











































































































30 2. The principle of shot record redatuming

However, the inverse operators as defined by (2.9) are unstable for the
evanescent wavenumber area. A stable solution is obtained by least-
squares inversion according to

-1

+ + *T  + ' + *T
<F (20,2)>=| W (zt,20) W (zt,20) +€l | W (z,20) (2.10a)
and
-1
- - *T - - *T
<F (2z¢,Z0)> = W (zo,2¢) \y (zo,zt)+e! \y (Zo,2t) (2.10b)

where * denotes complex conjugation and T denotes matrix transposition.
The stabilization is ensured by the term eI , where [el<<1. The brackets < >
indicate that an approximation is made.

By neglecting the denominator relations (2.10a) and (2.10b) simplify to

*T
+ +
<F (z,2)> =[\y (Zt,zo)] (2.11a)
and
*T
<F (z,20)> =[V~V (Zo,Zt)] (2.11b)

respectively. This is called the matched filter approach (Berkhout, 1982).
The matched filter approach states that the inverse propagation operators
can be approximated by taking the complex conjugate of the forward
propagation operators. Operators (2.11) represent spatially band-limited
versions of the exact inverse operators and therefore impose restrictions
on the maximum obtainable spatial resolution (Berkhout, 1984). The
matched inverse operators are correct for a homogeneous medium within
the propagating wavenumber area. For the evanescent wavenumber area
the inverse operators are exponentionally decaying.
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For an arbitrarily inhomogeneous medium the least squares inversion
(2.10) can not be reduced to the matched inverse operators (2.11).
Therefore, to obtain simple expressions for the inverse operators in an
arbitrarily inhomogeneous medium a different approach must be
followed. Before I discuss the inverse operators for an arbitrarily
inhomogeneous medium let us first take a closer look at the forward
operators. The forward propagation operators are related to the Green’s
matrices according to

+
ag. (2t,2=20)

+ -—
‘y (zt,zo) =2 1!1 (Zo) (2.128)

0z

and

G (z0,2=20)

W (zo,2) = -2 M @ . (2.12b)

dz

Each column of G +(zt,zo) contains the discretized version of a
monochromatic downward traveling Green's wave field at zi, due to a
monopole source at z,. Similarly, each column of (E_(zo,zt) contains the
discretized version of a monochromatic upward traveling Green's wave
field at z,, due to a monopole source at z;. The z-derivatives transform the
Green’s wave fields from monopole responses to dipole responses.
Matrices M(z,) and M(z¢) are diagonal matrices, the diagonal elements
representing the discretized versions of the densities p(x,y,2,) and p(x,y,zt)
respectively. For the Green’s matrices the following reciprocity principle
is applicable:

T
G " (az0) = [(5 _(zo,zt):l : (2.13)
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This principle holds for an arbitrarily inhomogeneous medium. It can be
shown that stable inverse propagation operators are obtained by
introducing backward propagating! Green’s wave fields in the Kirchhoff-
Helmoltz integral. A derivation of these operators is beyond the scope of
this thesis, but the reader is referred to Peels (1988) or to the excellent
textbook by Wapenaar and Berkhout (1989). The stabilized (spatially band-
limited) inverse propagation operators for an arbitrarily inhomogeneous

medium read

- *
G (zo,z=2)

+ —
<F (zo,zt)> =2 32 M (z)
and
%
oG (zt:z—zo)
<F (z4,25)> = 2 o2 M (zo),

respectively. The combination of (2.12) and (2.14) yields

*

+ _
<F (zo,zt)>=[V~V (Zo,Zt)]

and

%

- +
<E (zt,zO)> = [W (zt9z0)] >

(2.14a)

(2.14b)

(2.15a)

(2.15b)

1 A backward propagating Green’s wave field G* is defined as the complex conjugate of

the forward propagating Green’s wave field G.
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respectively. Note that again the inverse operators are obtained by complex
conjugation of forward operators. Wapenaar and Berkhout show that, for
the propagating wavenumber area, the operators contain amplitude
errors that are proportional to the squared reflectivity of the interfaces
between z, and z;. For the phase behavior these operators are exact.
Hence, the use of these operators involves amplitude errors that are of the
same order as the errors that occur when internal multiple reflections are
ignored. For weak to moderate contrasts between z, and z; this approach
is justified. For strong contrasts operators (2.15a) and (2.15b) can be
modified iteratively. A further discussion is beyond the scope of this
thesis.

Equations (2.12) and (2.15) seem to contradict. However, for a
homogeneous medium the reciprocity principle (2.13) implies that

. _ T
w (Zt,zo)=[V~V (ZO,Zt)] , (2.16)

and upon substitution in (2.15a) and (2.15b) respectively, the matched
inverse operators (2.11a and 2.11b respectively) are obtained.

2.3.2 Shot record redatuming

Equation (2.8) can be split in two parts. The first part is the downward
extrapolation of the detectors,

Qatz0) = F (21,20 Q (20,20) - (2.17a)

After this process the data represent experiments with the virtual
detectors located at the new datum z¢, but with the sources still located at
the surface z,. The second part describes the downward extrapolation of
the sources from the surface to the new datum,

Qzt2) =Q (22 F (202 . 2.17b)

Downward extrapolation of the detectors involves dot products of rows of
F (zt,20) and columns of Q (z0,%0). Since the columns of Q (zo,2,) represent
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shot records, downward extrapolation of detectors can be calculated per
shot record. The second step involves dot products of rows of Q (zt,20) and
columns of F (zo,zt) The rows of Q (zt,20) represent common receiver
gathers and therefore in a stralghtforward application of equation (2.17b)
a reordering into common receiver gathers is required. Especially in 3-D
applications this is not even feasible on large computer systems. The
reordering is avoided in shot record redatuming, which consists of the
following three steps.

If Qj(zo,zo) represents a column vector containing the jth column of
Q(z0,z0) , then

Qzt,z0) = F (24,20) Q;(2o,20) (2.18a)

defines downward extrapolation of the detectors per shot record Q (2o,20),
J=1,2,--n. This first step is essentially the same as in full prestack
redatuming (cf. equation 2.17a). The second step involves correction
(deconvolution) for the incident source wave field. If Hj(zo,zt) represents a
column vector containing the jth row of matrix E‘ +(zo,zt) (see also Figure
2.4), then this deconvolution process can be written as

<Q (Zt,Zt)> = Q;(zt,20) [Hj(zo zt)] , (2.18b)

where T denotes transposition of the column vector into a row vector. Note
that <Q (zt,zt)>j represents a matrix.

A

Y

row j l.....

E*(zo.zt ) H}‘(zo,zt )

Figure 24

Hj(zo,zt) represents a column vector containing the jth row of matrix F+(zo,zt).
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Equations (2.18a) and (2.18b) yield a single shot redatumed result for
shot j. Note that the depth point is illuminated from one direction which
depends on the shot location at the surface. In Figure 2.5a this is
schematically shown for one depth point.

shot j
'®" surface
z
f t
depth point i a
shot 1 shot j shot n
) () surface
z
t
b.
depth point i
Figure 2.5
a. Depth point i is illuminated by shot j from one direction.
b. More shot records are needed to build an omnidirectional source at depth point i.

By superposition of all single shot redatumed results (third step),

n

Qatz) = X, <Q (2>, 2.18¢)
=1

the complete redatumed data set at the new datum is obtained, which is
exactly the same as would have been obtained through full prestack
redatuming. The summation process (2.18¢) is called Common Depth
Point (CDP-)stacking and should not be confused with Common Mid Point
stacking. Here all information that is related to one depth point in the
subsurface is summed, whereas in CMP-stacking the information related
to one midpoint location at the surface is summed.
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In imaging applications, like migration, the redatumed data are obtained
at zero offset only. In that case only the elements on the main diagonal of
the matrices <Q (Zt,zt)>j need to be calculated according to

+
<Qii(zt,zt)>j = Qij(zt,zo) Fji(z():zt) ] (2-19)

where F, 1(z.,,z|;) is element i of row j of matrix F (zo,zt), Q (zt,zo) is
element 1 of vector Q (z¢,20), and i denotes depth pomt i.

CDP-gathers

Consider a depth point located on a reflector (Figure 2.6). Redatuming of
one shot record to the depth point in the subsurface results in one CDP-
trace. If the macro model used in redatuming is correct, then an event
will occur at t=0, gince the upward and downward propagation between
the surface and the depth point have been properly corrected for. Before
CDP-stacking the CDP-traces related to the depth point can be gathered in
a so-called Common Depth Point gather (Figure 2.7). The dimensions of a
CDP-gather are shot number versus time. In each CDP-trace an event

PP 6 surface
reflector 1
CcDP
\
reflector 2

time

-t

one CDP-trace

Figure 28
Redatuming of one shot record to one depth point in the subsurface yields one CDP-trace.
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occurs at t=0, i.e. provided that the macro model is correct. This yields
horizontal alignment in the CDP-gather. Note that the alignment is
irrespective of the dip and curvature of the interface and of the complexity
of the overburden.

shot position ="

) TP ETTTE T T rr TTe T
time CDP—gather {—
=0
figz.3] SAIPES =
stack ‘
e ZO-trace

10— S —{———

so

ot

Figure 2.7

A CDP-gather consists of the CDP-traces at one depth point due to many redatumed shot
records. Summation of the traces (CDP-stacking) yields a true zero offset trace at the
considered depth point.

CDP-gathers have no physical meaning, but nevertheless they play an
important role in estimating the macro model. As will be shown in
Chapter 4 alignment analysis of CDP-gathers is used in the macro model
estimation procedure. One-way of measuring the alignment is by means
of CDP-stacking, i.e. by a simple summation of all traces in a CDP-gather
(Figure 2.7b). In each CDP-trace the virtual detector is already located at
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the depth point. Besides that, there has been corrected for the incident
wave field as well. By the summation process a virtual omnidirectional
source is constructed at the depth point by the contributions from all
sources at the surface. This is visualized by Figure 2.5b. So, by CDP-
stacking a true zero offset trace is obtained (Berkhout, 1984; Kinneging et
al., 1989). If the depth point is located at a macro boundary and if the
macro model is correct, the amplitude in the zero offset trace will be
maximum due to the alignment in the CDP-gather. This is in accordance
with the physical interpretation of the ZO-trace: on top of an interface the
highest amplitude is obtained since no geometrical spreading has yet
occurred. Note also that the two-way traveltime of such a ZO-trace equals
zero.

2.3.3 Recursive versus non-recursive extrapolation

a b.
Figure 2.8

a. Recursive extrapolation.

b. Non-recursive extrapolation.

The redatuming process can be performed by extrapolation from one
depth level to the next, as is shown in Figure 2.8a. This is called recursive
extrapolation. For homogeneous media large extrapolation steps can be
taken. The operators can be calculated analytically which is done very
fast. By taking small extrapolation steps an inhomogeneous medium can
be considered as locally homogeneous within the operator range.
However, with decreasing extrapolation steps the spatial bandwidth of the
operator increases and operator aliasing becomes a serious problem to
cope with. Blacquidre (1989) developed a method to design alias-free
operators which are filtered versions of the analytic operators.
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Recursive extrapolation involves repeated matrix multiplications which is
computationally intensive. Inverse extrapolation operator F (zt,z,) is
calculated using the (recursive) expression

F (z20)=F (z,z0F (2.1,%0) , (2.20)

where F (z,2.1) is the inverse extrapolation operator from zi.1to z;.

All intermediate levels (computional levels) have to be flat in order to be
able to use the Rayleigh integral rather than the Kirchhoff integral.
Furthermore, the depth points should be properly sampled at each
intermediate level to avoid spatial aliasing.

Non-recursive extrapolation transforms the wave field at the surface into
a wave field at the new depth points in the subsurface in one pass (Figure
2.8b). For inhomogeneous media it is not possible to calculate the
extrapolation operators analytically, since now the medium can no longer
be considered homogeneous within the operator range. Therefore, the
inverse operators (backward propagating Green’s functions) need to be
modeled. If accurate amplitudes for the Green’s functions are required,
the modeling can be done by finite difference or finite element modeling,
which are relatively slow algorithms. If the main interest is to obtain
correct traveltimes the efficient raytracing method would be more suitable
(Kinneging, 1989). In non-recursive extrapolation the wave field can be
calculated at any depth point in the subsurface. The depth points do not
have to be related. So, there is no need for the depth point to be located on a
flat datum, nor is it required that the depth points satisfy the anti-aliasing
conditions imposed by recursive redatuming. Of course, the surface data
do have to obey the anti-aliasing conditions. If further processing is
needed the data at the new datum must suffice the demands for further
processing and be alias-free too.

Which would be the best suited type of extrapolation depends on the
objective. In migration a reflectivity image of the subsurface is calculated
at many depth points in the subsurface. So recursive extrapolation is
appropriate in this case. In redatuming the surface data are extrapolated
to one new datum and non-recursive extrapolation is more appropriate.







CHAPTER 3

AN OVERVIEW OF EXISTING
MACRO MODEL ESTIMATION
TECHNIQUES

3.1 INTRODUCTION

In this chapter I will give an overview of a number of existing macro
model estimation techniques. Without claiming completeness this chapter
covers most of the estimation techniques that are in use in current
seismic processing. Two classes of techniques may be distinguished,
depending on the type of data that is used in the estimation procedure:

1. Midpoint-oriented macro model estimation
Conventional velocity analysis techniques use the traveltimes
(versus offset) in surface data for the estimation of velocities.
Generally, these techniques require a reordering of the surface
data into CMP-gathers. I will refer to these methods as midpoint-
oriented, the midpoint being located at the surface.

2. Depth point-oriented macro model estimation
In recent years a new class of estimation procedures has been
developed, that utilize wave field extrapolation techniques. By wave
field extrapolation it is possible to obtain data related to a depth
point in the subsurface (CDP-gathers). I will refer to these
methods as depth point-oriented, the depth point (also referred to
as subsurface grid point) being located in the subsurface.
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This chapter is divided into two sections according to the subdivision made
above. Section 3.2 deals with the conventional midpoint-oriented
techniques and in section 3.3 the depth point-oriented techniques are
discussed.

32 MIDPOINT-ORIENTED MACRO MODEL ESTIMATION

The conventional velocity analysis methods are based on the moveout
observed in CMP-gathers. Before discussing these methods, I will first
describe some basic concepts that need to be used.

3.2.1 Introduction

1. One horizontal interface

- 100
- 200
(ih* - 300
source ;
CMP receiver L 400 P
£
- 500 o
£
r 600
2000 mvs - 700
500 m
2500 nv's reflection r 800
point "Il. %1 900
I 1000
a. b.
Figure 8.1
a. Model containing one plane horizontal interface, which separates two layers
with different velocities.
b. CMP-gather simulated for the model shown in Figure 3.1a.

Consider the model shown in Figure 3.1a. It contains one plane horizontal
interface, which separates two layers that have different velocities. A
CMP-gather simulated for this model is shown in Figure 3.1b. Note that
all CMP-gathers at different midpoint locations will be exactly the same
as the one shown (apart from different noise realizations), because the
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medium is laterally invariant. Each CMP-trace contains an event due to
reflection of the incident source wave field. It follows from simple
geometric considerations (Pythagorean theorem) that the two-way
traveltime at offset 2h, is related to the velocity of the first layer according
to

2
(2h)

2
T Hh=T (o) + (3.1a)

2 °
C

where c is the interval velocity in the first layer, where the symbol h is
used for half the source-receiver distance and where T(h) represents the
two-way traveltime of the reflection event at offset 2h. In addition,

2
T(o) = :z , (3.1b)

with z being the reflector depth, is called the zero offset (ZO-)traveltime.
Note that for this simple subsurface model relations (3.1) are exact. All
data in the CMP-gather are related to a single reflection point that is
located vertically below the midpoint. The traveltime versus offset relation
as defined by (3.1) represents a hyperbola, its asymptote being determined
by the velocity in the first layer: T(h) = 2h/c for h — .

