an event in the 3-D pseudo VSP which can be tied
to its image in depth (see arrows in Figure 8.9f and h). Hence, the relation between events
in the original data and in the migrated section becomes immediately clear. Note that mul-
tiple 2-D cross sections of the migrated 3-D volume can be used to integrate with the 3-D
pseudo VSP for interpreting the data.

Figure 8.10a illustrates two slices from the 3-D shot record migrated volume (1 shot) at the
well. These two vertical slices are at the same location as shown in Figure 8.4b. From the
3-D migrated volume, 4 depth slices are depicted in Figure 8.10b, in which the shot location
and the area of illumination for that particular shot can be clearly seen (note that only ampli-
tudes above certain threshold values have been depicted). Furthermore it can be seen that
the sand channel at depth z=2625m is clearly imaged. The imaged sand channels are indi-
cated in Figure 8.10b by / and /. Figure 8.10c shows the depth slice of the submodel at depth
z=2625m for comparison with the migrated depth section. The channels at depth z=2625m
are indicated in Figure 8.10c by 7 and JI. Note that channel (7 in Figure 8.10b, white) corre-
sponds to channel (I in Figure 8.10c, gray) and channel (I in Figure 8.10b, black) corre-
sponds to channel (/I in Figure 8.10b, black). From this comparison the area of illumination
from one 3-D shot record can be observed.
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Figure 8.10 a)3-D shot record migrated volume (1 shot), b)4 depth slices of the migrated volume
and c)depth slice of the Overthrust velocity submodel (depth 2625m).
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Figure 8.11 shows for comparison the difference in 2-D and 3-D shot record migration
applied on 2-D and 3-D data. Note the correctly imaged sand channels in Figure 8.11 b
(3-D->3-D) and d (2-D->2-D) at depth z=2625m (see arrows). This in contrast with Figure
8.11c (3-D->2-D) where the channels are not clearly imaged and some artifacts are visible.
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Figure 8.11 Part of dip section, slice of : a)velocity submodel (y=161), b)3-D shot record
migration from full 3-D shot record, c)2-D shot record migration from 2-D slice
y=161 of 3-D shot record and d)2-D shot record migration from 2-D shot record
modeled along y=161.

8.3 Watertank model and dataset

In this section the pseudo VSP generation algorithm is applied to data measured in a water-
tank over a physical scale model (seismic scale 1:20000). All the values mentioned in this
section are based on the seismic scale. The level of the marine acquisition is z=0m. Figure
8.12a shows the watertank 3-D model that is used for the 3-D data acquisition.
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EW a) b)

Figure 8.12 The watertank 3-D subsurface model.

The materials chosen in the scale model are mainly rubber like materials and do hardly sup-
port any shear waves. The dataset is acquired without water surface-related multiples. The
data was recorded, using parallel shot lines with an in-line sampling (North-South direction)
of 20m and a cross-line sampling (East-West direction) of 60m. The positioning will be ref-
erenced via their East-West (EW) and North-South (NS) on the model. The configuration
for the data acquisition in the watertank is summarized in Table 6. The materials used for
the model are listed in Table 7. Hydrophones were used with 7 parallel streamers (with
in-line sampling of 20m and cross-line sampling of 60m), centered behind the source posi-
tion (see Figure 8.12a). Figure 8.12 shows some vertical cross sections, to get a better view
on the faults and domes of the 3-D model. One shot record is used to generate pseudo VSP
data, the well being located at nearest offset of the middle streamer. The well position for
the pseudo VSP generation is illustrated in Figure 8.12a and Figure 8.12b (NS3160,
EW3680). Furthermore in Figure 8.12b two slices are shown to get an idea about the model
around the well. Figure 8.13a shows the 4™ streamer registration on line EW3680 of the total
shot record measured in the watertank and the pseudo VSP generation from the total 7
streamer shot record. For the generation of the pseudo VSP data, 3-D wave field extrapola-
tion operators have been used which are based on the one-way wave equation. For a discus-
sion on 3-D extrapolation operators and their application (in 3-D migration) the reader is to
Thorbecke and Rietveld (1994). Note that in this case, all the 2-D cross sections of the 3-D
model through the well can be used for the interpretation of the data.
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Table 6 The shooting geometry of the watertank data.

geometry 7 streamer marine data acquisition

scale 1:20000

nearest offset 100m

far offset 2560m

number of shots 250

shot spacing 20m

number of detectors per streamer 120 detectors in-line detector spacing : 20m
cross-line detector spacing: 60m

registration time 2460ms

time sampling interval 4ms

number of time samples 616

Figure 8.13 illustrates the relation between the shot record, near offset section, 2-D zero-off-
set migration and pseudo VSP generation (Figure 8.13a, b, c and d respectively). A 2-D slice
from the model is depicted in Figure 8.13e (the pseudo well location is indicated). As
noticed the pseudo VSP data is not directly integrated to the shot record, but via the near
offset section and the zero-offset migration. Following events through these paths gives a
clear view on the propagation of the events through the 3-D watertank model. The events,
indicated by I and II should not intersect the downgoing source wave field, because both
events are internal multiples (see raypaths in Figure 8.13d). In the one-way wave field
extrapolation scheme, the boundary conditions are not fulfilled at the reflector. Therefore

these events are extrapolated further to the intersection with the downgoing source wave
field.

In this way, 3-D areal shot record migration is integrated with the pseudo VSP generation,
by generating VSP data at several lateral positions during the depth migration. By this inte-
gration a significantly better interpretation of the events visible in the areal shot record and
their positioning in the 3-D depth image can be obtained.

Table 7 The materials used in the watertank model.

Layer Material Velocity [m/s] Density [kg/m3]
1 water 1487 1000
2 silgel 1018 959
3 beewax 2190 1035
4 silgel 1018 959
5 devcon 1510 1070
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Figure 8.13 The relation between the a)shot record, b)near offset section, c)2-D zero-offset
migration and d)3-D pseudo VSP generation and e)2-D slice from the macro model.
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So far results have been shown on the generation of 3-D pseudo VSP data from surface data
for one shot (point source response).

However, in this part some results are presented in which a line source response is con-
structed from the prestack data (a so-called areal shot record). The physical model is
depicted in Figure 8.14a. The faults in the structure are crossed under an azimuth angle of
45 degrees. This has been designed to include some 3-D effects. The shooting geometry for
the data acquisition in the watertank is as follows: geometry- 7 streamer marine data acqui-
sition, scale- 1:20000, nearest offset- 100m, far offset- 2560m, number of shots- 250, shot
spacing- 20m, number of detectors per streamer- 120 detectors, inline detector spacing-
20m, crossline detector spacing- 60m, registration time- 2460ms, time sampling interval-
4ms and number of time samples- 616. The seismic data was recorded without surface-re-
lated multiples.

Due to the 3-D structure of the model it can occur that the major contribution of the reflec-
tions are out of plane reflections. In this experiment the pseudo VSP is generated on two dif-
ferent lateral positions to show its value in 3-D interpretation and showing the propagation
paths of the waves in time and depth (see Figure 8.14a for the locations of the well).

