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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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2=185m

— <

z=235m

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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lateral position x [km] lateral position y [km]
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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.



236 8 3-D case studies

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.




Appendix A

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.
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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
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4|m||w"',.mf

!il" nl:l
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ﬁ;i‘f;;;w\|||m|| -

data matrix
for ok

— %
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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
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reciprocity
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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).
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Figure A4 Matrix data representation of a)surface data, b)VSP data and c)crosswell data.
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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).
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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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Figure B4 Amplitude k, spectra of the acoustic two-way wave field extrapolating suboperators:

a)exact k,-suboperators, b)filtered k,-suboperators and c)WLSQ optimized
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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..
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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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