Normal moveout correction and stacking

The deviation between the ZO-traveltime and the offset traveltimes is
called normal moveout (NMO). After correction for this moveout the
reflections in the offset traces are horizontally aligned at the zero offset
traveltime T(o). The NMO correction is given by the difference between
T(h) and T(o):

Tnmo (h)= T(h) — T(o)

2h
="T(o) 1+ ¢T(0) -1 . 3.2)
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After NMO correction the (moveout corrected) CMP-traces are generally
stacked. The stacked trace simulates the zero offset trace with enhanced
signal-to-noise ratio.

The NMO correction depends on the zero offset traveltime T(o) and on the
velocity c. In practice, both T(0o) and ¢ are unknown. Therefore the NMO
correction is made time dependent by replacing traveltime T(o) by variable
t(0). In addition, the NMO correction is applied for a range of velocities v:

2h
Tnmo(h,v,t(0)) = t (0) 1+ (v't’(;‘))z -1( , 3.3)

yielding a 3-D data volume as a function of h, v and t(o0).

When the correct velocity is used in the NMO correction, the hyperbola is
completely flattened (Figure 3.2a). When too high a velocity is used, the
hyperbola is not completely flattened resulting in undercorrection of the
traveltimes (Figure 3.2b). Overcorrection occurs if too low a velocity is used
in the NMO correction (Figure 3.2¢c). Since Tpmo is a function of t(0), a time
dependent stretch of the wavelet occurs, as can be observed in the moveout
corrected CMP-gathers.

Semblance, stacking velocity

By inspection or by measuring the alignment, the correct velocity can be
obtained for a given t(0). The best known coherence measure used in this
respect is the semblance coefficient (Taner and Koehler, 1969), which is
defined as

k+N M 9
DI Pij)
L i=k-N i=1
S (k) =_1\E k+N M 9 » (3.4)
Z )y (pij)
j:k-N i=1

where pjj is the jth sample of the ith trace in the moveout corrected CMP-
gather and M represents the number of traces.
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Figure 3.2

a. CMP-gather which is NMO corrected with the correct velocity (v = 2000 m/s).
b. CMP-gather which is NMO corrected with too high a velocity (v = 2200 m/s).
c. CMP-gather which is NMO corrected with too low a velocity (v = 1800 m/s).

The semblance coefficient is evaluated for a time window of length 2NAt
centered at traveltime t(o)=kAt, where At is the time sampling interval. It
represents the energy of the stacked trace in a window, normalized by the
total energy in the individual traces. The denominator can be related to
the correlation sum; for a derivation of this relation the reader is referred
to Yilmaz (1987).

For each velocity one semblance trace can be produced as a function of
time t(0). A semblance panel is obtained as a function of v (horizontal axis)
and t(o) (vertical axis) by gathering all semblance traces. Figure 3.3 shows
the semblance panel, for the example of Figure 3.1, after contouring.
When the correct velocity/time pair is used, the lateral coherence is
optimum and the semblance will have a high value. By picking the ‘focus’
from the semblance panel the parameter combination of velocity and time
that best aligns the event in the CMP-gather is extracted. These
parameters are called stacking time (Tst) and stacking velocity (V st)’
respectively. Note that in this simple situation the stacking velocity equals
the interval velocity of the first layer (V s t=c) and the stacking time equals
the zero offset time (Ts t=T(o)).
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Figure 3.3
CMP-oriented velocity spectrum (semblance panel) from the model of Figure 3.1a. The
length of the moving time window was 40 ms.

Residual normal moveout correction

Suppose an initial moveout correction has been applied with a slightly
erroneous stacking velocity Vs g *C Then the NMO corrected CMP data
still exhibits some residual moveout, which (for small errors) may be
approximated by a first order Taylor series expansion according to

Tth ( A ) &2 1 1.
ATnmo= ( )-'1‘nmo h’Vst’T(°) =T(0)+T(0) 2 _62 . 3.5)

st
Note that the remaining moveout is approximated by a parabolic relation.
The removal of this residual moveout is called residual NMO correction.
2. One dipping interface

For one plane dipping interface (Figure 3.4a) the moveout curve can be
described by
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2
(2h)

2 2
T (h)=T (o) + (3.6a)

(c/cos B)

where B is the angle between the zero offset ray emerging at the surface
and the normal to the surface. Note that, for this simple situation, the
angle P is equal to the dip angle a of the reflector. Figure (3.4a) shows that
the reflections in the CMP-gather occur at different reflection points; this
is called reflection point smear. As can be seen from equation (3.6a) and
from Figure 3.4b, the traveltime curve is still hyperbolic. For this situation
the (dip dependent) stacking velocity amounts to

Vst = c¢/cos ﬁ . (3.6b)

2h

e |
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R
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Figure 34
a. Model containing one plane dipping interface, which separates two layers
with different velocities.
b. CMP-gather simulated for the model shown in Figure 3.4a.

Equation 3.6 can be obtained by replacing h in (3.1a) by hcosp. The validity
of this substitution can be proven by inspection of Figure 3.5.
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Figure 3.5
CMP configuration for a dipping acquisition level (angle B) and for a horizontal
aquisition level.

Suppose the CMP data would be measured at a dipping acquisition level
perpendicular to the zero offset ray. Then the traveltime of the reflection
event measured by a detector at B' due to a source at A' is described by (cf.
equation (3.1a))

2
9 (2h")
T ®)=T (o) + 9 @7
c

where 2h' is the distance from A’ to B'. Let A be the projection of A’ on the
horizontal acquisition surface. Similarly, let B be the projection of B'.
Then it can be derived from Figure (3.5) that

AM=MB=h"/cospZ£h . (3.8)

where 2h is the distance from A to B. A and B define the source position
and receiver position, respectively, of the actual CMP-trace. The
traveltime of the reflection event measured by the receiver at B due to the
source at A may be obtained by shifting the triangle AR'B' along the
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h'-axis towards CRD such that A lies on the line through R and C, and B
lies on the line through R and D. Then,

CR+RD=AR +RB' , 3.9
or in terms of traveltimes:
Tcr + Trp = TAR + TrR'B' (3.10)

where the subscripts denote the path along which the traveltime is
measured. Since Toc = TBp relation (8.10) may be rewritten as:

T(h) £ Taog + TrB = Tar + TRB 2 T(h') , (8.11)

Because of (3.8) and (3.11) equation (3.7) may be replaced by

2
(2h cos B)

2
T h)=T (o) + __"2— , (3.12)

C

vielding equation (3.6a). Hence, the velocity parameter that describes the
moveout in a CMP-gather depends on the angle of the normal ray with
respect to the acquisition surface.

Note that the reflection recorded by B is related to the reflection point R,
which is shifted with respect to R' (reflection point smear). Again from
the figure we may derive

A'C MA’ 13

A'A"MR' (3.13)
Furthermore,

A'C =RR

A'A =hsin

MA' =hcos B

MR' =cT(0)/2 . , (3.14)

Upon substitution of relations (3.14) into (3.13) we obtain



50 3. Overview

RR' hcos B
hsin B " c¢T(o)/2 (3.15)
Hence, the reflection point smear amounts to
2h2sin Bcos B h2sin 2
RR' = = ; (3.16)

cT(o) ~ cT(o)
3. Arbitrarily layered system

For an arbitrarily layered system (Figure 3.6), the traveltime function in
the CMP-data may be written as an infinite MacLaurin series
(Durbaum,1954):

oo

2 X
Ty(h) = EAN’R(zh) , (3.17)
k=0

where 2h is the source-receiver distance (offset) and Ty(h) is the
traveltime of a seismic pulse reflected by the Nth interface in the system.
The coefficients ANk are related to layer thicknesses, interval velocities
and reflector shapes. By interchanging sources and receivers in a CMP-
gather the observed traveltimes remain the same. Consequently, the
traveltime function is symmetric around the midpoint location.

Sn
Figure 3.8
Arbitrarily layered system containing curved interfaces.
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Hence, it should be an even function of the offset parameter h. Therefore,
for CMP configurations the coefficients AN,k are zero for odd values of k.
In general, the moveout curve no longer represents a hyperbola, because
of the higher order terms present in equation (3.17).

NMO velocity

For one horizontal reflector only the coefficients Aj o and Aj 2 are non-zero
and relation (3.17) reduces to relation (3.1). For a horizontally layered
system Dix (1955) approximated the MacLaurin series by a hyperbolic
relation (neglecting terms of O(h4) and higher):

4h2

Tay(h) = Tag(o) + - (3.18)

nmo,N

where Vnmo,N is called the NMO velocity for reflector N and TN(o) is the
zero offset two-way traveltime to this reflector. Equation (3.18) is a small
offset approximation. It states that, for small offsets, the Nth traveltime

curve in a CMP-gather may be approximated by a hyperbola, its moveout

being defined by Vamo,N-

The NMO velocity between the surface and the Nth reflector is related to
the interval velocities of all overlying layers by (Dix, 1955):

2 S 2 al
VamoN = 2 AT/ 2 AT, , (3.19)
n=1 n=1

where cp, is the interval velocity in layer n, and

Zn—Zn,
AT, = 2—-~—cn (3.20)
is the two-way vertical traveltime in layer n; z,_, and z, are the upper and
lower boundary of layer n, respectively.

The NMO velocity, which determines the second coefficient of the
MacLaurin series, does not always account best for the observed moveout,
i.e. in the general case of an arbitrarily layered medium the NMO velocity
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and the stacking velocity, which is related to the best-fit hyperbola, are not
exactly equal. The equality only holds when the movesut is hyperbolic.
Note that the right-hand side of (3.19) defines an rms velocity (V rms, N)
Hence, for horizontally layered systems, the NMO velocity equals the rms

velocity.
Wavefront curvature

It is interesting to see that the NMO velocity observed in CMP data is
related to the radius of curvature of a (hypothetical) spherical wavefront
originating from the normal incidence reflection point and emerging at
the surface. Suppose the acquisition surface is perpendicular to the
normal incidence ray (Figure 3.7a).

The NMO velocity (denoted by V| nmo, N) observed in a CMP-gather
recorded perpendicular to the normal ray may be expressed in terms of
the wavefront curvature by (Hubral,1976)

Ry = , (3.21)

where RN is the radius of the curvature of the wave at the midpoint
location, c; is the velocity in the top layer, TN(o)/2 denotes the one-way zero
offset traveltime to reflector N and V| nmo N represents the NMO velocity
of the Nth reflection. Note that the recorded traveltimes of a spherical wave
are defined by a hyperbola.

In general the acquisition level is not perpendicular to the normal ray
(Figure 3.7b). Similar to the situation of a single plane dipping layer, the
NMO velocity observed in a CMP-gather recorded along the horizontal
surface differs from the NMO velocity mentioned above by a factor cosp,,

v nmo,N

v , 3.22)

nmo,N = cosB,
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where Pois the angle at which the normal ray approaches the surface.
The wavefront curvature, however, does not change by tilting the
acquisition level. Therefore, relation (3.21) becomes

2

cos2BoV (TN(o)IZ)

nmo,N

RN = , (3.23)

where Vnmo N is the NMO velocity observed in the actual CMP-gather
recorded along the surface.

For a single plane dipping reflector relation (3.21) reduces to
R1 =c¢1T1(0)2 . (3.24)

For a two-dimensional model consisting of plane dipping layers the
wavefront curvature is related to the medium parameters by (Shah, 1973):

wavefront

Sn

a. b.

Figure 3.7
The NMO velocity is related to the curvature of the wavefront emerging at the midpoint
due to a source located at the normal incidence reflection point .

a. When the acquisition level is perpendicular to the normal ray, the wavefront
curvature is defined by (3.21).
b. When the acquisition level is not perpendicular to the normal ray, the wavefront

curvature is defined by (3.23).
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N
1 T o
RN,= . Yy © AT /2, (3.25)

where T is defined by

n-1 cos2[3k

v,= Il — ,witnp 28
k=0 cos2B, °

Bx denotes the incidence angle of the zero offset ray on interface k, B'
denotes the transmission angle at interface k and AT /2 denote the one-
way traveltime of the zero offset ray in layer n. So, by comblmng equations
(3.23) and (3.25), the observed quantities V nmo, N and TN(o) can be related
to the medium parameters, yielding

2

Vnmo,N = cos2B, E Tn anTn / EAT : (3.26)

Special cases:

If the model is horizontally layered angles By and Bl'( are zero for all
values of k, and (3.26) reduces to the expression obtained by Dix (cf.
equation (3.19)).

———— N

-————=

Figure 3.8

Subsurface consisting of a plan parallel system of dipping layers.
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For a subsurface consisting' of a plan parallel system of dipping layers
(Figure 3.8) angles Bk and ﬁk are equal. Hence, Y =1 and equation (3.26)
becomes

2
Vnmo‘,N cos2B°

ZeAT /ZAT ,

which is the dip-corrected version of equation (3.19).
Velocity analysis in the t,p-domain

An appealing approach to velocity analysis on CMP-data is based on t,p
mapping, among others described by Diebold and Stoffa (1981). In this
method CMP-data in the traveltime/offset (t,h)-domain are mapped into
the intercept-time/ray-parameter (1,p)-domain where the velocity analysis
is performed. For horizontally layered media, the approximate hyperbolas
in (t,h) coordinates are transformed into exact ellipses in (1,p)
coordinates. A discussion of (1,p) velocity analysis is beyond the scope of
this thesis.

Dip moveout

As can be seen from equation (3.6), stacking velocities depend on reflector
dips. This implies that the NMO correction applied in the stacking process
is dip selective. Furthermore, reflection point smear occurs for dipping
reflectors. As a consequence, in conventional CMP stacking, reflection
events related to different reflection points, are stacked. To overcome these
problems, it is preferred to remove the dip dependency from the CMP data
before velocity analysis and stacking.

Consider the simple subsurface shown in Figure 3.9a. The corresponding
CMP-gather contains two moveout curves. The traveltimes in both
moveout curves are equal at the indicated offset.

NMO correction for the horizontal reflector would correct the offset
traveltime from T(h) to To(o) according to
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2
(2h)

TZ(o) =T () -—"", (3.27a)

2
c

and the resulting trace is positioned correctly at the surface point M.
Equation (3.27a) represents the zero-dip NMO correction, which is
indicated by the subscript “o0” in To(o).

2h

D ——
o] T(h)
T (©OF~~2>
ﬁ ~—
R
\\
\

a. b.

Figure 3.9

a. Simple subsurface geometry containing a horizontal and a dipping reflector.
Note that an offset-dependent reflection point smear occurs for the dipping
reflector.

b. The traveltimes in both moveout curves are equal at the indicated offset.

Zero-dip NMO corrects the offset traveltime T(h) to the zero offset traveltime
’I‘o(o) and positions the result at the surface point M, which is incorrect for a
dipping reflector.

DMO correction has two effects:

Firstly, it removes the residual moveout related to the reflector dip. This involves
a traveltime correction from To(o) to TR(0). Secondly, the resulting trace is
mapped to the correct zero offset position. This involves an additional traveltime
correction from Tg(o) to ’%(o).