Figure 8.14b shows the registration of the 47 of 7 streamers of the constructed areal shot
record, the 3-D pseudo VSP and the 2-D zero-offset migrated section. The integrated display
allows a better interpretation of the data in different dimensions. Note that multiple 2-D
cross sections of the 3-D model through the well can be used for interpretation of the data.
The registration time for the data is larger than shown here. It can be clearly seen in the 3-D
pseudo VSP that the amplitude of the first event decreases in arriving at the first reflector
depth. This is because the main contribution of this reflection comes from a position away
from the well (an out-of-plane reflection; see also Figure 8.14a).

Secondly the 3-D pseudo VSP is generated on a lateral position crossing the top of the dome.
The result is displayed in Figure 8.14c. Note that the first primary does not show any ampli-
tude decrease because at this location there are no 3-D effects. The intersections are mapped
correctly except for the internal multiples. The propagation path for the waves propagating
through the model are displayed in the pseudo VSP (black arrows). The internal multiples
are not handled correctly and cause an incorrect intersection with the downgoing source
wave field. These intersections for the internal multiples appear also in the migrated section
(see arrows for 2 particular internal multiple reflections). In the one-way wave field extrap-
olation scheme, the boundary conditions are not fulfilled at the reflector : events are extrap-
olated below the reflecting interface. An important thing to note in the 3-D pseudo VSP data
display is that all event appearing or disappearing at certain depth levels are 3-D effects.
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Figure 8.14 3-D pseudo VSP generated at well no.1 and 2 from an areal shot record.

The areal shot record is displayed only up to the well position.
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8.4 3-layered model and dataset

In this section the pseudo VSP method is illustrated by applying it to a 3-D dataset generated
using a 3-D visco-elastic finite-difference algorithm (Robertsson et al., 1994).

The model contains three layers where the uppermost layer is a water layer on top of an
irregular layer and a dipping plane. Absorbing boundaries have been applied around the
entire model. In Figure 8.15a the volume of the 3-D model is depicted (3 axes x, y and z are
indicated). The dimensions of the model are x,,,,,=1000m, y,,,,=500m and z,,,,=800m
including a 50m wide absorbing frame around the cube (see Figure 8.15b; note that the
absorbing frame around the model is not shown). The distance between the gridpoints is 5m
in all directions. Notice that the model as depicted in Figure 8.15 is displayed with a coarser
grid than 5m. Figure 8.15¢ shows the model with the uppermost water layer removed. From
this figure the irregular structure of the water bottom can be seen. The model after the
removal of the waterlayer and the second layer is displayed in Figure 8.15d. Figure 8.15¢
illustrates two vertical sections (x- and y-direction) through the model at the well location.
From the slice along the y-axis it can be easily seen that some energy will be diffracted due
to the structure.

A monopole source is located at the center of the model : x=500m, y=250m and z=55m. A
Ricker wavelet has been used with a central frequency of 25Hz. The receivers of the 3-D
shot record were placed over the whole (x,y) plane at depth level z=55m (see Figure 8.15a
for the geometry of the receivers and the source location). The sampling rate in the data is
2.5ms.

The elastic material properties of the model are given in Table 8.

Table 8 Material properties of the model.

layer cp [mis] ¢ [mfs] p kg/m?]
1 1500 0 1000
2 2000 0 1300
3 3000 1200 1500

The third layer of the model contains a compressional and a shear wave velocity whereas
the layers above are acoustic. Q values of 10,000 for both P- and S- waves were used in the
viscoelastic finite-difference simulations to obtain a perfectly acoustic/elastic response.
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Figure 8.15 a)Geometry of 3-D model (irregular surface above a dipping plane), b)some slices
through model (and dimensions of the model), c)model after removal of the
uppermost water layer, d)model after removing the first and second layer, e)vertical
slices at the well location (source on top of well) and f)vertical slices of the 3-D
migrated volume at the well location.

Figure 8.16a gives a 3-D view of the interfaces of the model. The black line represents the
well location. Some depth slices at increasing depth levels are depicted in Figure 8.16b.
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Figure 8.16 a)3-D view of the interfaces in the model.
The black line represents the well
location. b)Some depth slices at
increasing depth levels z=185m, z=235m
and z=250m.

At the well location the 2 slices along respectively the x-coordinate and the y-coordinate are
shown in Figure 8.17a and b. The corresponding 2-D slices from the 3-D shot record are
illustrated in Figure 8.17c and d. The black line in the figures represents the well location.

The numbers 1 and 2 refer respectively to layer boundaries 1 and 2. The events correspond-
ing to these layers have been labeled in the shot record. As can be noticed in Figure 8.17b,
the structure indicated with number 3 acts as a diffraction point and its corresponding event
is indicated with number 3 in the shot record along the x and y-coordinate (Figure 8.17c and
d).

Event 3 arrives earlier at the surface than the reflections from layer boundary 1. The energy
emitted by the diffraction point (along the y-coordinate) is also visible in the shot record
(along x; 3-D out of plane effect). At first glance, it is not obvious to identify the origins of
the events indicated with A and B in Figure 8.17c. However, a more careful study of the shot
record in Figure 8.17d shows that both these events are responses from other diffractions
which occur in the model. The diffraction points are located one at the left and the other at
the right of the model (along the y-coordinate).
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Figure 8.17 Vertical slices at the well location a)2-D slice of the subsurface model along the
x-coordinate and b)along the y-coordinate. c) 2-D slice from the 3-D shot record at
the well, along x and d)2-D slice along y (see also white arrows in Figure 8.15a).

The objective of this example was to generate a 3-D pseudo VSP dataset from the 3-D shot
record and making comparisons with a modeled VSP.

To get a better understanding of the events visible in the shot record, a 3-D VSP has been
modeled in the 3-D model with the source location chosen to be the same as that for the 3-D
shot record. The 3-D VSP data is a zero-offset VSP (source at wellhead). The well is vertical
and is located at the center of the model (location x=500m, y=250m, z=55m to z=750m, see
also Figure 8.16a). Figure 8.18a and b illustrate an integrated display of the 2-D slice from
the 3-D shot record along the y-coordinate and the 3-D modeled VSP data for a better under-
standing of the various events. The origin of event 3 is revealed in the 3-D modeled VSP
data. The diffractor starts emitting energy upward and downward at a depth above the first
reflector (see indication in Figure 8.18b).
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Figure 8.18 a)2-D slice from 3-D shot record (along y), b)3-D modeled VSE, c)3-D pseudo VSP,
d)2-D slice from 3-D migrated volume at well (along x-coordinate) and e)2-D slice
from 3-D migrated volume at well (along y-coordinate); the black line indicates the
location of the well.

A 3-D pseudo VSP dataset has been generated from the 3-D shot record using one-way wave
field extrapolation operators. In the use of one-way operators the upgoing and downgoing
waves are separately handled and boundary conditions are thus not taken into account at
layer boundaries. The generated 3-D pseudo VSP is displayed in Figure 8.18c for making a
comparison with the modeled VSP. The events prior to the direct wave have been zeroed.
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An event that is fully absent in the pseudo VSP is the event that is indicated with number 4.
This event is a reflection from the boundary of the model (along the y direction).