NMO correction for the dipping reflector would correct the offset
traveltime from T(h) to Tp(o) according to

2
(2h)

2 -
Tg©@ =T (h) - 2 (3.27)

(c/cosP)
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and in CMP processing the resulting trace is erroneously positioned at M.
Equation (3.27b) represents the NMO correction related to the dipping
reflector, which is indicated by the subscript “B” in T,(0). Since the offset
traveltime is related to reflection point R the moveout corrected trace
should be positioned at M', where
2h2 sin B
MM' = RR/cosp=" """ (3.28a)

cTB(o)

and where RR' is the reflection point smear (cf. equation (3.16)). This also
means that an additional traveltime correction is needed according to

RR'tgB 4h2sin2 B

T[';(o) = TB(O) - _c__ = Tﬁ(o) - (3.28h)

c2 TB(O)

TI'S(o) represents the zero offset traveltime to the reflection point R.

Equation (3.27b) can be split into a dip-independent and a dip-dependent
part according to

2 2
(2h) (2h)

2 2

= _ — ain2

TB(O)—T (h) 2 +7, sin B, (3.29a)
c c

which is equivalent to

2
(2h)
T§(O) = TO(O) +

2 sin2p . (3.29b)

c

The first part of the moveout (second term in the right-hand side of (3.29a))
is associated with the zero-dip NMO, while the second part is the moveout
related to the reflector dip (third term in (3.29a)). This term is known in
the literature as the DMO-term (Dip MoveOut), which is somewhat
misleading; DMO not only corrects for the residual moveout, as is
suggested by equation (3.29b), but DMO also maps the resulting trace to its
correct surface position.
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Summarizing,

1. Zero-dip NMO correction removes the moveout for zero-dip. This
involves a traveltime correction from T(h) to To(o). The result is
positioned at the midpoint location M.

2. DMO corrects for two effects:

Firstly, it removes the residual moveout related to the reflector dip.
This involves a traveltime correction from To(o) to T (0). Secondly,
the resulting trace is mapped to the correct zero offset position. For
the source-receiver pair shown in Figure 3.9a the trace is mapped
from M to M'. This involves an additional traveltime correction
from TB(O) to Té(o). The procedure removes the reflection point
smear and introduces a desired midpoint smear. Hence, by
applying DMO the data in one CMP-gather are redistributed into
neighboring CMP-gathers.

Before applying DMO, the data need to be NMO corrected with the zero-dip
NMO velocities. These velocities are not known, since dip dependencies
are still present. Hence, the procedure is as follows:

1. Apply an NMO correction (for all offsets), using initial zero-dip
stacking velocities, according to (3.27a).

2. Apply a multi-dip DMO correction for all offsets, according to
(3.29b) and (3.28b).

3. Apply an inverse NMO correction with the velocities used in step 1,
according to (3.27a).

4, Perform velocity analysis on the dip corrected data.

If the velocities used in the first step differ from the zero-dip NMO
velocities, steps 1 to 4 may be applied iteratively as to improve the initial
NMO velocities (Deregowski, 1986).

The DMO process may be considered as a preprocessing step prior to
(zero-dip) velocity analysis. It is based on the assumption that the medium
velocity is constant. A macro model driven approach to DMO is common
reflection point (CRP) stacking (Van der Schoot, 1989). The CRP method
however requires a macro model. Therefore it is not well suited for velocity
analysis.
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8.2.2 Velocity estimation in horizontally layered media (Dix’s method)

For a horizontally layered medium, the traveltime relation for the Nth
reflector is defined by equations (3.18) and (3.19). Dix (1955) inverted
equation (3.19) to arrive at a recursive expression for the interval

velocities:
2 2
Vnmo,NTN(O) - Vnmo,N-lTN-l(o)
2
CN = . (328)
ATN

Hence, when the NMO velocities for interface N and N-1 (Vnmo,N and
Vnmo N-1 respectively) and the corresponding ZO-traveltimes (TN(o0) and
TN_1(03 respectively) are known, then the interval velocity in layer N can be
obtained from Dix’s inversion formula. The interface depth of reflector N

(zN) is then obtained from
1
ZIN= ZN-1+ 5 CNATN , 3.29)

where zN.1 is the depth of reflector N-1.

Dix related the medium parameters to the measurable seismic
parameters by assuming

nmo,n = Vst,n (3.30)

for n =1,...,N.

Upon substitution of V ¢ into equation (3.28) the medium parameters can
be obtained. As mentioned before, this method is only valid in a small
offset approximation and assumes that the medium is horizontally
layered. With these restrictions the traveltime curves may be
approximated by hyperbolas, implicitly assuming that the NMO velocities
in (3.28) may be replaced by the corresponding stacking velocities.
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3.2.3 Velocity estimation with dipping plane interfaces

Shah (1973) and Hubral (1976) extended Dix’s method to media containing
dipping plane interfaces. For dipping interfaces (3.19) is no longer valid
and should be replaced by equation (3.26). In order to be able to estimate
the interval velocities from (3.26), not only zero offset traveltimes and
stacking velocities must be known. The dips of the interfaces are required
also. The reflector dips may be calculated from the time slopes in the
stacked section (simulated zero offset section). Hyperbolic moveout is still
assumed in their method, which implicitly assumes the equality of Vn

mo
and V _,.
st

3.2.4 Poststack traveltime inversion

In the procedures described above analytic expressions for the moveout
curves are used that are based on the hyperbolic moveout assumption.
Postack traveltime inversion as described by van der Made (1988) is not
restricted to this assumption, i.e. it does not require the equality of vnmo
and Vst to relate the medium parameters to observed quantities. As
opposed to analytically calculating hyperbolic moveout curves, in this
method CMP-data are simulated by raytracing through an initial macro
model. The simulation is done with the true acquisition geometry. From
the simulated data zero offset traveltimes and stacking velocities are
derived, which are compared to the (T, Vst) values obtained from the
measured data. The data mismatch between the computed (Tgt,Vse) values
and the observed (Tst,Vst) values is used to perturb the input model. Next,
the procedure is repeated with the perturbed model until the data
mismatch is below a predefined threshold.

An advantage of this method is that the initial model can be more
realistic. Furthermore, the measured data and the simulated data are
treated by the same fitting process.

3.2.5 Moveout correction with nonhyperbolic traveltime curves

In the poststack traveltime inversion stacking velocities are calculated by
hyperbolic moveout corrections. Hadley et al. (1988) describe a method that
does not assume hyperbolic moveout. As opposed to the hyperbolic
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moveout correction, in this method the moveout curves are computed
directly by raytracing through a model. The moveout curves are generally
nonhyperbolic. By applying a nonhyperbolic moveout correction according
to the simulated moveout curves and assessing which curve best fits the
observed moveout, the correct interval velocity may be determined. Using
the estimated interval velocity the time horizon under consideration may
be depth converted. The procedure is repeated for all macro boundaries,
i.e. the method is a top-down approach. The main assumption made in
this method is that the estimated interface is locally flat within the length
of the reflection point smear. A similar method is proposed by Landa et al.
(1988). Gjgystdal and Ursin (1981) and van der Made (1986) also describe a
prestack traveltime inversion algorithm. This method does not work
directly on the seismic traces (as do the methods of Landa et al. and
Hadley et al.), but on picked prestack traveltimes. The picking process can
be guided by hyperbolic trajectories derived from stacking information
(Geerlings, 1990).

3.2.6 Velocity determination by means of wave field extrapolation of CMP
data

Finally, Wapenaar and Berkhout (1985) use a different approach to
overcome the problems that are inherent to the hyperbolic assumption.
Their technique is based on layer replacement. Velocities in successive
layers are replaced by one constant velocity through wave field
extrapolation of CMP-gathers. In this way the medium is transformed
into a constant velocity system for which the hyperbolic relation holds.
This method can be applied in media with arbitrarily curved interfaces.
Wave field extrapolation appears to be a powerful method to remove
distorting propagation effects from seismic data.

3.3 DEPTH POINT-ORIENTED MACRO MODEL ESTIMATION

Conventional processing techniques based on CMP-stacking and poststack
migration break down in situations with complex subsurfaces. This gave
rise to the development of depth-oriented techniques such as prestack
depth migration and prestack redatuming, which do not have the
shortcomings found in poststack methods. Because of the progress in
computer technology the use of prestack techniques is feasible now.



62 3. Overview

However, these techniques are very sensitive to the accuracy of the macro
model. Therefore, the philosophy is to use this sensitivity for the
estimation of macro models. This concept is nowadays well appreciated
and different algorithms have been developed that employ the underlying
idea. All of these estimation techniques use depth extrapolation of the
prestack surface data to depth points in the subsurface, hence the name
depth point-oriented techniques. In this section I will discuss these new
methods and put them into perspective with each other.

3.3.1 Coherency analysis of CDP-gathers

As was already discussed in Chapter 2 it is possible to generate
CDP-gathers by shot record redatuming. In the following I will discuss
how CDP-gathers can be used to detect errors in the macro velocity model.
Consider the model shown in Figure 3.10. For this simple subsurface shot
records were computed.

W= o——— ¥ - 200
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a. b
Figure 3.10 '
a. Model containing one plane dipping interface, which separates two layers
with different velocities.
b. Shot record simulated for the model shown in Figure 3.10a.

By shot record redatuming to the indicated depth point D (located at the
dipping interface) a CDP-gather may be constructed (Figure 3.11a). Using
the correct velocity in the redatuming yields an event in the CDP-gather
that is horizontally aligned at t = 0. Consequently, the ZO-trace obtained by
CDP-stacking shows a high amplitude event at t=0. This is in accordance

time in ms
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with the physical interpretation of the ZO-trace: zero offset aquisition on
top of an interface yields the highest amplitude since no geometrical
spreading is involved. Note also that the two-way traveltime of such a ZO-

trace equals zero. Hence, after shot record redatuming and CDP-stacking,
focusing of the reflection energy occurs at the reflection point and at t=0, if

the correct macro model is used.
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Figure 3.11a,b
a. CDP-gather at depth point D located at the interface. The extrapolation was done

with the correct velocity. Alignment occurs at t=0 yielding a high amplitude event

after CDP-stacking.

b. CDP-gather at depth point D located at the interface. The extrapolation was done
with too high a velocity. No proper alignment occurs. Hence, after CDP-stacking

the amplitude has degraded.

When the redatuming is performed with an incorrect velocity the CDP-
gather at D exhibits a residual moveout and the CDP-stacked trace shows
an event that does not occur at t=0 (Figure 3.11b). Moreover, the amplitude
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has degraded. There exists, however, one depth point D', vertically shifted
with respect to D, where the CDP-gather is (partly) aligned. At this depth
point (cf. Figure 3.10) the velocity error is partly compensated by a depth
error introduced at this depth point (Figure 3.11c). The amplitude of the
CDP-stacked trace is partly restored, but the event is still located at a time
deviating from t=0. The time for which the alignment is optimum is called
the focus time tf. And the depth at which focusing (i.e. alignment) occurs
will be called the focus depth zf. The CDP-gather at D" (Figure 3.11d)
results in a ZO-trace that contains an event at t=0. Hence, by imaging at
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Figure 8.11c,d
c. CDP-gather at depth point D'. The velocity error is compensated by a depth error,

yielding alignment (but not at t=0). Alignment occurs at t#0 yielding a high
amplitude event after CDP-stacking at t = 200 ms.

d. CDP-gather at depth point D". Imaging at t=0 will position the reflector at D". The
amplitude in the migration result will not be optimum due to the imperfect
alignment.




3. Overview 65

t=0 the reflector will be positioned at depth D". Besides that, the amplitude
in the migration result will not be optimum due to the imperfect
alignment in the CDP-gather.

In the next chapter it will be shown how these two parameters (zf and tf)
can be used to update the macro model. The problem is to find the depth
point at which focusing occurs. Therefore a number of depth points have
to be scanned. This is done by redatuming to a range of depth points
located on a vertical line as indicated in Figure 3.12. Next, the CDP-
stacked traces (ZO-traces) are gathered and displayed in a VSP-like
picture, the horizontal axis denoting time-axis and the vertical axis
denoting the depth-axis. By contouring the envelopes of these traces the
focusing of energy can be elegantly shown. As mentioned before each
trace in the focus panel is obtained by stacking the traces of the
corresponding CDP-gather. However, any other coherency measure, for
instance semblance, may equally well be applied.

If the correct macro model is used in the wave field extrapolation process
focusing occurs along the t=0-axis. An incorrect macro model yields a
focus panel with focusing occurring off the zero-time axis. By picking
each focus, (tf, zf)-pairs are obtained that can be used in updating the
macro model.

8.3.2 Continuous depth focusing analysis

Faye and Jeannot (1986) presented a depth focusing analysis method based
on analysing focus panels. Their technique is the depth-domain
description of an earlier publication by Yilmaz and Chambers (1984),
which describes focusing in the time-domain. Faye and Jeannot use full
prestack migration (S-G migration, Denelle et al., 1985) and analyse the
recursively extrapolated data prior to imaging. At each lateral position a
focus panel is obtained. In fact a 3-D focus block (x,z,t)-volume can be
constructed (Figure 3.13) that contains focus panels, one for each lateral
position x. Note that the cross-section at t=0 (imaging) contains the
prestack migration result. The 3-D focus block allows for a continuous
velocity analysis at each lateral position. However, since the macro
interval velocity in a macro layer is only smoothly varying, it is sufficient
to inspect only a sparse set of focus panels. This is in analogy with
conventional velocity analysis, where a sparse set of CMP-gathers is
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Figure 3.12
a. Redatuming to depth points along the vertical coordinate yields (after CDP-
stacking) a panel of zero offset traces that can be displayed in a VSP-like
presentation as a function of two-way traveltime (horizontal axis) and depth
(vertical axis).
b. Contouring the (envelope of the) data of figure ‘a’ elegantly visualizes the

focusing of energy that occurs due to alignment of events in the corresponding

CDP-gathers.
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Figure 3.13

A 3-D focus volume. The cross section at t=0 contains the prestack migration result.

analysed. Therefore it is preferred to use a non-recursive extrapolation
scheme that allows for extrapolation to depth points that are sparsely
sampled in the lateral direction as was already discussed in the previous
chapter.

Instead of using a recursive S-G migration scheme Cox et al. (1988)
propose a non-recursive shot record redatuming scheme. There are
significant advantages of separate extrapolation of shot records. Firstly, it
does not require the reordering of the data into common receiver gathers,
which is of practical importance in 3-D macro model estimation.
Secondly, in the shot record approach it is possible to analyse the
extrapolated data prior to CDP-stacking. Furthermore, other measures of
horizontal alignment may be used instead of CDP-stacking. Note that in
S-G schemes it is not possible to obtain CDP-gathers, since CDP-stacking
is done implicitly.

3.3.3 Iterative shot record migration

Apart from the analysis of focus panels and CDP-gathers, image gathers
(also called postmigration Common Receiver gather) can be used, as
proposed by Berkhout (1984), Al-Yahya (1989) and Van Trier (1988). In this
method depth extrapolation is performed by shot record migration. After
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imaging, the data are reordered into image gathers. An image gather can
be obtained from the migrated shot records by collecting the depth traces
that are related to one lateral position (Figure 3.14). After migration with
the correct macro model, each image in an image gather should be
horizontally aligned regardless of the structure in the subsurface (Figure
3.15). It will be shown in section 4.2.3 that the curvature observed in image
gathers can be used as an analysis tool to update the macro model.
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Figure 3.14
An image gather can be extracted from migrated shot records by collecting the depth
traces that are related to one lateral position.
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Figure 3.15
Each image in an image gather is horizontally aligned regardless of the structure in the
subsurface if the correct macro model is used.
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Figure 3.16

Flow diagram of shot record extrapolation. By using shot record extrapolation techniques
it is possible to construct CDP-gaters, image gathers and focus panels.