Figure 8.15f shows the same slices as in Figure 8.15¢ (at the well location) but through the
3-D migrated volume (1 shot). The 2-D slices of the 3-D shot record migration along the x
and y-coordinate are also depicted in Figure 8.18. (respectively Figure 8.18d and e). Notice
the integration of the generated 3-D pseudo VSP data with the 2-D slices of the 3-D
migrated volume (see black arrows). The 3-D migration is done by a recursive x,y, algo-
rithm (performed in the space frequency domain). The 3-D wave field extrapolation opera-
-tors used to extrapolate the wave field from the surface into the subsurface are based on the
one-way wave equation. To get a better understanding of the event numbered 4, some 3-D
snapshots have been generated which are depicted in Figure 8.19. Figure 8.192 and b are
different views of the snapshot at time t+=300ms and Figure 8.19¢ shows the snapshot for
time £=600ms. The event number 4 has been indicated in the snapshot of Figure 8.19a. It is
now clear that this originates from the boundary on the side of the model. The boundary
reflections (y-direction) could have been made significantly weaker by a better choice of
grid parameters in the finite-difference simulation. However, this was not the purpose of this
investigation.

a) b) ©)

Figure 8.19 Various views and slices of 3-D snapshots : a) and b)snapshots at t=300ms and
c¢)snapshot at t=600ms.

Furthermore the primary reflection from the diffractor as discussed earlier is indicated in
this snapshot with the number 3 (see also its correspondence with the event numbered 3 in
Figure 8.19b).
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The origin of the events labeled A and B in Figure 8.18b, are diffractors starting emitting
energy upward and downward. It is very interesting to see its correspondence with the
pseudo VSP data in Figure 8.18c. The event number § represents the downward propagation
of the diffraction energy. Comparison of the modeled VSP and the pseudo VSP shows that
the internal multiple events indicated in Figure 8.18 with number 6 is absent in the pseudo
VSP (Figure 8.18c). This is because for the generation of the pseudo VSP data, one-way
operators have been used which do not take any boundary conditions into account. Finally,
event number 7 in the modeled VSP shows a dispersive interface wave between the acoustic
and the elastic layers. This is generated at the roughness caused by the discretization of the
"flat" dipping plane (Figure 8.16a). This event is absent in the pseudo VSP since the inter-
face wave is not recorded in the surface data.

Figure 8.20 illustrates some slices of the 3-D shot record at the same times as displayed for
the 3-D snapshots. The horizontal slices represent the time slices at respectively time
t=300ms and time t=600ms (Figure 8.20a). Note the correspondence with the snapshots at
z=55m (i.e. depth of the source) of Figure 8.19a and c. The vertical slice in Figure 8.20b
represents the 2-D slice from the 3-D shot record along the y-coordinate (same as Figure
8.17d).

t=300ms

t=600ms

a)'

Figure 8.20 Slices through the 3-D shot record.
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In this section the generation of 3-D pseudo VSP data from surface measurements was dem-
onstrated. The data has been generated from a 3-D shot record that was modeled in a 3-D
subsurface consisting of an irregular interface above a dipping layer.

Different datasets have been integrated for a better understanding and interpretability of the
seismic data. The pseudo VSP data has been compared with the VSP data that was modeled
at zero offset (with respect to the shot location at the surface). The generation of the pseudo
VSP showed the clear appearance of diffraction energy which was emitted in the model. The
appearance of the diffraction energy was visible in the shot record and the VSP data. Finally,
some 3-D snapshots were shown as well, to illustrate the wave propagation through the
model at various increasing times.

In this chapter some 3-D case studies have been presented on the generation of 3-D pseudo
VSP data from numerical modeled data and physically modeled data. Figure 8.21 shows as
a general conclusion, the value of the pseudo VSP data as an integration tool in relation with
other data types. The axes of the different data types are indicated with the arrows around
the boxes. Here it is shown that pseudo VSP data, (¢,z) as well as (¢,¢’), can be integrated with
other data types to improve the interpretation of data (integrating of various data sets with
their axes in common). For example the comparison of well log measurements and real VSP
on one hand and real VSP data and pseudo VSP data on the other, offers a promising
two-step process in integrating shot records and well log measurements. Also the generation
of pseudo VSP data from surface data gives excellent insight into the properties of the CFP
gather and the migrated sections.

Figure 8.21 Diagram showing the capabilities of pseudo VSP data as an integration tool.
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Data matrix notation

This appendix discusses in more detail, the notation of the data matrices which are used in
this thesis. The matrix notation was introduced by Berkhout (1982) and relates the seismic
data with its propagation and reflection through a medium as a network of various wave field
processes. For the description of seismic wave fields the matrix notation is very useful
because of its simplicity. In this section the matrix operators are discussed based on the
acoustic approximation. One of the advantages of the matrix notation is that all formulations
derived for the acoustic 2-D case will be the same, even for multi-component elastic data
and 3-D situations; only the interpretation of the matrices changes.

The origin of the matrix notation comes from the fact that seismic measurements are dis-
crete in both space and time. As illustrated in Chapter 2, wave theory based operations on
seismic data are practically applied as discrete summations instead of continuous integral
operators. Moreover, the physical processes involved with seismic wave propagation (emis-
sion, downward propagation, reflection, upward propagation and detection) are fixed by the
order in which they appear in the matrix equations.

Consider a two-dimensional wave field p(x ,z, ,¢), which is measured at a constant depth
level (acquisition surface z). The 2-D wave field p is a function of the lateral position x and
time z. The earth is considered as a time-invariant medium and therefore the seismic problem
can be described by independent frequency components.

After a Fourier transformation from time to frequency, the 2-D wave field p is described by
the Fourier transformed wave field P(x,z, ;®). The symbol o denotes the angular frequency

(w=2xf).
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As the measured seismic wave field is a real signal, the wave field can be completely
described by the positive components of the Fourier transformation. Consider a seismic
experiment consisting of M shot records with M single-component detectors (e.g. the mea-
sured pressure field). Suppose a fixed spread equally for the sources and receivers. The
two-dimensional dataset can then be described by Dilix, ,jAx,,z, ;kAt), where i,j,k are inte-
gers and Ax,, Ax; and kAt denote respectively the sample intervals of respectively receiver
coordinate, source coordinate and the time axis. p; is a broad band wave field in terms of
acoustic pressure. After a Fourier transformation from time to frequency the data can be
stored (for one positive frequency component ;) in the data matrix as :

P(Axr,Axs) P(Axr,2Axs) P(Axr,fos) P(Axr,MAxs)
P(zAxranS) ' : P(2Axr7.leS) :

P20) = pliney,Axs) Pliter.28xs) | Pliterojaxs) | Pliey MAxs) | (AD
P(MAxy,Axs) - P(MAXy,jAXs) - P(MAxy, MAXs)

Note that each element of the matrix is denoted in a simplified form for notation conve-
nience from P(iAxy,jAxs,z; wy ) to P(iAxr,jAxs ) . 2, indicates the depth level z=z, to
which the matrix P(z,) is related. The matrix P(z,) contains prestack data for one frequency
component (in this case m;). The different gathers which can be identified from the data
matrix P(z,) are shown in Figure A.1.

common midpoint gather

5* common receiver gather
common offset gather

common shot gather zero offset gather

Figure A.1 The different cross sections in the monochromatic data matrix P(zp) correspond to
different seismic data gathers.




239

Each column j of the matrix P(z,) corresponds to one monochromatic data vector in a com-
mon shot gather (CSG) with the shot positioned at x,=jAx;; each element P; corresponds to
a fixed lateral receiver coordinate x, ; and a fixed lateral source coordinate x, ;. Each row
corresponds to one monochromatic common receiver gather (CRG). The diagonal (x;=x,)
represents the zero offset gather and the anti-diagonal (x,=-x,) represents a common mid-
point (CMP) gather. Figure A.2 shows the procedure of constructing the data matrix P(z,)
from seismic shot records.

X X, X,

T
|

]
iy
4|m||w"',.mf
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data matrix
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Fourier transform re-ordering Q extract

Figure A.2  The construction of monochromatic data matrices - / g
from seismic shot records. 7 “P (z)

For 2-D marine data acquisition (moving end of spread) the matrix is partly filled like illus-
trated in Figure A.3a (after Verschuur, 1991). The other half of the matrix is can be filled
using the reciprocity theorem. Acquisition of land data may be done split spread. The data
matrix will then have a structure as depicted in Figure A.3c. Note that the near-offset data
is not measured in most applications, as they suffer from noise or distorted input signals
(being close to the source). Note that reciprocity may only be applied if the source and
receivers have equal characteristics. The reciprocity may be used after removal of the direc-
tivity effects. The reader is referred to (de Hoop, 1988; Fokkema and Van den Berg, 1993)
for applications of acoustic reciprocity theorems which are fundamental in seismic wave
theory. In a similar way, the matrix representation can be formulated for the integration of
surface data and borehole data (Figure A.4).

For 3-D situations the monochromatic wave field can be formulated as P(x,,y, ,y,,¥;,2p ; 0).
Figure A.5 shows the organization of the 3-D seismic data (Kinneging et al., 1989). All the
receiver data in the x-y plane due to one shot record can be stored in one column of the data
matrix.
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r’ Xs r’ xs r’ Xs
X, ,data X , data X
& &
&
data after
reciprocity
a) b) <)
K missing near offsets

Figure A.3 a)Data matrix for end of spread data acquisition (typical 2-D marine data), bjother
half of data is acquired using reciprocity, cymoving split spread data (often in land
data acquisition). Note the direction of the boat in a).

sources sources sources
at the surface at the surface in well A

in well B

P surface = ‘ ‘ I l ----- P rosswelt = ' l ‘ ‘ -----

receivers
at the surface
:u
<
receivers
in well A
receivers

=
<3

a) <)

Figure A4 Matrix data representation of a)surface data, b)VSP data and c)crosswell data.

ﬁs
ﬁs

Repeating this for all shot records results
into submatrices containing a 2-D matrix

for fixed source positions y, and receiver
positions y,. Each 2-D matrix contains a
2-D experiment for all receivers of one P(zp)=
line in x (for fixed y) and the source vary-
ing along another line in x with a fixed

y-coordinate. One column of the matrix

P(z;) describes a 3-D shot record, one row
describes a 3-D common receiver gather. A 3-D shot record
This guarantees that matrix multiplica-
tions now describe two-dimensional spa-
tial convolutions in the x- and y-direction.
However, the diagonal elements do not

Figure A.5 Organization of the data matrix
for 3-D experiments. This matrix
consists of submatrices for 2-D
acquisition for each pair of

contain common offset information any- cross-line source and cross-line

more, except for the main diagonal. receiver coordinates y;and y, .




Appendix B

Optimized wave field extrapolation
operators

In this appendix a method is considered for the calculation of optimized short spatial oper-
ators after transforming the expression of the operators (derived in the wavenumber fre-
quency domain) back to the space frequency domain in a non standard way. For an extensive
discussion and design of these optimized short spatial operators the reader is referred to
(Thorbecke, 1997). It is known from wave theory analysis that many wave field operators
are difficult to be used directly in the space frequency domain. This in contradiction with
many wave field operators which have an exact expression in the wavenumber frequency
domain for laterally homogeneous isotropic media. Wave field extrapolation in the wave-
number frequency domain is performed by multiplications of the data with the operators.
Generalized convolution operators in the space frequency domain have to be used to allow
laterally varying medium parameters.

One of the aims is to design a short space frequency operator, with a wavenumber frequency
spectrum which is, over a desired wavenumber band, equal or close to the exact formulation
in the wavenumber frequency domain. This can be written as the following integral equation
(one-way wave field extrapolation operator):

Vky) = E Pk Y )dx  forky ske<ky (B.1)
1

where Y(x) denotes the wave field extrapolation operator to be designed in the space fre-
quency domain and ¥(k,) denotes the analytical expression of the to be designed operator
in the wavenumber frequency domain.
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A simple way to obtain the space frequency operators is to transform the discrete operators,
which are derived in the wavenumber frequency domain (one-way and two-way wave field
extrapolation operators), back to the space frequency domain in a numerical way.

This inverse transformation is not very efficient, because the spatial convolution operators
obtained in this way become very long operators. From a computational point of view, long
spatial operators are not desired because multiplications in the wavenumber frequency
domain are replaced by convolutions in the space frequency domain.

In the integral equation (B.1) an integration is performed over a limited spatial domain
(short operator) and the wavenumber frequency spectrum of the operator is bandlimited.
A discrete formulation of the integral Equation (B.1) reads :

M,
V(ndky) =Ax Y UMM y(nAx)  forNy snsNy. (B.2)
m=M1

or in matrix notation ( ¥ = T )

Y(NpAky) (GN1AMAX) . 1 ... (N1 Ak M Ax)
{ 1 x )\ (e : 1 1 PO : 2 (Y(Mle)\

o) =m0 e 1 | Y0 |y
: J ; : : Y(MoAx)
?(NzAkx) e(jNZAkleAx) oo 1 - e(jNZAkxMZAx)
with M;+M,+1 the length of the desired short operator and N;+N,+1 the length of the Fou-
rier transformation.

Ak, represents the wavenumber sampling Aky = 2xt/[ (N1 + N + 1)Ax]. ¥ is the vector
that contains the coefficients of the discrete version of the desired short operator Y, Y rep-
resents the operator in the wavenumber frequency domain. The matrix I" represents the
discrete Fourier transform with the desired properties.