In conclusion, in this section I described three closely related macro
model estimation methods. All techniques are depth point-oriented, i.e.
the data used in the estimation procedure are related to subsurface depth
points. Figure 3.16 shows the flow diagram of a shot record extrapolation
procedure. The actual implementation should not necessarily be
according to this scheme; it is merely to illustrate the different data
volumes that can be obtained.






CHAPTER 4

ESTIMATION OF
MACRO VELOCITY MODELS BY
WAVE FIELD EXTRAPOLATION

4.1 INTRODUCTION

In this chapter I present the DELPHI method on macro velocity model
estimation. As mentioned before, the macro subsurface model defines the
traveltimes of the macro boundary reflections. In the following, it is
assumed that the surface-related processing steps such as decomposition
and multiple elimination have already been applied to the surface
measurements, as can been seen in the overall processing scheme
(Figure 1.3b). The data after surface-related preprocessing are used to
separately estimate the P-wave macro velocity model and, if applicable, -
the S-wave macro velocity model.

As stated before, it is not necessary to do a laterally continuous velocity
analysis since within a macro layer the velocity does not change rapidly.
The macro boundaries, however, can have sudden changes (e.g. faults).
Therefore our approach is to split the estimation of the macro velocity
model into two modules:

1. Estimation of the macro interval velocities
This is the most expensive part of the procedure. It involves
extrapolation of shot records to grid points (x4,yq,2), followed by
some coherency analysis. Because the velocity information is
contained in the moveout of the data with offset, prestack data with
sufficient offset is needed to determine the velocities.
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2. Estimation of the macro boundaries
Once the macro interval velocities are known the macro
boundaries can be estimated straightforwardly from the
traveltimes. At the stage of macro velocity model estimation we are
not interested in obtaining true amplitudes but merely in
delineating the structure of the macro boundaries. This means
that a fast time to depth conversion algorithm can be chosen.

These two estimation modules together define the total macro velocity
model estimation procedure. Depending on the objective they can be used
in a borehole oriented estimation scheme or in a reservoir oriented
scheme. In the first scheme the velocity analysis is done for one lateral
position (vertical datum line) at the location of a (potential) well
(Figure 4.1a). In the second scheme the velocity analysis is done for a
number of lateral positions because of the lateral extent of the problem
(Figure 4.1b). In general, the velocity analysis locations can be sparsely
sampled in the lateral direction of one macro layer (just as with
conventional velocity analysis).

potential well location

surface @

|

vertical datum line a. vertical datum lines b.
Figure 4.1
a. A borehole oriented estimation scheme involves velocity analysis at a potential
well location (‘vertical datum line'").
b. In a reservoir oriented estimation scheme velocity analysis is done for a number

of vertical datum lines, followed by interpolation.
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Figure 4.2 .
a. Borehole oriented estimation scheme in a layer-stripping implementation.
b. Borehole oriented estimation scheme in a multi layer (cascaded)
implementation.

The total procedure is preferably implemented in a layer-stripping mode
(Figures 4.2a and 4.3a). However, this may not be the most economical
implementation as was also recognized by MacBain (1989). In case of
simple subsurface geometries the total number of iterations can be
reduced by applying a cascaded velocity estimation (Figures 4.2b and 4.3b).
Here, per iteration, the interval velocities are estimated for a number of
macro layers and although the estimation for a given layer is less
accurate if shallower layers still contain errors, the overall number of
iterations is reduced. Note that the macro velocity estimation is followed by
macro boundary estimation. In the following the two estimation modules
will be discussed in more detail.
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Figure 43
a. Reservoir oriented estimation scheme in a layer-stripping implementation.
b. Reservoir oriented estimation scheme in a multi layer (cascaded)

implementation.

4.2 ESTIMATION OF MACRO INTERVAL VELOCITIES

The estimation of the macro velocities involves extrapolation of the
prestack surface data to predefined vertical datum lines. At each vertical
datum line a coherency analysis is performed. The extrapolation is done
with a non-recursive shot record redatuming scheme as developed by
Kinneging (1989). This scheme is chosen for two reasons:

1. The redatuming procedure is non-recursive
Hence, operators are calculated that describe propagation from the
surface to the depth points of the.vertical datum line only. The
operator calculation is done by raytracing through the macro
velocity model that has to be updated. Raytracing contributes to the
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efficiency of the algorithm. Moreover, for velocity estimation,
amplitudes are of minor importance.

2. The shot records are redatumed separately
Unlike S-G schemes this enables us to analyse the redatumed data
before stacking over all shots. So with a shot record oriented
scheme CDP-gathers can be analysed using CMP-like coherency
techniques.

4.2.1 Traveltime equation for CDP-gathers in horizontally layered media

To update the macro velocity model, we need a way of relating the
traveltimes, observed in CDP-gathers that are obtained by wave field
extrapolation, to the medium parameters. We should therefore study what
happens if the extrapolation is done with an erroneous macro velocity
model. In this section I derive the traveltime equation for CDP-gathers in
horizontally layered media. In the next section this equation is used to
derive update equations for the macro velocity model. Consider the
subsurface in Figure 4.4a. For the moment the subsurface is assumed to
be horizontally layered. At the surface a shot record is recorded.

surface surface
— Y @—H——— Z,
Cq A o - 20
Z4 Ct
2 z = Z4
2 3 -
Z2
] - .
] T,/2 | T(z)/2
Zn-1 , -ik-1
Cn Y z2- — — — - - -
Zn Ck _
| | Zk
! |
N , Zx b
Figure 44
a. Horizontally layered medium (true subsurface).
b. Macro velocity model containing erroneous interval velocities and reflector
depths.

The observed traveltime function related to the nth reflection, Tp’n(xs,x,zo),
is represented by a MacLaurin series, which may be approximated for
small offsets by a hyperbola in the (x-t)-domain according to:
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2 2 2
Tpn xs%,20) = T, + ((x-x0)/V}) 4.1

where the subscript “p” denotes that the traveltime is related to the
detected wave field, x represents the lateral coordinate of the receiver at
the surface and xg represents the lateral coordinate of the source. Tp
represents the vertical two-way traveltime to the nth reflector in the true
subsurface (Figure 4.4a):

n n 2A
.
To= 2 ATi= 27—, 4.2)
i=1 i=1 !

where Az and c;j denote the thickness and interval velocity of layer i,
respectively. V,, represents the rms velocity down to reflector n:

n

n
2 2
VoTo = 2 AT, = 2, 2cAz; . 4.3)
i=1 i=1

Equation (4.1) is exact for a horizontal reflector in a constant velocity
medium.

Suppose that the shot record is redatumed, with the macro model shown
in Figure 4.4b, to the indicated depth level z. Redatuming involves inverse
extrapolation of the detected wave field to depth level z, followed by
deconvolution with the source wave field at depth level z (see Chapter 2).

Inverse extrapolation of the detected wave field

After inverse extrapolation of the detected wave field to depth level z, the
resulting traveltimes related to reflector n amount to

2
T Gaxad) =T %+ (axe) / V) 4.4)

where x4 represents the lateral coordinate of the downward extrapolated
receiver at depth level z and x5 represents the lateral coordinate of the
source. The prime (') denotes that we are dealing with an extrapolated
wave field. Furthermore,
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T'n =T - Nz)/2 (4.5)
and
2 2 -2
VT =V, T, - VT2 . (4.6)

T(z)/2' represents the vertical one-way traveltime in the macro velocity
model up to the depth level z and is defined by (assuming that the depth
level is located in the kth layer in the macro velocity model, cf. Figure 4.4b):

k-1 _ -
Z 2Az; 2z .zk-1)
+

Nz) = , 4.7

i=1 ¢; ck

where Az; and Ac; denote the thickness and interval velocity of the ith
layer in the macro velocity model, respectively.

In addition,
k-1
-2 - - — —
V (2)T(z) = 22ciAzi +2¢(z -2z 1) . (4.8)
i=1

V(2) is the rms velocity in the macro velocity model down to z. Note that
equation (4.8) contains the depth z of the new datum level.

Equation (4.4) represents an approximated hyperbola. According to
equation (4.5) the apex time of this hyperbola has decreased with respect to
the apex time in the surface data. Equation (4.6) implies that the radius of
the wavefront has decreased as well. This is in accordance with physical
intuition: the geometrical spreading that is observed by downward
extrapolated detectors is less than the geometrical spreading observed by
detectors at the surface.

Forward extrapolation of the source wave field

Forward extrapolation of the source wave field to depth level z yields, in
terms of traveltimes:
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— 2 —
T 2xoxa) = M@/2) +(xaxe) / V@) “9)

where the subscript “s” in T's denotes that the traveltime is related to the
source wave field.

Deconvolution of the detected wave field for the incident source wave field

In terms of traveltimes this deconvolution means that for each depth point
the traveltime of the extrapolated source wave field is subtracted from the
traveltime of the inverse extrapolated detected wave field:

T(Xs,X4,2) z T'p’n(xs,xd,z) - T's(xs,xd,z)

2 _ 2 —
= VT': + ((xg-x5) / V'n) - V (T(z)/2) + ((xg-xg) / V(2)) 2 (4.10)

4.2.2 Update equations for CDP-gathers

For fixed x4 and z and for variable x5, equation (4.10) represents an
expression for the traveltime curve of the nth macro reflection in a
CDP-gather at (x4,z). For small offsets the square roots may be
approximated and equation (4.10) reduces to

2 2
(x4 - Xg) (x4 - xg)
Texgz) = (T +— )~ (T@2+ 5—)
v “ V (2)N(z)
n n
1 1

- 2
= Tn—'.lxz) + (Xd - xS) ( (4.11)

2V, T, - V@)t ¥ 2ia)

The objective is to find the position of the grid point (depth point) for which
the nth reflection in the corresponding CDP-gather is horizontally aligned.
The depth of this particular grid point is called the focus depth (remember
that alignment in a CDP-gather results in focusing of the energy after
CDP-stacking, hence the name focus depth). The focus depth is denoted by




4. Estimation of macro velocity models 79

zf,n, the subscript n indicating that the focus is related to the nth macro
boundary in the true subsurface. The time at which alignment occurs is
called the focus time tfn. The alignment occurs in a CDP-gather when
equation (4.11) is independent of the source coordinate xs. Hence, when

1 1
2 -2 = - 2 =0, (4.12)
2VnTn -V (zf,n)T(zf,n) V(zf,n) “Zf,n)
which is equivalent to the condition
2 -2 -
V,.T, =V (z£n)Nzfn) (4.13)

2 -2 —
where V T, is defined by (4.3). V (zfn)zf,n) is defined by (4.8) upon
substitution of the focus depth Zfn (assuming that the focus depth is
located in the kth layer in the macro velocity model), yielding

k-1

-2 — - - — -
Vi (aen)Magn) = 2 20,A7; + 203 (2, ~2.) - (4.14)
i=1

The focus time at z¢, amounts to

ttn = T —izf,n) X (4.15)

Relation (4.3) can be inverted according to (Dix, 1955):

2 2 2 2
VnTn - Vn-lTn-l VnTn - Vn-lTn-l
2
¢, = = . (4.16)
Tn - Tn-l ATn

AT, represents the vertical two-way traveltime in layer n and may be
determined by using equation (4.15):

AT, =T, - Ty 1 = (Magn)+ten) - (Tzen-D+ten-1) | 4.17)
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where tf,, and tfn.1 represent the focus times of foci n and n-1 respectively.
Substitution of (4.13) and (4.17) into (4.16) yields a recursive estimation
formula for the macro interval velocity:

=2 = -2 -
v (zf,n)T(zf,n) -V (Zf,n-l)“zf,n-l)

Ch=" _ . (4.18)
(T(Zf,n)+tf,n) - (T(Zf,n-1)+tf,n-1)

The reflector depth can be recursively estimated from

Cn

o ATy =201+, [(T +tgn) — (T, 1 +ten- ] . (4.19)

Zn = Zpn-1 +

Equation (4.18) states that the true interval velocity can be estimated from
the macro velocity model parameters and the locations of focus n-1 and
focus n, (zf,;n-1,tf,n-1) and (zfn,trn), respectively. The true reflector depth
can then be calculated from (4.19).

Special case:

When the macro velocity model is chosen such that focus n and focus n-1
both occur in the nth macro layer, then equations (4.18) and (4.19) simplify
to

(tfn — ten-1cy,
c—c /(1+ ) (4.20)
2 (z f‘,n 1)
and
(tf,n - t'f,n-l)zn
Zn = Zn-1 + (Zf;n — 2f,n-1) 1+ —————— . (4.21)

2 (zf,n - Zfn-1)




4, Estimation of macro velocity models 81

Note that for a single-layer medium these expressions reduce to

€3

¢y = (4.22)

w +(cqtg1/ 2261)
and
zq = 2f,1 V 1+(c 1tf,1/ 2z¢1) . (4.23)

In conclusion, by measuring the focus time and focus depth of the
consecutive foci, and by calculation of the parameters V(Zf,n) and T(Zf’n)
from the macro velocity model, the updated macro velocity and macro

boundary depth can be found. The updating equations are accurate for
horizontally layered media in a small offset approximation. In practice
these assumptions are not valid, but they become less severe when the
focus time deviates only slightly from t=0. Experience has shown that the
correction will be in the proper direction, which permits an iterative
approach.

Note that in the derivation of the update equations, for notational
convenience, it was assumed that the prestack data were recorded along
the x-axis (2-D assumption). In 3-D, however, these equations remain
exactly the same.

Vertical velocity gradients within a macro layer

In the derivation of equations (4.18) and (4.19) it is assumed that the macro
interval velocities are constant within each layer. In practice vertical
gradients can occur e.g. due to compaction. Unfortunately vertical velocity
gradients can not be accurately estimated from surface reflection data
(Gibson et al., 1979). However, if the velocity gradient is known from some
other source of information like e.g. a well log or a database, this a priori
knowledge can be incorporated in the estimation procedure.
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Figure 4.5
a. Horizontally layered medium (true subsurface). Layer n contains a vertical
velocity gradient.
b. Macro velocity model containing erroneous interval velocities and reflector
depths.