The number of samples in the wavenumber frequency domain must be chosen such that the
short spatial operator is zero outside its working length (number of samples in the wavenum-
ber frequency domain must be greater or equal to the number of traces to be extrapolated).
The number of equations in Matrix Equation (B.3) is larger than the number of unknowns.
Therefore it is impossible to find a unique solution satisfying all equations.
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An error function & can be defined such that the solution approximately satisfies all the
equations in a Weighted Least SQuare (WLSQ) approach : minimization of the error func-
tion

s=E'AE (B.4)
with £ = I(Y) - Y . The superscript 2 denotes complex-conjugate transpose. The weight-
ing matrix A is a diagonal matrix containing a weighting function on its diagonal. The
weighting function is defined such that the wavenumbers of interest are given a larger
weight than others with less of interest (low weight factor). The introduction of the weight-
ing function forms a good control for the desired function of the space frequency operators.
The error function £ can be minimized by (least squares solution):

S =0 V(<?h>)l

o (B.5)
(7))
. - =h\- o, =
with £ = ((Y" Jrt - ¥ )A(I‘(Y} -7)
The solution is given by (slightly modified after Claerbout, 1976):
- - = - = -_.1-1 -z
I"A(T(Y)-¥)=0 or (¥)=[r*Ar| r*Arr (B.6)
Figure B.1 illustrates the weighted least squares solution in a matrix representation.
r A T (F) = r A ¥
Figure B.1 Weighted least squares solution in a matrix representation.
The weight function (diagonal matrix) is given by :
Amn = w(ndky)dnm . B.7)

The components of the Fourier transformation and the inverse Fourier transformation matri-
ces are given by :

(D) = e(jnAkxmAx) and (rh )mn = e(—jnAkXMAX) (B.8)

Matrix TMAr isa square MxM matrix with a Toeplitz structure (for a 1-D optimization
problem). The matrix can be inverted relatively fast using the Levinson scheme.
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If the weight matrix A is taken to be the unity matrix I : A=1I andif T is a square
matrix then no optimization is carried out and (¥) ~ MY It can be easily verified that
<Y> is the truncated inverse Fourier transform of ¥ .

The right-hand side of the second equation in Equation (B.6) is an inverse Fourier transform
(N-points) which is reduced (by truncating) to M-points in the spatial domain. Figure B.2
shows different domains in the wavenumber frequency domain. The following bandlimita-
tions should be considered : 1)limited temporal frequency range, 2)maximum angle of prop-
agation and 3)Nyquist wavenumber +m/Ax. These three bandlimitations determine together
the domain of interest for the different operators. The gray shaded area in Figure B.2 shows
the location of the computations (area of propagating P-waves). Recordings are discrete so
there is a Nyquist wavenumber which limits the maximum operator angle for a given fre-
quency. This angle declines for higher frequencies because of the aliasing of the wavenum-
ber frequency spectrum. According to these considerations a strategy is developed to
calculate operators only for their specific band of interest.

-t/AX . n/AX

Wmin

evanescent
waves

evanescent
waves

& w
w Vkx =k .min =

Cp,max

Figure B.2 Different domains of interest subdivided in the wavenumber frequency domain.

For the recursive wave field extrapolation, the operator behaviour of the wavenumber should
be stable (amplitude < 1) in the evanescent region. The weighting function can be a simple
block with a weight of “one” inside the range of angles of interest (see the area of propagat-
ing waves in Figure B.2) and a small value (1.107°) outside this band. The amplitude behav-
iour in the wavenumber frequency domain of the optimized one-way and two-way wave
field extrapolation operators is depicted respectively in Figure B.3 and Figure B.4. The
phase spectra show the same accurate behaviour. Note that the wavenumber spectra are
accurate for all wavenumbers within the band of interest. The spatial operators are accurate
within the band of interest.
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Within each extrapolation step the assumption is made that the medium is assumed homo-
geneous in the vertical direction. The same applies to the lateral extent of the operator, i.e.
the medium is assumed homogeneous within the length of the operator.

Figure B.3 shows the amplitude k, spectra for the acoustic one-way extrapolation operator,
see Equation (2.24).

1.0 1.0 1.0
0.8 0.8 X
@
O o6 0.6 0.6
= w* |
[ 0.4 0.4
£ :
0.2 0.2 7] 2?
0.0} 0.0*
0.0
-0.2 0.0 0.2 -0.2 0.0 0.2 -0.2 0.0 0.2
k-wavenumber [1/m] k,-wavenumber [1/m)] k,-wavenumber [1/m]
a) b) <)

Figure B.3 Amplitude k, spectra of the acoustic one-way forward wave field extrapolation
operator: a)exact k-operator, b)filtered k-operator and c)WLSQ optimized
x-operator.

Figure B.3b and c illustrate the k, amplitude spectra for respectively the filtered one-way
k.-operator and optimized one-way x-operator. In this example, the optimized operators
have been calculated for the following parameters at frequency 30Hz : the number of k, sam-
ples: 256, sampling in spatial direction: 8m, the length of the spatial operator: 51, minimum
and maximum k,-filtering windows -60 and 60 degrees respectively, the weighting windows
boundaries are chosen similar to the minimum respectively maximum k,-filtering windows,
compressional wave velocity: ¢,=2000m/s and density: p=1 000kg/m?.

Figure B.4a shows the amplitude &, spectra for the acoustic two-way wave field extrapola-
tion operators (see also Equation (2.16) of chapter 2). Figure B.4b and c illustrate the ampli-
tude k, spectra for respectively the filtered two-way k,-operators and optimized two-way
x-suboperators.
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Appendix B Optimized wave field extrapolation operators
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Appendix C

Processing of VSP data

In the past a lot of effort has been put in linking VSP data to surface seismics. The classic
way to integrate surface data and VSP data is the VSP corridor stack. Starting from a VSP
seismogram it is possible to separate down- and upgoing wavetrains, deconvolve the upgo-
ing reflections using the downgoing waves, and eventually define a zone, or corridor, where
the SNR is the best and multiples are absent. The result of the corridor stack is a trace with-
out multiples which corresponds to the convolution of a simple zero or minimum phase
wavelet with the series of reflection coefficients. The corridor stack can be seen as the best
seismic trace within a given bandwidth. The VSP corridor stack trace may be used as a
check of the surface trace deconvolution in the surroundings of the well.

The fact remains that, at least near the well, a more rigorous quality control can be applied
to the CDP traces than the usual criteria of continuity, sharpness of events, and agreement
with the synthetic seismogram. Aspects regarding the corridor stack processing technique
are well known and can be found in Hardage (1983) and Toksoz and Stewart (1984).

Throughout the years many papers have been written on methods of extracting different
kind of information from VSP data. Omnes (1978) used the VSP data for the correlation of
well log and seismic data. Kennett et al. (1980) used the VSP data for the identification of
multiple reflections, Hauge (1981) for the investigation on the effects of attenuation, and
Wyatt (1981) for analyzing the source signature effects. A description of how to image
reflecting horizons with offset VSP data has been given by Wyatt and Wyatt (1981). Li
(1990) described an inversion method of P and S- waves using VSP and surface data
together.
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Another important technique to integrate surface data with VSP data is deconvolution. VSP
makes it possible to deconvolve surface seismic traces very effectively through the use of
the wavelet derived from the VSP traces.

The concept of designing deconvolution operators from the downgoing VSP wave field is
described by Anstey (1980) and Fitch and Dillon (1983).

For a general overview on different VSP processing techniques the reader is referred to
Hardage (1983). Wong and Noponen (1986) deconvolved surface-recorded seismic data
with operators jointly derived from VSP and surface data.

The separation of up- and downgoing wave modes is the first step in 1)studying the gener-
ation of multiples and primaries in VSP data, Kennett et al. (1980), 2)calculating the transfer
function between the two wavetrains for stratigraphic studies, Balch et al. (1984), 3)design-
ing deconvolution operators for the upcoming waves and for surface data from the downgo-
ing waves Hubbard (1979) and Omnes (1984), 4)predicting impedances below the well
(“prediction ahead of the drillbit”) Grivelet (1985) and Tal-virsky and Tabakov (1983).