Suppose the macro boundaries and macro interval velocities up to layer
n-1 have already been determined. Then the macro velocity in layer n can
be estimated by using equation (4.18). In case of a vertical velocity gradient
in layer n, ¢ no longer represents a constant interval velocity but the rms
velocity within the layer. Hence equation (4.18) should be replaced by

Vp="_ B , 4.29)
(Ty+ten) — (T +ten-1)

where vp represents the rms velocity within layer n. The velocity function
cn(2) in layer n may be written as

cn(z) = c;_l +(z-zp.1) g, (4.25)

where c;_l denotes the local velocity just below macro boundary n-1 and g
denotes the (known) velocity gradient (Figure 4.5). The rms velocity is
related to this velocity function by
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Zn
2 + 2
VAT, =2 [ en(2)dz = 2(zn — zn-1)ep, 4 + (Zn —2n.1) & (4.26)
Zn-1

Equation (4.26) contains two unknowns, c:;_l and z,. Level z,.1 is known
from the estimation of the macro parameters of layer n-1. The gradient g
is known from a priori information and v AT, can be determined from
equation (4.24). The layer thickness can be derived from

Cave

2

Zn —Zpn-1 =

AT, . 4.27)

Note that this relation contains the average velocity in layer n, and not the
rms velocity. The average velocity in layer n is defined by

Zn
2 j dz
A total path length Zn-1
Cave = iital two-way traveltime ~  zp
dz
cn(z)
Zn-1
Zn — Zn-1 (zn—2zn-1) g
- = g (4.28)
o dz In (1 + (20— 0.0, )
+ Cn-1
cp1t+(z—2zn1)g
Zn-1
Substitution of (4.28) into (4.27) yields after some calculus:
+
Cn-1
1
Zn=Zn1="" (exp(; gAT,) -1) , (4.29)

where c;_l is still unknown. Substitution into equation (4.26) results in
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(expch ) + 2(exps ) - VAT el 1
exp(;, gAT ) -1) +2 exp(; gAT,) -1) —gv, AT Ke, ) =0 . (4.30)

The solution of this quadratic equation reads

1 2 +
exp(; gAT,)-1=-1% ,\/ 1+gv AT Ke l.,_1)2 . 4.31)

Rewriting equation (4.31) and taking the positive root eventually yields

gAT

n

€y1=Vn - . (4.32a)
exp(gAT,) -1
For small gAT,, this equation may be approximated by
+ 1
Ch1=(1-4gAT) v,. (4.32b)

Equations (4.32a and b) state that the local velocity can be estimated from
the rms velocity in layer n (which may be determined from (4.24)), the
vertical two-way traveltime in layer n (which may be determined from
(4.17)) and the known vertical velocity gradient g. The reflector depth may
now be determined from equation (4.29). Note that when the gradient g=0,
v, represents the interval velocity c, in layer n. In this case (4.32) becomes

+

Ch-1=6p » (4.33)

which is what we expected.

4.2.3 Update equations for image gathers

As was mentioned in Chapter 3, it is possible to update the macro model
from the curvature of the events in an image gather. In this section I
derive a relation between the errors in the macro model parameters and
the horizontal misalignment in an image gather. Consider again
equation (4.10). We have seen that the traveltime curve for the nth
reflection in a CDP-gather can be obtained by keeping x4 and z fixed and by
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letting xg vary. We can also derive the curve for the nth reflection in an
image gather. In an image gather the imaging is performed at t=0.
Hence, the left-hand-side of equation (4.10) should be zero. Consequently,

2 2 2 — 2 2, 2
T +(&xq- xs) / V', = V (T(2)/2) +(xg4-%5) / V(@) . 4.39)

Note that in an image gather both xs and z vary; x4 is fixed. For a single-
layer medium equation (4.34) may be simplified with the following
substitutions:

T'n = 2z1/c1 — 2/T
Nz)2 =zt
V(z) =t
2
V'nT'n = 2711 — 2T , (4.35)

where z1 and c1 denote the reflector depth and the true medium velocity,
respectively, and z and T denote the extrapolation depth and the
extrapolation velocity, respectively. Substitution of these relations into
equation (4.34), after squaring both sides yields:

2 2zy/c; - z/c 2 21
=(zT) +(Xd-%s) 5 (4.36)
2z1c01 — 2T T

2
(2z1/c1 — 2/T) + (xq - Xg)

The aim is to rewrite this equation in such a manner that z represents a
function of xs. After some calculus, I obtain

2 2 2 1 2 2
[z - (care + T2c1) z1] = 2, (/e —T2e1) + 5 (- x0 [crrmy -1] 4.3

Solving this quadratic equation yields:

z = (¢1/T + T2c1) z1

2 2 1 2 2
A [= /e - o) + - (xa-x [(cvey —1] (4.38)
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The only valid solution is obtained by chosing the minus sign. This can be
easily seen; when the extrapolation velocity equals the true medium
velocity, the observed reflector depth “z” should be equal to the true
reflector depth “z1”. Note that there were no approximations involved to
arrive from equation (4.34) at (4.38). For small offsets (4.38) can be
approximated by (chosing the minus sign):

2
1-(cy/e)

z =(Tle1) z1 + 1 xg-%) — (4.39)
4 z1(c1/T - T/2¢1)

Equation (4.39) predicts the curvature in an image gather, when an
erroneous velocity is taken in the extrapolation process. The event is
curved upward if the extrapolation velocity is taken too low. Similarly, the
event is curved downward if the extrapolation velocity is taken too high. By
calculating the coherence in an image gather along curves defined by
(4.39), an estimate of the true medium parameters can be obtained.

Likewise Al-Yahya (1989) derived an equation for the curvature of an event
in an image gather (in our notation):

2 2 2 2
z= z, (Tley) +(xq-%g) [(T/ep) —1] . (4.40)

In Figure 4.6 these two equations are plotted in overlay with an image
gather obtained from a horizontal reflector. Note that equation (4.39) best
fits the observed image gather. Updating the macro velocity model is an
iterative procedure. Hence, both approaches will yield an updated macro
model, but updating according to (4.39) will converge faster to the final
solution.
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Figure 4.6

Image gather from an horizontal reflector obtained by shot record extrapolation with a
velocity that was less than the true medium velocity. Note that the event is curved
upward. On top of the image gather the predicted curves (4.39) and (4.40) are plotted. Note
that a better fit is obtained with equation (4.39).

4.2.4 Lateral velocity changes within a macro layer

Lateral velocity changes that occur within one macro layer can be easily
incorporated. A local estimate of the macro velocities is obtained at each
lateral position where a velocity analysis is performed. A spline function
can then be defined through the velocities of the macro layer, thus
allowing the velocity to change smoothly within the macro layer. Of
course, care must be taken, e.g. in the presence of faults, that the
velocities through which the spline function is defined belong to one and
the same macro layer.

4.3 ESTIMATION OF MACRO BOUNDARIES

4.3.1 Interpolation of macro boundary tie points

At each lateral position where a velocity estimation is performed, also an
estimate of the depth of each macro boundary is known (cf. equation 4.19).
These estimates are called macro boundary tie points. By spline
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interpolation through related tie points, an estimate of the macro
boundaries could be obtained (Figure 4.7).

surface
- ~
7/ SO Macro
/ Boundary
* tie points
vertical
datum line

Figure 4.7a
Lateral interpolation of related macro boundary tie points.

Macro Interval Macro Boundary
Velocities Tie Points

[ Spatial Interpolation ]
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Figure 4.7b

The updated macro velocity model is defined by the interpolated macro boundaries
combined with the estimated macro interval velocities.

However, pinch-outs and faults can never be accurately obtained by this
splining method. Furthermore, in case of a borehole oriented approach
velocity analysis is only done in the vicinity of the well and lateral
interpolation is not possible. In general, it is better to use the traveltime
information in a direct way to obtain the macro boundaries. Two main
strategies can be followed as illustrated by Figure 4.8.

4.3.2 Map migration

The first strategy involves map migration (Figure 4.8a). Input to the map
migration algorithm are time tracks that represent zero offset
traveltimes. These may for instance be obtained from the stacked data or a
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substack (or merely a moveout corrected single offset section). The macro
boundaries are tracked in the time-domain, i.e. before depth conversion.
The tracked time horizons are then depth converted with a map migration
algorithm using the already estimated macro velocities (May and Covey,
1981). This involves inverse zero offset raytracing. For depth conversion of
the nth macro boundary it is assumed that the n-1 shallower layers have
been determined. The track of the nth tracked time horizon defines the
two-way traveltime as a function of lateral distance x,

Th = Tn(x). (4.41)

For a surface location the zero offset ray is shot with emergence angle
[30 o The emergence angle is defined by Tuchel's formula (Tuchel,1943):

2sin B
dTn o,n
= , (4.42)
dx c1
Macro Interval
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Tracking
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Y

Macro Model

Figure 4.8a

For the estimation of the macro boundaries two methods can be followed, depending on
the complexity of the time data. Both methods use the macro velocities that have been
previously estimated.

The first method involves tracking of the macro boundaries in a time section. The
tracked time horizons are then depth converted with a map migration algorithm.
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The second method consists of depth migrating the data to just below the bottom of a macro
boundary and then tracking the imaged macro boundary.

where c; denotes the macro interval velocity at the surface. At each macro
boundary the ray is refracted according to Snell's law. The refraction
angles are determined by the already estimated macro interval velocities.
The raytracing is stopped when the calculated traveltime equals the
observed traveltime. The end point of the ray is the normal incidence point
to the reflector, so the interface is perpendicular to the end of the ray. The
raytracing is done for all surface locations and the calculated normal
incidence points are connected to form the nth macro boundary.

This method is very fast, but tracking the macro boundaries before depth
conversion may be difficult due to the presence of diffraction energy in the
time data. An advantage is that the time horizons have to be tracked only
once (since changes in the macro velocity model do not affect the tracked
time horizons). Furthermore, after the tracking is done, no user
interaction is generally needed in this depth conversion method.

4.3.3 Depth migration

The second strategy of obtaining the macro boundaries involves depth
migration (Figure 4.8b). Input to the procedure are the same data as in
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the previous method or even the full prestack dataset. These data are then
depth migrated, starting with the estimated velocity of the first macro
layer, to just below the base of the first macro boundary (until the first
macro boundary is completely imaged). This boundary is then tracked and
put in the macro velocity model file. Then the procedure is continued, but
now the velocity contrast is taken into account and the migration is
carried out to just below the next macro boundary which is then tracked,
etc. This method is superior over a splining algorithm since the rapid
changes of the macro boundaries are correctly taken into account. The
advantage of the migration method is that it is very accurate. A
disadvantage is that the macro boundaries are tracked after depth
conversion (migration) which implies that each time the velocities are
changed, the depth converted boundaries have to be retracked.
Furthermore, the method requires much interaction since the migration
can be continued only after the current macro boundary is imaged.

In conclusion, in simple situations the time horizons of macro boundaries
can be tracked relatively easily and the map migration method will
generally be an adequate method for the macro boundary delineation.
However, in complex situations the unmigrated data can be very difficult
to interpret, which causes serious difficulties in tracking the macro
boundaries in the time-domain. Hence, in such cases it is preferred to
postpone the tracking procedure until after depth migration, i.e. the
tracking is done in the depth-domain. From an economical point of view it
is not yet feasible to perform a repeated prestack depth migration for the
delineation of the macro boundaries. Moreover, by deciding upon the
macro boundary algorithm we should bear in mind that here we are only
interested in the structure of the macro boundaries and not in true
amplitudes. Therefore it is attractive, and often sufficient, to convert the
macro boundaries from time to depth by migration of single offset data.






CHAPTER 5

EXAMPLES OF
MACRO MODEL ESTIMATION

5.1 INTRODUCTION

In this chapter the macro model estimation procedure is illustrated with
examples. In section 5.2 the method is applied to elastic data generated
with an elastic finite difference modeling scheme. Estimation of the P-
wave macro model and the S-wave macro model is discussed. Section 5.3
shows the method applied to water tank data. Finally, in section 5.4 a real
data example is treated. The examples discussed here involve reservoir
oriented macro model estimation.

5.2 ELASTIC MACRO MODEL ESTIMATION

In this section the results will be discussed of macro model estimation on
simulated elastic data. Shot records were generated with elastic finite
difference modeling. The true model is depicted in Figure 5.1. Vertical
and horizontal components of the particle velocity were recorded due to
vertical and horizontal stress sources.

The data were recorded with the following parameters:

source types Tzz and Txz
receiver types Vz and Vx
shot spacing 16 m
detector spacing 16 m

number of channels 160
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number of shots 128
acquisition geometry fixed spread
first shot is at 256 m

first detector is at Om

sample interval 4 ms
frequency contents 5-70 Hz

!
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Figure 5.1

2-D inhomogeneous elastic subsurface containing target reflectors below an
inhomogeneous overburden.

Figure 5.2 shows one multi-component shot record, the shot location being
indicated by the arrow in Figure 5.1. The response of a vertical vibrator,
measured by a geophone that records the vertical component of the
partical velocity, is generally considered as P-P data (Figure 5.2a).
However, from the picture it is clear that these data contain S events as
well. Therefore, it is better to refer to these data as pseudo P-P data. After
decomposition and elimination of the surface-related multiples, the data
shown in Figure 5.3 are obtained. These surface-related processing steps
have cleaned up the responses considerably. Furthermore, we can deal
with scalar quantities now, and the processing can be split (Chapter 1).
The P-P shot records are used to estimate the P-wave macro model. The S-
wave macro model can be separately estimated by using the S-S shot
records.
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Figure 5.2
Multi-component shot record. The groundroll has already been removed from the data.
The arrows indicate spurious events.

a. Pseudo P-P data.

b Pseudo SV-P data.
c. Pseudo S-S data.

d Pseudo SV-SV data.

5.2.1 Estimation of the P-wave macro model

Figure 5.4a shows the initial model. In practice conventional velocity
analysis has already been done and a better initial estimate may be
available. However, to emphasize the convergence of the scheme, this
initial model is chosen far from the true model. For estimation of the
macro interval velocities the P-P shot records were redatumed to the three

vertical datum lines indicated. Two focus panels are shown in Figure
5.4b.
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Picking of the foci and application of the update equations results in the
following estimated macro interval velocities.

Table 5.1
Updated macro interval velocities in the different layers.

Macro layer | Macro interval
velocity [m/s]

1 2275
2 3274
3 2952
4 3955

Since there are three vertical datum lines three estimates of the macro
interval velocity are obtained for each macro layer. These were averaged to
stabilize the result. So here a priori information, that the macro interval
velocities are laterally constant, is used. If a lateral variation would be
present, averaging is not allowed and lateral interpolation should be done
instead. Note that the number of layers is determined by the number of
picked foci and not by the number of interfaces in the initial model.

After the macro interval velocities have been estimated, the macro
boundaries have to be converted to depth. From the shot records the zero
offset section is extracted (Figure 5.5a) of which the time horizons are
tracked. The tracking is done with an automated tracking algorithm
(Geerlings, 1990). The tracked horizons (Figure 5.5b) are now depth
converted with a map migration scheme (Chapter 4). The map migration
procedure is repeated for the next interface until all macro boundaries
have been depth converted (Figures 5.6). The macro model (velocities and
boundaries) has now been updated. This is the end of the first iteration.
The total procedure is repeated with the updated macro model. Again the
velocities are estimated from the foci (picked from the new focus panels)
and the current macro model (Figure 5.7). Note that the number of
vertical datum lines (and their position) is not necessarily the same as in
the previous run. Next, the map migration procedure is repeated with the
newly estimated velocities resulting in the updated macro model. Note
that the time horizons do not have to be retracked.
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Figure 53
Multi-component shot record after elastic decomposition and elastic multiple
elimination.
The arrows indicate the response of the target reflectors below z;= 450 m.
a. True P-P data.
b. True SV-P data.
c. True S-S data.
d True SV-SV data.

When all foci are located at zero-time (or if the focus times are within
some threshold value) the iteration can be stopped. After three iterations
the final macro model is obtained (Figure 5.8). The correctness of the
model is verified by:

1. Focus panels containing foci at t=0 (Figure 5.8b).
CDP-gathers related to a reflector depth point containing a
horizontally aligned event at t=0 (Figure 5.8c).

3. Image gathers containing horizontally aligned events at the depth of
the reflectors (Figure 5.8d).



B 5. Examples

0
2900 m/s
e 2004 2400 m/s
£ 400 -
Q.
3
600 A 3000 mis
800 -
1000 ' T T T
500 1000 1500 2000
distance: m a.
~ \/
B A
£ 200.0 ] £ 200.0 P
£ . Vel £
g L g 1
400.0 400.0 /
. 7
I R
N ~/
600.0 v/ 600.0 ¥
-0.2 0.0 0.2 —-0.2 0.0 0.2
time: s time: s b
Figure 54
a. Initial P-wave macro model.
b. Focus panels at x=500m and x=1500m.

5.2.2 Estimation of the S-wave macro model

By taking a Poisson ratio of 0.25 the P-wave macro model was converted to
a rough estimate of the S-wave macro model. This serves as an initial
model (Figure 5.9a). Estimation of the S-wave macro model is done with
the S-S shot records in analogy with the P-wave macro model.
Redatuming to the vertical datum line yields the focus panel shown in
Figure 5.9b. It can be seen that there is an ambiguity in picking the first
focus. To investigate this problem redatuming was done with the true
macro model. In this panel (Figure 5.10a) we would expect a focus at the
reflector depths and at t=0. As can be seen from the picture this is not the
case. Instead we can observe two foci around the correct depth location. By
inspecting the CDP-gather at the correct depth it is immediately clear
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what is the cause of this anomaly (Figure 5.10b). The event of the reflector
is perfectly aligned at t=0 (as could be expected since the model was
correct) but due to the polarity reversal in the wavelet along the event,
stacking of this CDP-gather will not yield a high amplitude. The polarity
reversal is caused by the angle-dependent reflection coefficient. By
comparing the P-P reflection coefficient and the S-S reflection coefficient of
this particular interface (Figure 5.11) it becomes clear that in the S-S data
a polarity reversal occurs whereas in the P-P data this is not the case.
Therefore, this problem did not occur in estimating the P-wave macro
model.
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Figure 5.5
a. P-P zero offset section.

b. Tracked horizons from the zero offset section.
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Depth conversion of the tracked time horizons by map migration is a top-down approach.
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Figure 5.7
a. The procedure is repeated with the updated macro model. Redatuming is done to

the vertical datum lines indicated, resulting in the focus panels shown in

Figure 5.7b.
b. Focus panels at x=500m and x=1400 m.

So, stacking the CDP-gathers may not always be the best way to determine
alignment and therefore we have to look for different alignment
measures. Here the advantage of shot record oriented processing becomes
clear. By taking the envelope of the individual CDP-traces, the stacked
trace no longer suffers from phase changes of the wavelet. The resulting
focus panel is now shown in Figure 5.12. It can be seen from the picture
that the resolution has slightly degraded by taking the envelope first. The
final S-wave macro model is obtained in one iteration (Figure 5.12a).
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Figure 5.8
a. The final estimated P-wave macro model is obtained after three iterations.
The correctness of the model is verified by :
b. Focus panels containing foci at t=0.
c. CDP-gathers related to a reflector depth point containing a horizontally
aligned event at t=0.
d. Image gathers containing horizontally aligned events at the depth of the

reflectors.
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Figure 5.9
a. By taking a Poisson ratio of 0.25 the P-wave macro model was converted to a
rough estimate of the S-wave macro model.
b. Focus panel at x=1500 m.

5.2.3 Importance of surface-related preprocessing

In this section the importance of the surface-related preprocessing is
illustrated. Redatuming was done to a vertical datum line using the shot
records with vertical vibrators and geophones as well (pseudo P-P data,
see Figure 5.2a). From these data only the groundroll was removed but no
decomposition or multiple elimination was applied. The unprocessed data
still contain S-events. Also very strong surface-related multiples are
present. The redatuming is done with the true model resulting in the
focus panel shown in Figure 5.13. Note that the redatuming process treats
the data as if they were pure P-P data. By comparing this result with
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Figure 5.11
a. The angle-dependent S-S reflection coefficient shows a polarity reversal.
Amplitude versus angle (left).
Phase versus angle (right).
b. Angle-dependent P-P reflection coefficient.

Amplitude versus angle (left).
Phase versus angle (right).
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a. The final estimated S-wave macro model is obtained after three iterations.

The correctness of the model is verified by :

b. Focus panels containing foci at t=0.

c. CDP-gathers related to a reflector depth point containing a horizontally
aligned event at t=0.

d. Image gathers containing horizontally aligned events at the depth of the

reflectors.
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Figure 5.13
Focus panel obtained by redatuming the raw (pseudo P-P) shot records to a vertical datum
line (x=1100 m) using the correct macro model. Note that the quality of the panel has
degraded due to the absence of preprocessing; some foci occur off the t=0 line, due to the S-
events and multiples that are in the data.

5.3 ESTIMATION OF A MACRO VELOCITY MODEL FROM
PHYSICAL MODEL DATA

In this section I will discuss the estimation of a macro velocity model from
prestack data obtained from a scale model in the water tank of the SAL
(Seismic Acoustic Laboratory) in Houston. The deconvolved data were
provided by Marathon Oil. The water layer above the scale model was very
thick, so that no surface-related multiples were present in the recorded
data. The transducers were positioned close to the surface of the model.
Only the recorded shot records were available (Figure 5.14). It turned out
that conventional velocity analysis based on stacking of CMP-gathers did
not produce satisfactory results. This was due to non-hyperbolic moveout
in the CMP data (Figure 5.15). So no conventional result was available that
could serve as an initial model.
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The data were recorded with the following parameters:

shot spacing 24.384 m (80 ft)
detector spacing 24.384 m (80 ft)
number of channels 48

number of shots 296

acquisition geometry  end-off spread
first shot is at Om

first detector is at 243.84 m (800 ft)
sample interval 4 ms

frequency contents 5-T0 Hz

The values listed above were scaled to seismic dimensions. The scale
factors used by SAL were: 1 mm in model dimensions corresponds to 12 m
in seismic dimensions and 1 ms corresponds to 5 s. Hence, due to the
different scaling factors used in time and distance, the water velocity
(1500 m/s) is scaled to 3600 m/s.

From the shot records (Figure 5.14) I extracted the near offset section
(Figure 5.16). Zero offset traces were not present in the recorded data.
After deconvolution the data were very nearly zero phase, apart from the
first event which has some serious ringing.
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Figure 5.14
Some shot records from the watertank experiment.
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Figure 5.15
CMP-gathers showing non-hyperbolic moveout.

The near offset section shows that the first interface is horizontal and very
shallow. The wavelet for this event deviates from the other events. This is
mainly due to the fact that energy sent under large emergence angles
results probably in a deviating wavelet. Since the first interface is
horizontal, the velocity of the first layer, which is the water layer, can be
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Near offset section.

time in ms



110 5. Examples

estimated from the moveout in the shot records. The (scaled) water
velocity was estimated at 3700 m/s. In the estimation procedure a constant
macro interval velocity was assumed for all other macro layers as well (a
priori knowledge).

The initial model was taken to be homogeneous (with the estimated water
velocity of 3700 m/s, Figure 5.17a). The shot records were redatumed to the
twelve indicated vertical datum lines. One of the twelve resulting focus
panels is shown in Figure 5.17b. The first focus is already at zero-time.
Hence, the first layer indeed has a velocity of 3700 m/s. The second focus is
not even close to the zero-time axis and since it occurs at positive times the
velocity that was used in extrapolation was much too high for the second
layer. After four iterations the second macro interval velocity was
estimated at c2=2500 m/s. For the moment the macro boundary is
determined by lateral interpolation of the twelve macro boundary tie points
(an improved solution is discussed below).

With the derived model (Figure 5.18a) the next interface was estimated.
From the focus panel of Figure 5.18b it is clear that the velocity in this
layer must be lower than the one used in the macro velocity model (5525
m/s). From the vertical datum lines in the middle of the model there were
no foci for this interface. This fact indicates a pinch-out structure which
could easily be seen in the near offset section.

I allowed for the two pinch-outs to have different velocities resulting in the
model shown in Figure 5.19a. Again the macro boundary was obtained by
interpolation of the macro boundary tie points available from the focusing
analysis. This was the sixth iteration. The next estimated interface is a
faulting structure (Figure 5.20a) derived from the focus panels as shown
in Figure 5.19b. The fault in the macro velocity model could be sharper if
there would have been a denser lateral sampling of the vertical datum
lines.

The model in Figure 5.20a was obtained after eight iterations. From the
next focusing analysis, shown in Figure 5.20b, it becomes clear that there
exists at least one other interface. This interface should image between
3300 m and 3400 m, since the event crosses the zero-time axis between
those depths. On this event focusing analysis failed because of the lack of
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a. Initial model.

b. Focus panel at x=1500 m.
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a. Macro velocity model after four iterations,

b. Focus panel at x=1500 m.
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a. Macro velocity model after six iterations.

b. Focus panel at x=1500 m.
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Figure 521
a. Prestack migration result to delineate the dome structure.
b. The imaged dome is tracked and stored in the model.

resolution. As in conventional velocity analysis deeper structures will
yield less resolution than shallower structures.

As was mentioned in Chapter 4, sudden lateral changes in the macro
boundaries cannot be estimated accurately by interpolation of the macro
boundary tie points. Hence, depth migration was used to improve the
definition of the pinch-outs and the faulting reflector below the dome
structure. With the estimated velocities above the dome a prestack
migration was performed (Figure 5.21a). By tracking the imaged dome
structure the improved macro boundary was determined and stored in the
model (Figure 5.21b). Next, the prestack migration was repeated with the
new model, in order to image and track the next macro boundary and so
on. The final model is shown in Figure 5.22. Note that the pinch-out
structures and the faulting reflector below the dome have improved
considerably. The focus panel and the related image gather verify the
correctness of the macro velocity model.

Figure 5.23b shows the prestack migrated section with the final model.
From this figure it can be seen that even the fault blocks below the faulting
reflector are imaged well (arrows). To show the effect of prestack depth
migration the near offset section is displayed as well (Figure 5.23a).
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a. Final model.
b. Focus panel at x=2000 m. To show all relevant foci the logarithm of the data are
displayed.

c. Image gather at x=2000 m.
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The results were compared to the results presented at the SEG conference
in Los Angeles by Postma and Jeannot (1988). The velocities turned out to
be less than 7% off compared to the true velocities given in the paper.
Jeannot, who uses an S-G based macro velocity model estimation
technique, obtained the same accuracy. In Figure 5.23¢ the “blue-print” is
shown that was used to build the physical model. The dome structure and
the pinch-out structures were estimated slightly deeper than the
corresponding events in the “blue-print”. By reinspection it turned out that
the physical model was constructed with slight differences from the
design documents (Postma and Jeannot, 1988).

54 ESTIMATION OF A MACRO VELOCITY MODEL FROM REAL
DATA

This section discusses the estimation procedure of a macro velocity model
from real data obtained by marine acquisition?!.

The dataset was recorded with the following parameters:

shot spacing 25m

detector spacing 25m

number of channels 96

number of shots 332
acquisition geometry  end-off spread
first shot is at 3950 m

first detector is at 1375 m
minimum offset 200 m

sample interval 4 ms
frequency contents 5-70 Hz

From these data an initial model was available, as shown in Figure 5.24a.
This type of geology is quite common in the North Sea area. The model
contains strong vertical gradients within the macro layers. The major
horizons and velocity distributions are given in Table 5.2.

lcourtesy Placid International Oil, LTD.
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Table 5.2
Major horizons and velocity distributions of the initial model. The velocities given in
this table represent the propagation velocity at the top of each macro layer.

macro layer starting velocity | vertical gradient
m/s sl
surface — base Tertiary 1690 0.5
base Tertiary — base Chalk 3660 1.2
base Chalk - top Zechstein 3810 0.4
top Zechstein —> 4500 constant

The gradients were derived from a velocity log that was measured in a
nearby well (off the acquisition area). As was already discussed in section
4.2.2 vertical gradients can not be accurately determined from surface
measurements. Hence, the gradients were included as a-priori knowledge
in the estimation procedure. The stacked section (Figure 5.24b) was
obtained after DMO correction. Figure 5.25 shows three common offset
sections. As can be seen the far offsets are contaminated with noise and
therefore these offsets did not contribute positively to the quality of the
stack.

First the initial model was used to depth migrate the poststack section.
This provides a preview of the subsurface under consideration
(Figure 5.24¢). Next, the shot records were extrapolated using the initial
model. The prestack depth migration (Figure 5.26b), as well as the focus
panels and image gathers (Figures 5.26¢ and d), were obtained with a shot
record extrapolation algorithm. To reduce the computation time, only a
part of the shot records is used (12.5%), which corresponds to a shot
sampling of 200 m. This reduction gives satisfactory results for the
migrated section, but the focus panels suffer from the sparse shot
sampling. This can be explained in the following way. When the model is
correct, the primary reflections in the CDP-gathers will be horizontally
aligned at t=0. Hence, if the initial macro model is already close to the true
macro model, spatial aliasing of primary energy will only occur away
from the “t=0"-axis. The effect is visible in Figure 5.27a where additional
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a. Initial model. The velocities given in this figure represent the propagation
velocity at the top of each macro layer. Note that these starting velocities are
laterally constant. The vertical gradients are displayed between brackets ( ).
b. Stacked section (after DMO correction).
c. Depth migration of the stacked section.
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a. Near offset section (200 m.).

b. Middle offset section (1375 m.).
c. Far offset section (2575 m.).
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Figure 5.27
a. Focus panel at x=6000 m obtained with 12.5% of the shot records.
b. Focus panel at x=6000 m obtained with 25% of the shot records.
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foci are present. These spurious foci only occur in the shallow part of the
focus panel, because of the large incidence angles involved. As can be seen
in Figure 5.27b the spurious events have vanished when using 25 % of the
shot records. Hence, in the next iterations 25% of the shot records were
used, which corresponds to a shot sampling of 100 m. In the remainder
the macro velocity model was refined from x=4000 m until x=13000 m (for
economical reasons).

In the previously discussed examples (sections 5.2 and 5.3) the a-priori
knowledge was used of constant macro interval velocities within the
macro layers. In this real data example the macro interval velocity may
vary in a single macro layer, both in the lateral direction as in the vertical
direction. Therefore, the estimated macro interval velocities can not be
represented by a single (averaged) macro interval velocity per macro
layer. A 5-point moving average filter was applied to stabilize the velocity
estimates. The final model is shown in Figure 5.28a. As can be seen in the
prestack migrated section (Figure 5.28b), the first interface (at z~1500 m)
is better imaged, as well as the layers in the left part (between z=2750 m
and z=3250 m). Also the synclinal structure below x=1000 m (at z=3000 m)
is imaged deeper with respect to the initial model. Although the
corresponding focus panels have improved, it can be seen that not all foci
are located at the zero-time axis. Also the image gathers still contain
curved events. Hence we may conclude that the macro model can still be
improved upon.
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Discussion

The importance of stabilizing the velocity estimates is illustrated in
Figure 5.29. This figure shows the migrated section of the first major
interface on the left side of the salt dome. Here no moving average was
applied to the velocity estimates, but the velocities in the macro model
were obtained by applying a spline interpolation to the derived estimates.
From the migrated section (Figure 5.29a) it can be seen that the first
major interface contains a curvature that could not be observed in the
stacked section. The focus panels at x=8000 m and x=9000 m (Figure
5.29b), however, show foci located at t=0. For comparison the migration
result of the final model (Figure 5.30a) and the corresponding focus panels
are displayed (Figure 5.30b). As can be seen, also in this figure the foci are
located at t=0, but at a different depth. Therefore we must conclude that
there exists a non-uniqueness problem: apparently when lateral velocity
changes are allowed velocity errors are exchanged by depth errors. To
overcome this problem the lateral variations in the velocities must be
constrained by incorporating geologic knowledge of the layer. In the
example the lateral velocity variations were constrained by the moving
average filter.