In the following some basic VSP processing steps will be illustrated on the marine dataset
provided by Mobil Exploration and Producing Technical Center Dallas, U.S.A.. For a
description of this dataset the reader is referred to Chapter 7 of this thesis. For a general
overview on VSP processing techniques see Hardage (1983) and Yilmaz (1988).

VSP data processing necessarily varies according to the dataset, because each set is unique
and has its own characteristics (the recording and shooting conditions are different from
well to well). In order to create a high quality composite trace per depth level, it is advised
to record several seismic shots at each recording depth and sum these records into one single
trace. Note that with this shooting procedure, a much weaker energy source can be used in
VSP acquisition (advantage in environmental constraints in highly populated areas). Fur-
thermore it allows an effective way to cancel random noise by summing the data into a high
quality composite trace (after editing of noisy spikes).

In general, the upgoing primary reflections are considerably weaker in amplitudes than the
dominant downgoing wave fields and thus often difficult to interpret. A fundamental pro-
cessing procedure to emphasize the upgoing primary reflections is the separation of the
upgoing VSP events from the downward traveling waves. The analysis of upgoing wave
modes is particularly important since these are the only events recorded by surface seismic
measurements.
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The following processing steps should be applied in general to real VSP data:

Preprocessing :

* A) trace editing : manually removal of bad traces

* B) common depth sorting

» C) near source sensor picking (only for airgun sources)

* D) t,,,, correction (only for airgun sources)

* E) signature deconvolution (optional)

* F) editing

* G) common level stacking

(a successful method for this type of noise is the application of alpha-trim median stacking)

Processing :

« A) first arrival picking

¢ B) bandpass filtering

* C) amplitude correction

« D) separation of up- and downgoing waves

* E) deconvolutions

* F) imaging : corridor stacking, VSP-CDP mapping or migration
For VSP data there are some basic preprocessing steps. After the removal of the surface
waves (groundroll), tube noise and trace editing the processing of VSP data starts with the
stacking.

For an extensive discussion and applications of alpha-trim median filtering the reader is
referred to Schieck and Stewart (1991) and Frinking (1994). Schieck and Stewart (1991) dis-
cussed the performance of a median f-k filter on prestack gathers with a number of different
noise types (bad or dead traces, noise bursts or glitches, aliased and unaliased groundroll).
Figure C.2b to d illustrate the alpha-trim stack procedure of sorting and stacking at a certain
depth level : for each time sample the data is sorted in ascending order of amplitude. This is
repeated for all time samples. Next a window will be selected within which the data is
stacked. The width of the window depends on the value of alpha which varies between a.=0
and a=1. a.=0 corresponds to selecting all traces per depth level before stack (i.. a plain
stack of all traces per depth with a weight) and a=1 corresponds to selecting only 1 trace
(the so-called median filtering technique: the samples are sorted by amplitude at a particular
time from all seismic traces in an input ensemble in order to find the median value. For an
odd number of traces, the median sample is the output sample; if the number of live traces
is even, the output sample is the average of the two median samples. If all traces in an ensem-
ble are dead, a dead trace is output in sequence).
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The alpha-trim stack can be used in this case to exclude the coherent noise or outliers from
the stacking process in an automatic way. Increasing the parameter o. means reducing the
number of traces (datapoints) taken into account for stacking. The value of o must be chosen
such that the stacked result contains only one clean trace per depth level.

An exhaustive comparison of separation methods is discussed in (Kommedal and Tjostheim,
1989). A separation technique to separate the downgoing waves from the upcoming (reflec-
tions) is the f-k filtering technique. Because the downgoing and upcoming waves in VSP
data have different dips, they will map in the f-k domain into different half planes. The
downgoing energy is arbitrarily defined as having a positive propagation velocity. From this
follows that the Fourier transform expresses downgoing wave modes in terms of positive
wavenumbers and upgoing wave modes in negative wavenumbers. This method of f-k filter-
ing has some minor problems. A prerequisite for f-k filtering is the uniform receiver sam-
pling in depth. Because sometimes a VSP dataset may not have the uniform receiver
sampling in depth this will focus on some problems. The f-k filtering technique faces also
with often observable amplitude smearing and edge effects.

An alternative technique to separate the upcoming waves from the downgoing waves is the
so-called approach of median filtering. Hardage (1983) showed how median filters could be
used to considerable advantage to enhance events of interest. This method is based on
smoothing data in which the signal that needs to be preserved contains abrupt discontinui-
ties. The use of median filtering in smoothing data is very robust; the noise spikes, glitches
or bad traces are not included in the estimate (Claerbout and Muir, 1973). The use of median
filtering methods was first introduced by Tukey (1977). In the following the total procedure
is discussed for the application of median filters in the separation of up- and downgoing
events in VSP data. The method is based on the application of a long median filter along the
depth axis to VSP data. After first break picking, a time shift with the picked function is
applied for flattening the downgoing waves (vertical alignment of downgoing events). It
should be emphasized that the first break times must be measured with extreme care. Next
a long median filter is applied to yield the downgoing waves. The data is then shifted back
to original position in time and after subtraction from the original VSP dataset only the
upgoing wave modes will remain. The upgoing waves are shifted to two-way time and again
a median filtering is applied to enhance the upgoing waves. The ability of retrieving the
complete downgoing wave field allows the advantageous calculation of robust deconvolu-
tion filters (much stronger signal strength that data recordings at the surface).

Some results will be shown on the preprocessing of the raw three-component Mobil VSP
data (well B - starting at the seabottom at 375m depth). Here a fast and efficient method is
used to suppress the noisy and spiky parts in the VSP data registrations.
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The method will be applied to the zero offset vertical seismic profile for well B. The used
registration tool for the recordings of well B consisted of four detectors (each measuring
three-component data). Figure C.1 illustrates the raw VSP data registrations for the four
detectors (only the vertical component is shown). Figure C.2a shows a blow up of a selected
part of the registrations for detector 1. The blow up of the data registrations is shown here
to have a better view on the noise in the VSP dataset : multiple recordings have been made
at each depth level. As can be seen from the raw VSP data registrations there are many bad
traces in this dataset.

Figure C.3 shows the result of the application of the alpha-trim stacking to the raw VSP data
for different a values being respectively 0, 0.7. a=0.7 has been chosen as the optimal result
for the removal of noisy datapoints and preserving the amplitudes of the useful data. This
choice appears to be the best trade off between good noise reduction and little distortion of
the desired events. Furthermore we have balanced this VSP data in energy. Note the conver-
sion from the direct P to a S-wave (see arrow in Figure C.3b). Due to the strong downgoing
wave modes the weaker upgoing reflections are quite difficult to identify.

In general, the downgoing wave field in a VSP dataset is so dominant that upgoing primary
reflections are difficult to identify and any interpretation is often impossible to make. In
addition, the shape of the source wavelet may vary from trace to trace and often the data is
contaminated with numerous surface and intrabed multiples.

Figure C.4 shows some processing steps on the VSP data of Figure C.3b. Figure C.4a shows
the Mobil VSP data after alpha-trim stacking and energy balancing starting at 720m depth.
In Figure C.4b a negative time shift is applied to the VSP data (Figure C.3b) to align the
downgoing wave modes. By using the median filtering scheme along the depth axis, the
downgoing P-waves are extracted (after shift with first break time) from the original VSP
data (Figure C.4a). The result of the separation of the upgoing waves from the downgoing
is depicted in Figure C.4c. Note that the upgoing waves are better identifiable after the atten-
uation of the strong downgoing P-wave modes. Figure C.4d shows the data after deconvo-
lution with the wavelet determined from the downgoing waves (because downgoing waves
are much stronger than the upgoing waves; operators are based on a stronger signal). Obser-
vations show that the seismic wavelet is in most cases more complicated and longer than fre-
quently expected. Downgoing waves in VSP data are easily separable from upgoing wave
modes since the direction of the VSP geophone deployment creates opposite time-depth ste-
pouts for downward and upward traveling wavelets. The retrieval of the complete downgo-
ing seismic wave field from VSP data allows the calculation of robust deconvolution
operators which will separate upgoing multiples from upgoing primary reflections.
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Figure C.1 Raw VSP data registrations (well B - vertical component; detector 1 to 4). The data
was provided by Mobil Exploration and Producing Technical Center Dallas U.S.A..




253

depth[m]
1580 1680 1780 18‘80 19180 2080 21|80 2280 23§0
: m

i

-\/\:‘l
=

0

YN
=
=

=30

£ A it

s

LA

T

stacking

VSP time

T VSP time

a-selection
b) ©) d)

Figure C.2  a)Partial blow up of the data registrations for detector 1 (several registrations at one
certain depth level). b) to d) : Alpha-trim sorting and stacking procedure applied on
VSP data.

In order to position the upgoing waves to their correct two-way time every trace is shifted
by the first break time. The next VSP processing step involves datuming all receivers to the
well head. A corridor is defined (see Figure C.4e) after two-way time correction of the upgo-
ing wave modes. The reference of the data is set to the Mean Sea Level (MSL). Finally, the
last step involves stacking the traces in Figure C.4e.
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Figure C.3  VSP data after alpha-trim stacking for different o values : a=0 and 0.=0.7.

The stacking includes a narrow corridor along the region in which up- and downgoing waves
coincide. Figure C.4f illustrates the result of VSP corridor stacking. The VSP corridor stack
is repeated 10 times. The corridor stack corresponds to a trace without multiples which is
the convolution of a wavelet with the series of reflection coefficients. In other words, the
trace in Figure C.4f can be considered an alternative to a zero-offset synthetic seismogram
derived from the sonic log : it can be compared to the stack of the seismic section at the well

location.

Investigation of Figure C.4d in more detail shows a rather remarkable change in the nature
of the reflection from right to left. The events at the slope correspond with the first arrival
times contain the first upwave arrivals and no multiples (corresponds in other words to the
migrated deconvolved section). On the other hand the left hand side which is closely to the
seismic surface trace contains multiples and is not migrated. Following the events from the
left hand side to the slope (right hand side), the data changes from a non migrated multiples
included data into migrated deconvolved data. Further to Figure C.4e a zone or corridor can
be defined where the signal-to-noise ratio is the best and multiples are absent.




255

|

e

FigureC4

Processing of Mobil VSP data : a)data after alpha-trim stacking and energy
balancing, b)vertically aligned downgoing waves, c)upgoing waves, d)upgoing
waves after deconvolution, e)two-way time correction and corridor mute and
Pcorridor stack (reproduced 10 times).
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One of the last VSP processing step is the so-called VSP-CDP transform. The VSP-CDP
transform images the data into a CDP-time domain, equivalent to a CDP stacked section,
Wyatt and Wyatt (1981). In Figure C.5 the algorithm of the VSP-CDP transform is illus-
trated. The left panel shows two primary reflection raypaths for a single detector at depth.

In the centre, the VSP is displayed with the two reflected events.
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Figure C.5 VSP-CDP transformation of an offset VSP. All reflection points lie along the
reflection point trajectory (dashed line). CDP traces are created by moving each
event on its correct reflecting point offset and two-way time (from Cassell 1984).

The VSP-CDP transform splits up the trace and positions each event at its correct offset
location to yield a 2-D reflection profile. In this transformation, the amplitudes on a single
VSP trace are mapped onto several traces on the (x,2) plane, where x is the lateral distance
of reflection-points from the borehole. The method used by Wyatt and Wyatt (1981) is the
so-called VSP-CDP transform. For each recorded VSP trace, the distance from the reflection
point to the borehole is estimated as function of time and the trace is divided into segments
which are corrected to two-way travel time to obtain a two-dimensional reflection profile.
This transform is closely related to the migration of VSP data. The relationship of the
VSP-CDP transform and VSP migration is analogous to the relationship of ray-theoretical
and wave-theoretical depth migration when applied to surface seismic data Wiggins et al.
(1986). The VSP-CDP transform is not exactly a migration process. It handles neither dif-
fractions nor curved interfaces. To handle these features, VSP data must be migrated, Dillon
and Thomson (1983). The VSP geometry is like the geometry of a common shot gather,
except the shot axis is perpendicular to the receiver axis. Migration of VSP data can be
viewed as mapping amplitudes along semi-elliptical trajectories with their focal points
being the source and receiver locations. Superposition of all these trajectories yields the
migrated section. As VSP data are known to be highly consistent, one might tune the surface
seismic processing scheme in order to get a better match between the two data types, Inoubli
et al. (1990). The most common used VSP migration scheme nowadays, is the application
of the VSP Kirchhoff migration as discussed by Dillon (1988).
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Summary

Seismic methods employ elastodynamic waves to obtain information of the earth’s subsur-
face. Usually seismic data are recorded at the surface as a response of the earth’s subsurface
generated due to impulsive sources at the surface. However, the existence of a borehole
allows the seismic method to be applied with sources and/or detectors in the borehole as
well. With this special type of survey high resolution information can be obtained in the
neighbourhood of the borehole, particularly for accurately mapping oil and gas reservoirs in
the target zone. Data acquisition with sources at the surface and receivers in a borehole is
generally referred to as Vertical Seismic Profiling (VSP). The VSP method has the extra
advantage that it yields excellent insight into the complex elastic wave propagation process
in the subsurface.

In this thesis a new approach is presented to seismic imaging and interpretation by the trans-
formation of surface seismic data into pseudo VSP data for various prespecified (deviated)
borehole / detector configurations. This transformation is performed numerically; the result
simulates the seismic recording in a borehole.

Chapter 1 discusses the motivation and objectives of the research : improved insight and
possibilities in processing and interpretation due to data reorganization. In the standard ‘shot
record’ organization the type of wave fields (up, down; compressional, shear) are difficult to
discriminate. However, in the VSP organization the different wave types are well visible due
to the large difference in moveout. This underlines the importance of data reorganization.

Chapter 2 deals with the formulation of the propagation and reflection of waves through the
subsurface. Starting from the acoustic wave equation, the two-way and one-way wave field
extrapolation operators are determined in the wavenumber frequency domain and are used
in designing short optimized space frequency operators that are valid in complex structural
subsurface models.
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In Chapter 3, the principle of the proposed transformation (from surface measurements to
pseudo VSP data) is formulated. Wave field extrapolation lies at the basis of the transforma-
tion. Using a macro model of the subsurface, wave fields are reconstructed at various depths
and information is extracted at particular depth levels for predefined deviated borehole/de-
tector configurations. The importance of data organization is illustrated with the aid of Inte-
grated Seismic Displays (ISD); here the pseudo VSP demonstrates the possibility of
integration between unmigrated and migrated data and thus improves the data interpretation
of structural images.