CHAPTER 6

DISCUSSION AND
RECOMMENDATIONS

6.1 DISCUSSION

This thesis describes a new method of estimating the macro velocity
model. The method is based on wave field extrapolation of prestack
surface data (shot records) to depth points in the subsurface. The
extrapolation algorithm uses a macro velocity model. As the extrapolation
is done per (2-D) shot record, a 4-dimensional data volume is involved. The
four dimensions are: the lateral depth point coordinate, the vertical depth
point coordinate, time, and shot number. Such an enormous data volume
cannot be studied easily. However, inspection of different cross-sections
supplies information about the errors in the macro velocity model.
Generally, the extrapolated data are inspected at a number of lateral
positions. This is in analogy with conventional velocity analysis on CMP
data, where the moveout corrected data are inspected at a number of CMP
locations.

Three types of output sections play an important role in the described
method: CDP-gathers, image gathers and focus panels. These are
obtained by reordering the extrapolated data (Figure 6.1):

1. A CDP-gather is the collection of traces related to one common depth
point in the subsurface. Each CDP-trace is the result of the extrapolation
of one individual shot record to the depth point of interest. Hence, a CDP-
gather contains a 2-D cross section of the 4-D data volume at one depth
point in the subsurface. The two dimensions are shot number and time.




136 6. Discussion and recommendations

FFT
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Y

Y
@ CDP-gathers
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Figure 6.1
By wave field extrapolation of shot records different output sections may be obtained by
reordering the extrapolated data.
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Horizontal alignment in a CDP-gather should occur at t=0 when the depth
point is located on a macro boundary. If alignment occurs at t#0, this
indicates an error in the macro velocity model. For a chosen depth point
the time at which alignment occurs is used to quantify the error in the
macro velocity model and to update the macro interval velocity
accordingly. Note that, in case of a correct macro model, a stacked CDP-
gather simulates a zero offset trace with source and detector at the depth
point.

2. An image gather is the collection of traces of migrated shot records that
belong to the same lateral position. It contains a 2-D cross section that can
be obtained from the 4-D volume, by considering only one lateral position
and by imaging at t=0 for all depth levels. The two dimensions are shot
number and depth. An image gather should contain horizontally aligned
events at all depth levels. The curvature of the events in an image gather
is a measure for the error in the macro velocity model. A generalized
image gather is obtained if imaging is performed at t=0. Note that, in case
of a correct macro model, a stacked image gather represents one prestack
migration trace.

3. The horizontal alignment in CDP-gathers can be quantified with a
coherence measure. This can be done by simply stacking the CDP-traces,
yielding one stacked trace. Other coherence measures, such as
semblance, can also be used. The latter is not possible with S-G oriented
extrapolation techniques, since CDP-stacking is done implicitly in this
type of schemes. By gathering the CDP-stacked traces for different depth
points below one lateral position, a focus panel is obtained (after
contouring). The two dimensions are time and depth. Foci occurring at
t20 indicate the errors in the macro velocity model. Figure 6.2 shows how
CDP-gathers, generalized image gathers and focus panels are related.

The update equations for the macro velocity model are derived from the
traveltime curves of the macro reflections in CDP-gathers. From aligned
events in a CDP-gather time-depth pairs can be obtained that are used to
update the macro velocity model. The update equations are derived for
horizontally layered media. If the medium is not horizontally layered an
iterative approach is needed. Experience has shown that in this situation
the iterative scheme will converge to the correct macro velocity model.
From image gathers it is also possible to estimate the errors in the macro
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138
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Figure 6.2a

Each time trace in a focus panel is obtained by stacking the traces in a CDP-gather. The
CDP-gathers that are used to construct one focus panel are related to one lateral position.

! L I 1
shotnr P 1=0 ‘1 t
§ depth
&
© Y, =14
e e / z,
=0 2 time ——
generalized image gathers focus panel

Figure 6.2b

Each depth trace in a focus panel is obtained by stacking the traces in a generalized
image gather. The generalized image gathers that are used to construct one focus panel
are related to one lateral position. Three generalized image gathers are shown, obtained

by imaging at t=0, t=t;, t=to.
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model. By calculating the coherence in an image gather along curves
defined by equation (4.39), an estimate of the true medium parameters can
be obtained.

62 3-D GENERALIZATION

In 3-D data processing an enormous data volume is involved. In order to
reduce the total amount of data, the acquisition is generally performed
such that the detectors are closely sampled in one direction (henceforth
referred to as x-direction) whereas they are sparsely sampled in the
perpendicular direction (henceforth referred to as y-direction). This
means that in the latter direction the data are spatially aliased. The shots
are densely sampled in the y-direction and sparsely sampled in the x-
direction. Because of the advantages for the data handling and due to the
irregular sampling of shots and receivers, processing per shot record is
required (Figure 6.3).

X detectors
QO source

3¢ X IO K RXAXXX KX XXX X

surface 3¢ AN IO HKHX KA KKK X
X HHKK, KX XXX X

KR MAXX

R

Figure 6.3

Wave field extrapolation of a 3-D shot record to one extrapolation level involves:
downward extrapolation of the receivers and downward extrapolation of the source
followed by deconvolution in the overlap area.

In this section I discuss a simple example on 3-D macro velocity model
estimation. With the model shown in Figure 6.4 3-D shot records were
generated with a 3-D raytracing algorithm. The first interface is dipping
in the x-direction. The second interface is dipping in the y-direction. The
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velocity in the first layer is cl=1500 m/s and the velocity in the second layer
is ¢,=2500 m/s.

2

The data were generated with the following parameters:
shot spacing in x-direction 25m
spacing of shot lines in y-direction 250 m
spacing of detector lines in x-direction = 250 m
detector spacing in y-direction 25m
total number of channels 205 (5+41)
total number of shots 205 (41+5)
acquisition geometry fixed spread
first shot is at (x=500 m, y=500 m)
first detector is at (x=500 m, y= 500 m)
sample interval 4 ms
frequency contents 5-50 Hz

The acquisition parameters (and Figure 6.4) show that the detectors are
closely sampled in the y-direction and sparsely sampled in the x-direction

X
z& detector lines
o iwe® > & ?
XY r——

A

vertical datum line

Figure 64

The 3-D subsurface contains two plane dipping interfaces. The first interface is dipping
in the x-direction. The second interface is dipping in the y-direction. The velocity in the
first layer is c1=1500 m/s. The velocity in the second layer is c2=2500 m/s.
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Figure 6.5

For the subsurface of Figure 6.4 a 3-D seismic survey was simulated by generating shot
records with raytracing. This figure shows one 3-D shot record for a shot located at
(x=1000 m, y=1000 m).

(in accordance with reality). Hence, in the shot records spatial aliasing
occurs in the x-direction. Figure 6.5 shows the 3-D shot record for a shot
located at the surface at (x=1000 m, y=1000 m). The shots are closely
sampled in the x-direction and sparsely sampled in the y-direction. All
shot records were redatumed to the vertical datum line at (x=1000 m, and
y=1000 m). For the redatuming a non-recursive 3-D shot record
redatuming algorithm was used (Kinneging, 1989). When the correct
macro velocity model is used in the redatuming process CDP-gathers are
obtained as shown in Figure 6.6. These figures show only those traces of
the (3-D) CDP-gathers that are related to shot locations on shot line 3. In
each CDP-trace the influence of the sparse detector sampling is expressed
as separate events (arrows). If no spatial aliasing were present only one
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Figure 6.6a

Al] 3-D shot records were redatumed to the vertical datum line indicated in Figure 6.4. At
each depth point on this line a 3-D CDP-gather is constructed (xs,ys,t).

CDP-gather for a depth point located on the first interface. Only the traces related to shot
line 3 are displayed.

event would remain for each reflector. Similar to the 2-D case, stacking of
all traces in the (3-D) CDP-gather yields one zero offset trace at the
considered depth point and a focus panel can be constructed by doing this
for all depth points on the vertical datum line (Figure 6.7). Note that,
although the surface data were spatially aliased, the focus panel still looks
acceptable. If the second macro velocity is too high ('62=3000 m/s), the
second focus occurs at positive times as shown in Figure 6.8.
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Figure 6.6b
CDP-gather for a depth point located on the second interface. Only the traces related to
shot line 3 are displayed.

Discussion

Due to sparse sampling in 3-D acquisition, spatial aliasing will occur in
the CDP-gathers, which makes it difficult to interpret them. The focus
panels obtained after CDP-stacking still contain well defined foci. This is
due to the chosen acquisition geometry: sparse sampling of the detectors
and dense sampling of the sources in one direction, dense sampling of the
detectors and sparse sampling of the sources in the other direction.
However, a false focus occurs at negative times in both focus panels.
Therefore, further research is needed to determine the requirements of
3-D acquisition parameters for 3-D velocity analysis by wave field
extrapolation.
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Figure 6.7
Focus panel at (x=1000 m, y=1000 m) for the correct macro subsurface model.
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Figure 6.8
Focus panel at (x=1000 m, y=1000 m) for the erroneous macro subsurface model
(T 2:3000 m).
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6.3 RECOMMENDATIONS

The correctness of the macro velocity model is verified by the consistehcy
of the images for different shots after wave field extrapolation. Based on
this principle and on the experience gained in the development of the
method I list below a number of considerations that could be taken into
account when developing an improved estimation method for the macro
velocity model, based on wave field extrapolation.

—Research remains to be done on the requirements of 3-D acquisition
parameters if prestack depth migration is to be performed. Spatial
aliasing may seriously trouble the estimation of 3-D macro velocity models
by wave field extrapolation.

—In this thesis horizontal alignment in CDP-gathers is quantified by
measuring amplitudes after CDP stacking. As was mentioned before this
may not always be the best way to determine horizontal alignment (section
5.2). Further research is needed to investigate different coherence
measures (e.g. semblance) as well.

-To obtain optimum stacking velocities it is common practice to visually
inspect the alignment in moveout corrected CMP-gathers in addition to
inspection of semblance panels. The reason for this is that visual
inspection is sometimes easier than focus picking on semblance panels.
Similarly, the foci in focus panels may be difficult to pick because of the
elongated contours. An alternative to focus picking on focus panels is
visual inspection of generalized image gathers. As illustrated in Figure
6.2b the second focus occurs at (t=te,z=z2). From visual inspection of the
image gathers it follows that alignment of the second event occurs at z=z3
in the generalized image gather obtained by imaging at t=tg. Although no
research has been done on this topic, joint inspection of focus panels and
generalized image gathers may prove to be a powerful tool.

—For the updating of the macro model user interaction is required after
each run of the wave field extrapolation algorithm. In this stage all
possible output sections should be available to the user to decide how the
macro velocity model should be updated. It should be possible to display
focus panels, generalized image gathers, the macro model and the depth
migrated section. Hence, storage of these different data sets in a relational
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data base system seems a natural way to perform such an analysis. This
part is well suited for implementation on an interactive workstation with
good graphics capabilities.

—Although it is possible to simultaneously estimate the macro interval
velocities in consecutive macro layers, experience has shown that in
complex situations it is preferred to estimate the macro velocity model in a
top-down approach. Furthermore, depth migration of a common offset
section is generally sufficient to delineate the macro boundaries.

~In complicated situations focus panels can be very difficult to interpret.
Hence, it is impossible to converge to the correct solution with focus panels
only. The process should be guided by macro geologic models of the area.
In addition, it is an advantage to inspect focus panels along “geology-
adapted” datum lines as is illustrated in Figure 6.9.

geology-adapted datum lines

Figure 6.9
With “geology-adapted” datum lines it is possible to position the datum line
perpendicular to the macro boundaries and to keep the datum lines within a fault block.

When the datum line is located in a fault block, the macro boundaries are
generally perpendicular to the datum line. The advantage is that the
update equations have faster convergence for datum lines that are
perpendicular to the macro boundaries. Furthermore, the focus panels
will be easier to interpret when the datum lines are located within a fault
block. Future research will have to prove the validity of this approach.




APPENDIX A

THE CONVOLUTIONAL MODEL FOR
THE OBLIQUE PLANE WAVE
RESPONSE OF A 1-D SUBSURFACE

In this appendix the convolutional model is derived for the response of a
plane wave in a 1-D subsurface.

For a 1-D medium the linearized equation of motion and the linearized
equation of continuity are given (in the wavenumber-frequency) domain by

% = -jopV, (A.1a)
and

oV, ~

e =55 K0P = L5 p2P (A.1b)

respectively. Let us now introduce a new “depth” variable according to

z

J z(p,Z) , (A.2a)
0

with

1 1 1/2
e (— 2
& = ((32 -p ) . (A.2b)
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Note that this “depth” variable has the dimension of time. With thig
definition the basic equations can be restated in terms of { according to

P —jop,, &

Z—)t= ;’) ZVz (A.3a)
and

oV, _—jo 5

€ =2z ¥ (A.3b)

with the “impedance” Z being given by
Z=pecg . (A.3¢)

This leads to the following wave equation:

~ 1
—+G P=zx—c , (A.4a)

withP=P (p,{,w).
Next we define a Green’s function according to

G,
E-‘- @G=-8¢-0), (A.5a)

With G= G (p,c,c',m)-

Note that

KO \
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. Z
Now assume that the upper half space is homogeneous, i.e. %— = 0 for
{ <0. Then the “source term” in (A.4a) is restricted to the area 0 < { < oo,
Hence, for the scattered field in the upper half space we may write

B (pLa) =] (%%%)(p ¢.0) G (p.LL W dL A7)
0

Using the Born approximation, we replace P (p,{',0) in the integral by the
incident wave field

P, =Wpt.Lo Ptelo , (A.82)

where the wave field extrapolation operator is defined as
Wpg oo =2 L8 Be00) (A8b)

Hence, for { <0

P (pLw =~

96 (. L) _ _
AT CB)on o — G pito ] Brote | dse)
0

or upon substitution of equation (A.6) we obtain for { = 0
. T /102 il ~
P (p,5=0,00) ~ [%J (zg—cv)(p,C‘) Ik dC‘] Pp,t=0,0) . (A.9b)
0

Note that the integral represents a Fourier transform from (' to .
Therefore (A.9b) may be written as a multiplication:

P (p,t=0,0)~ R(p,0) S (p,@) , (A.10a)
where
Rpo =5 §—§)<p,m> (A.10b)

represents the Fourier transform of '12— (% %)(P,C'), and
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Sp,w) = P*p,t=0,0) (A.10c)

represents the source wave field at {=0. Finally, the inverse Fourier
transform of equation (A.10a) reads

Pml=0)= RO«S®L) , (A.11a)
where
Rp.0)= 5 (ZI0)®L) | (A.11b)

and * denotes convolution along the {'-axis. Equations (A.11) represent the
convolutional model for the oblique plane wave response of a 1-D medium.
Finally, renaming {' by T in equation (A.11a) and omitting {=0 and the
superscript “” in P (p,{=0,{") yields equation (1.4a).