Chapter 4 discusses the pseudo VSP data generation in relation with the Common Focus
Point (CFP) Technology. In the CFP technology, virtual sources and/or detectors are simu-
lated in the subsurface from surface seismic data by a focusing process in order to analyse
‘half-migration results’. The CFP approach prompts a new display for VSP data (in one-way
time t”), which offers extra advantages in data processing and interpretation.

Chapter 5 discusses the single-fold imaging using so-called multi-offset, common-well
pseudo VSP data. The construction of pseudo VSP image points in depth and/or one-way
time is illustrated. The contribution of the individual shot records to the image points at a
common-well is stored in a composite image gather, which can be used to verify the used
macro model.

In Chapter 6, the single-fold imaging is illustrated using so-called multi-well, common-off-
set pseudo VSP data. The construction of two-way and one-way common-offset sections is
presented on numerical and field datasets. The usual two-way common (source-receiver)
offset sections refer to unmigrated sections. The proposed one-way common (source-well)
offset sections refer to half-migrated sections showing the illumination of structures for var-
ious angles defined by the pseudo wells. They clearly reveal which shot records contribute
to images at specific subsurface gridpoints.

Chapter 7 is devoted to illustrate the pseudo VSP method on 2-D field data examples and
physically modeled data.

Finally in Chapter 8, 3-D case studies are presented on various 3-D numerically and physi-
cally modeled data.

As a general conclusion, it may be stated that the generation of pseudo borehole data may
been seen as a tool to generate from seismic surface measurements wave fields along pseudo
boreholes to allow a better analysis of complex wave fields and to facilitate new data pro-
cessing and data integration techniques.




Samenvatting

Seismische methoden maken gebruik van elastodynamische golven om informatie te ver-
krijgen van de ondergrond. Gewoonlijk worden seismische data geregistreerd aan het aard-
oppervlak als een responsie van de ondergrond door gebruik te maken van impulsieve
bronnen aan het aardoppervlak. Echter, de aanwezigheid van een boorgat maakt het ook
mogelijk om de seismische methode toe te passen met bronnen en/of detectoren in het boor-
gat. Met dit speciale type configuratie kan men hoge resolutie informatie verkrijgen in de
nabijheid van het boorgat, voornamelijk voor het nauwkeurig afbeclden van olie en gas
reservoirs in het doelgebied. Data registratie waarin bronnen geplaatst worden aan het aard-
oppervlak en ontvangers in een boorgat wordt ecen Vertikale Seismische Profiel (VSP)
genoemd. De VSP methode heeft het extra voordeel dat het uitstekend inzicht biedt in het
complex elastische golfpropagatie proces in de ondergrond.

In dit proefschrift wordt een nieuwe aanpak gepresenteerd voor het atbeelden en interpre-
teren van seismische data door seismische oppervlakte data naar pseudo VSP data te trans-
formeren voor verschillende boorgat/detector configuraties. Deze transformatie wordt
numeriek uitgevoerd; het resultaat simuleert de seismische registratie in een boorgat.

Hoofdstuk 1 bespreekt de motivatie en het doel van het onderzoek : verbeterd inzicht en
mogelijkheden in processing and interpretatie door data reorganisatie. In de standaard ‘shot
record’ organisatie is het moeilijk om de type golfvelden (opgaand, neergaand; longitudi-
naal, transversaal) te onderscheiden. Echter, in de VSP organisatie, zijn de verschillende
golftypes goed zichtbaar door het grote verschil in ‘moveout’. Dit benadrukt het belang van
data reorganisatie.

Hoofdstuk 2 behandelt de formulering van de propagatie en reflectie van golven in de onder-
grond. Vanuit de akoestische golfvergelijking, worden de zogenaamde twee-weg en één-
weg golfveldextrapolatie operatoren bepaald in het golfgetal domein; deze worden gebruikt
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in het ontwerpen van korte geoptimaliseerde plaats-frequentie operatoren welke geldig zijn
in complexe structurele ondergrond modellen.

In Hoofdstuk 3 wordt het principe van de voorgestelde transformatie (van oppervlakte
metingen naar pseudo VSP data) geformuleerd. Golfveldextrapolatie vormt de basis van de
transformatie. Door gebruik te maken van een macro model, worden golfvelden gerecon-
strueerd op verschillende diepten op posities volgens vooraf beschreven boorgat/detector
configuraties. Het belang van de data transformatie wordt geillustreerd met behulp van gein-
tegreerde seismische displays (ISD); de pseudo VSP toont hiermee de mogelijkheden van
integratic aan tussen ongemigreerde en gemigreerde data en verbetert dus de data interpre-
tatie van structurele afbeeldingen.

Hoofdstuk 4 bespreekt het genereren van pseudo VSP data in relatie met de “Common
Focus Point” (CFP) techniek. In de CFP techniek worden virtuele bronnen en/of detectoren
gesimuleerd in de ondergrond vanuit seismische oppervlakte data met een focusserings
methode om ‘half gemigreerde resultaten’ te analyseren. De CFP benadering geeft een aan-
zet voor een nieuwe display voor VSP data (in één-weg looptijd t), welke extra voordelen
biedt in data processing en interpretatie.

Hoofdstuk 5 bespreekt het gebruik van zogeheten multi-offset, common-well pseudo VSP
data. De constructie van pseudo VSP afbeeldingspunten in diepte en/of één-weg looptijd
wordt geillustreerd. De bijdrage van de individuele shot records tot de afbeeldingspunten
langs een common-well wordt verzameld in een samengestelde afbeeldingsdataset, welke
gebruikt kan worden om het macro model te verifiéren.

In Hoofdstuk 6 wordt gebruik gemaakt van zogeheten multi-well, common-offset pseudo
VSP data. De constructie van twee-weg en één-weg common-offset secties wordt gepresen-
teerd aan de hand van numeriecke data en velddata. De gebruikelijke twee-weg common
(bron-ontvanger) offset secties verwijzen naar ongemigreerde secties. De voorgestelde één-
weg common (bron-well) offset secties verwijzen naar half-gemigreerde secties welke de
belichting van structuren laten zien onder verschillende hoeken, die gedefiniéerd worden
met behulp van pseudo wells. Deze laten duidelijk zien welke shot records bijdragen tot de
afbeeldingen aan specifieke gridpunten in de ondergrond.

Hoofdstuk 7 is gewijd aan het illustreren van de pseudo VSP methode aan de hand van
2-dimensionale velddata en fysisch gemodeleerde data.

Ten slotte worden in Hoofdstuk 8, 3-dimensionale analyses gepresenteerd aan de hand van
enkele 3-dimensionale numerieke en fysisch gemodeleerde datasets.

Algemeen concluderend kan worden gesteld dat de generatie van pseudo boorgat data kan
worden gezien als een gereedschap om van seismische oppervlakte metingen, golfvelden te
genereren langs pseudo boorgaten, om een betere analyse van complexe golfvelden te
maken en om nieuwe data processing en data integratie technieken mogelijk te maken.
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