APPENDIX B

MATRIX NOTATION

B.1 INTRODUCTION

In this appendix I discuss the derivation of the matrix notation for wave
fields and operators from the Rayleigh integral, as introduced by Berkhout
(1985). The formulation is generalized for 2-D and 3-D applications. The
matrix notation suits very well with the seismic situation, were we always
deal with sampled wave fields of finite duration. Furthermore, with this
notation we can easily describe inverse extrapolation. In the derivation I
will mainly follow Wapenaar and Berkhout (1989).

B2 MATRIX NOTATION FOR WAVE FIELDS

If we consider one frequency component ®;, then the discretized version of
a 2-D wave field measured at a constant depth level as a function of lateral
position, p(x,ze;wj), can be represented by a vector according to

[ P(-KAx,z0;09) |

Plzo) =| PlkAxzoop) | | B.1)

| P(KAX,zq;0;) _|
where Ax is the distance between the receivers.

For the seismic situation this vector represents one Fourier component of
the data in one common shot record. This vector may be written
symbolically as
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..
=
o ——

Pizo)=| Py , (B.2)

Px

where x; denotes that the different elements in this vector correspond to
the different lateral positions of the receivers. With this notation the
prestack data P(xy,z0;Xs,2Z0;0i) in a 2-D seismic survey may be written as a
matrix, according to

—> X

P.K’_M “se P_K’m e P_K’M

M —

g(zo)= Pk,-M vee Pk,m Pk,M , (B.3)

Pg M - PRm -~ PRM |

where x; denotes the lateral position of the different sources. Each
element Py, corresponds to a fixed lateral receiver coordinate xrx and a
fixed lateral source coordinate xs m. Each column (fixed xg) in this data
matrix represents one (monochromatic) common shot record. Each row
(fixed x,) represents one common receiver record; The diagonal (xs=xy)
represents zero offset data and the anti-diagonal (xs=-x,) represents
common midpoint data (see also Figure 2.3).

In a 3-D seismic survey the (monochromatic) prestack data
P(Xy,Vr,20,Xs,¥s,20;0;) can also be represented by a matrix (Kinneging et
al., 1989) according to
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—_—>» y

Pr N~PrLn-PLN

o - —

Piy)=| Py N - Pin ~ PN . (B4)

| PL-N - PLn -~ PLN_

where yr denotes the different cross-line positions of the receivers and ys
denotes the different cross-line positions of the sources. Each sub-matrix
}_’1,,1 corresponds to a fixed cross-line receiver coordinate yr) and a fixed
cross-line source coordinate ys n. The elements in the sub-matrix itself are
defined as in (B.3) (see Figure B.1). Note that each column (fixed xg,ys) of
the total matrix P (z,) represents one (monochromatic) common shot
record and each row (fixed x,y;) represents one common receiver record.
In this thesis a data matrix P (zo) may represent either a 2-D survey, as in
(B.2) ore a 3-D areal survey, as in (B.3). Hence, a data vector P(z,) (one
column of P (z,)) may represent either a 2-D or a 3-D seismic shot record.

—_ Yo
>x, > x > x, A
(g - Ly
Yr
> x,
v
xf

13
b3

Figure B.1
Organization of the data matrix for a 3-D seismic survey.



154 B. Matrix notation

B3 MATRIXNOTATION FOR OPERATORS

Wave field extrapolation can be written as a generalized spatial
convolution according to

o0

P(x,y,zm;w) = f f W(x,y,zm;x",y',20;0) P(x,y',20;00) dx'dy’ . (B.5)

-0

P(x',y',zo;®) represents a quantity related to a wave field at depth level z,
(e.g. the acoustic pressure or one component of the particle velocity), W
represents an operator (here for downward wave field extrapolation) and
P(x,y,zm;®) represents a quantity related to a wave field at depth level zy
(here the downward extrapolated wave field). When P(x,y,zm;®) and
P(x',y',z0;00) represent pressure wave fields and W represents a forward
extrapolation operator, then (B.5) represents the Rayleigh II integral.

If we replace the wave fields P as well as the operator W by their
discretized versions, then the integrals are replaced by summations,
according to

P(kAx,1Ay,zm;0) = (B.6)
M N
Z 2 W(kAx,lAy,zm;mAx' ,nAy',20;0) P(mAX' nAY',z,;0) AX'Ay' ,
m=-Mn=-N

for k="K, ..., Kand 1=-L, ..., L.

Here it is assumed that M and N are “sufficiently large” and that Ax and
Ay are “sufficiently small”. The latter condition can always be satisfied as
we deal with band-limited seismic data. For an extensive discussion on
various aspects of discretization the reader is referred to Berkhout (1985).

In analogy with the previous section, we define data vectors P(zy) and
P(z,) which contain the discretized wave fields P(x,y,zm;®w) and
P(x',y',20;0), respectively. Next we replace equation (B.6) by the matrix
equation

P(Zm) = W(Zm,ZO) P(ZO) . (B-7)

This implies that we define the operator matrix W(zm,z,) according to
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WiN-Wpn-WLN
Wizmzo) =| Wi.N - Wi Wi N | (B.8)
| WL, N Won o WL N
where the elements of the sub-matrices Win read
(Wl,n)k,m = AxAy W(kAx,IAy,zm;mAX,nAy,z0;0i) . (B.9)

Note the high degree of similarity of this operator matrix Vy(zm,zo) with
the data matrix P (z,) defined in (B.4). One column in the data matrix
P (z,) represents one Fourier component of the data as a function of (x,yy)
for a source at (xg=mAx,yg=nAy,z,). Similarly, one column in the operator
matrix \f (Zm,z,) represents one Fourier component of the “spatial
impulse response” of the operator as a function of (x,y) for an “impulse” at

(x'=mAx,y'=nAy,z,).
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SUMMARY

To obtain an image of the earth’s subsurface, the traveltimes of reflection
events in seismic data have to be converted to geologic depths. For one-
dimensional subsurfaces this means a re-scaling of the time coordinate.
In case of simple subsurface structures re-scaling of the time coordinate
should be preceded by time migration. However, for complex subsurfaces
depth migration is required and time-to-depth conversion is part of the
migration process. In any of the conversion schemes a macro velocity
model is needed that predicts the traveltimes of the seismic waves in the
subsurface.

A macro velocity model can be parameterized by macro boundaries, which
represent the major reflectors in the subsurface, and macro interval
velocities, which are the propagation velocities (and gradients) between
the macro boundaries. It is important to realize that one macro boundary
in the macro model may actually represent a sequence of thin layers
(transition zone).

In the past a lot of research has been done to obtain a description of the
macro velocity model. Conventionally, velocity analysis is done directly on
the surface measurements (CMP-gathers). Dix (1955) has developed a
simple estimation method assuming hyperbolic moveout and plane
horizontal interfaces. Taner and Koeler (1969) use velocity spectra
obtained from coherency analysis on CMP data to estimate interval
velocities for horizontally layered media. In the extensions made by
Hubral (1976), the plane interfaces are allowed to have arbitrary dip, but
the assumption of hyperbolic moveout is not released. Presently, CMP
techniques exist that avoid the hyperbolic assumption (Hadley et al., 1988;
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Landa et al.,, 1988), but still the analysis is performed on the surface
measurements.

In current seismic processing a trend exists towards an increasing use of
prestack depth migration of seismic data. Opposed to more conventional
data processing techniques, prestack depth migration requires a more
accurate description of the macro velocity model.

In this thesis a new method is developed to estimate accurate macro
velocity models. The philosophy behind the method is to use the sensitivity
of prestack migration to estimate the macro velocity model. Since model
errors are expressed in the quality of the migration result, the migration
process itself can be used to determine these errors.

Using an initial macro velocity model, shot records are downward
extrapolated to grid points (depth points) in the subsurface (Chapter 2).
The extrapolated data can be reordered into so-called common depth-point
(CDP-)gathers, image gathers and focus panels (Chapter 3). If the macro
velocity model is correct, horizontal alignment should occur in CDP-
gathers at t=0, image gathers should contain horizontally aligned events
at all depths, and focus panels should contain foci at t=0 only. If these
requirements are not met, the macro velocity model is in error and needs
to be updated. The procedure is repeated until convergence has occurred.

In the macro model estimation method presented in this thesis, the
deviation from horizontal alignment is used to quantify the errors in the
model and to apply update corrections accordingly (Chapter 4). The
analysis can be done before or after stacking over all shot records (CDP-
stacking). By CDP-stacking the previously mentioned focus panels are
generated. The alignment analysis reduces then to a simple focusing
analysis.

There are several advantages of extrapolation per individual shot record
(as opposed to so-called S-G extrapolation schemes). Above all, it allows to
investigate the extrapolated data per shot record, i.e. with shot record
extrapolation it is possible to analyse alignment in CDP-gathers and
image gathers. Normally, the alignment is quantified by CDP-stacking.
However, other coherence measures can be used as well. Furthermore,
from a data handling point of view it is convenient to process the data per
physical experiment (shot record). Note that in S-G based schemes
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CDP-stacking is done implicitly. Hence, in those schemes the extrapolated
data can only be inspected after CDP-stacking (focusing analysis).

In conclusion, horizontal alignment of macro reflections in CDP-gathers
is an excellent criterion for verification and updating of macro velocities.
After each update the data should be depth migrated with the new macro
velocities to evaluate the macro boundaries. The examples discussed in
Chapter 5 show that with this approach it is possible to obtain accurate
macro velocity models for prestack depth migration.

In complicated situations focus panels can be difficult to interpret. Hence,
in these cases it is impossible to converge to the correct solution with focus
panels only. The process should be guided by macro geologic models of the
area.

Finally, in complicated situations a layer-stripping strategy is preferred.



SAMENVATTING

Om een beeld te maken van de ondergrond moeten de looptijden van
reflecties in seismische metingen geconverteerd worden naar geologische
diepten. Voor een één-dimensionale ondergrond betekent dit een
herschaling van de tijdcoérdinaat. In het geval van een eenvoudige
ondergrond moet deze herschaling voorafgegaan worden door
tijdmigratie. Daarentegen is dieptemigratie vereist in het geval van een
complexe ondergrond, waarbij de tijd-diepte-conversie één geheel vormt
met het migratie-algoritme. In elk van bovengenoemde diepte conversie
schema’s is een macro snelheidsmodel nodig, dat de looptijden van de
seismische golven in de ondergrond voorspelt.

Een macro snelheidsmodel kan worden beschreven door een aantal macro
oppervlakken, gegeven door de belangrijke snelheidsovergangen in de
ondergrond, en macro interval snelheden (en gradiénten), gegeven door
de voortplantingsnelheden in elke macro laag. Het is belangrijk te
realiseren dat een macro oppervlak in het macro model ook een reeks
dunne lagen kan representeren (een zogenaamde transitiezone).

In het verleden is veel onderzoek gedaan om een beschrijving te krijgen
van snelheidsmodellen. Snelheidsanalyse wordt in het algemeen direct op
de oppervlaktemetingen toegepast. Dix (1955) bijvoorbeeld, ontwikkelde een
eenvoudige snelheidschattings methode, waarbij hyperbolische “moveout”
wordt aangenomen evenals vlakke horizontale reflectoren. Taner en
Koehler (1969) maken gebruik van snelheidsspectra, die verkregen zijn uit
coherentie analyse op zgn. CMP (common midpoint) datasets. Hierbij
wordt wederom de hyperbolische aanname gebruikt. In de uitbreidingen
van Dix’ methode, voorgesteld door Hubral (1976), mogen de vlakke
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reflectoren een willekeurige helling hebben, maar ook in deze methode
wordt hyperbolische moveout aangenomen. Tegenwoordig bestaan er:
CMP technieken waarbij de aanname van hyperbolische moveout wordt
vermeden (Hadley et al., 1988; Landa et al., 1988).

In de huidige seismische processing is een trend waarneembaar die duidt
op toenemend gebruik van prestack dieptemigratie van seismische data,
waarbij de CMP stack wordt vermeden. In tegenstelling tot meer
conventionele processing technieken is voor prestack dieptemigratie een
accurate beschrijving van het macro snelheidsmodel vereist.

In dit proefschrift is een nieuwe methode ontwikkeld om accurate macro
snelheidsmodellen te schatten. Deze methode is gebaseerd op de filosofie
om de gevoeligheid van prestack migratie te gebruiken voor het schatten
van het macro snelheidsmodel. Omdat modelfouten tot uitdrukking
komen in de kwaliteit van het migratie resultaat kan het migratieproces
zelf worden gebruikt om deze fouten te bepalen.

Gebruikmakend van een initieel macro snelheidsmodel, worden shot
records geéxtrapoleerd naar “grid-punten” in de ondergrond (zogenaamde
diepte-punten, hoofdstuk 2). De geéxtrapoleerde data kunnen dan worden
geordend in zogenaamde common depth-point (CDP-)gathers, image
gathers en focus panels (hoofdstuk 3). Als het macro snelheidsmodel
correct is dan moet in CDP-gathers horizontale oplijning plaatsvinden op
t=0, image gathers moeten horizontaal opgelijnde reflecties bevatten voor
alle diepte-punten en in focus panels mogen slechts foci optreden op t=0.
Als aan deze voorwaarden niet is voldaan dan is het macro
snelheidsmodel fout en moet het worden aangepast. De procedure wordt
herhaald totdat convergentie is opgetreden.

In de macromodel-schattingsmethode die in dit proefschrift wordt
behandeld, wordt de afwijking van de horizontale oplijning gebruikt om de
fouten in het model te kwantificeren en overeenkomstige correcties toe te
passen (hoofdstuk 4). De analyse kan worden gedaan voor of na het
optellen van de resultaten voor de verschillende bronposities op het
oppervlak (CDP-stacking). Door CDP-stacking kunnen de hiervoor
genoemde focus panels worden gegenereerd. De oplijnings-analyse wordt
in dat geval gereduceerd tot een eenvoudige focus analyse.



Samenvatting— 167

Er zijn verschillende voordelen verbonden aan het afzonderlijk
extrapoleren van shot records (in tegenstelling tot zogenaamde S-G
extrapolatie schema’s). Bovenal staat deze methode de analyse van de
geéxtrapoleerde data per shot record toe, m.a.w. door middel van shot
record extrapolatie is het mogelijk om de oplijning in CDP-gathers en
image gathers te analyseren. Deze oplijning kan worden gekwantificeerd
door CDP-stacking, maar andere coherentie criteria kunnen ook worden
gebruikt. Ook vanuit het oogpunt van data verwerking is het handig om de
data te bewerken per fysisch experiment (shot record). Daarentegen wordt
in S-G schemas de CDP-stacking impliciet toegepast. Daarom kunnen de
geéxtrapoleerde data slechts na CDP-stacking worden geinspecteerd
(focus analyse).

Concluderend kan gesteld worden dat horizontale oplijning van macro
reflecties in CDP-gathers een uitstekend criterium is voor de verificatie en
aanpassing van macro snelheden. Na elke aanpassing moet op de data
dieptemigratie worden toegepast om de macro grenzen te bepalen. De
voorbeelden in hoofdstuk 5 laten zien dat het met deze methode mogelijk is
om accurate macro snelheidsmodellen te verkrijgen die gebruikt kunnen
worden in prestack dieptemigratie.

In ingewikkelde gevallen kunnen focus panels moeilijk te interpreteren
zijn. In deze gevallen is het moeilijk om naar de correcte oplossing te
convergeren met focus panels alleen. Daarom moet het proces gestuurd
worden met behulp van macro geologische modellen van het gebied.

Tenslotte, in ingewikkelde situaties is een zg. “layer-stripping” techniek te
prefereren.
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