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Figure 4.4 The upgoing wave field at level z;, p~(z;) is propagated to the surface by applying a wave field 
extrapolation operator W~. 

At the target zone the incident wave field s+(z;) is related to the reflected wave field p~(z;) 
through the target reflection response: 

p"(z.) = X(z.) s+(z.) . (4.5) 

The matrix X will denote the target reflection response operator. Since the redatuming aims at 
obtaining the reflection response X(z;) of the target zone this matrix will be examined more 
closely in the next section. 

The target response for primary waves due to sources s+(zj) at the surface is found by 
combining (4.3), (4.4) and (4.5): 

p-(z0)=W"(z0,z.)X(z.)W+(z.,z0)s+(z0) . (4.6) 

In this relation both s+(z0) and p~(z0) are vectors containing the monochromatic source and 
detector data at the surface as shown in figure 4.1. However, many shots are available so the 
source and detector data vectors should be extended to matrices. Each column of the S matrix 
contains the source data for one shot. The corresponding column in the P matrix contains the 
reflection response for the same shot position as shown in figure 4.6. 
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Figure 4.5 The surface response p~(zo) due to a surface source wave field s+(z0) is obtained by applying a 
wave propagation operator W+ followed by a reflection response operator X(z;) and a wave propagation operator 
W - to bring the wave field back to the surface. 

■ k shot-

Figure 4.6 Corresponding columns in the source data matrix S and the detector wave field matrix P relate 
to the same shot location. 
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So for a multi-shot experiment the forward model becomes: 

P > 0 ) = W-(z0,z.)X(z.)W+(z.,z0)S+(z0) . (4.7) 

This equation describes the forward problem for a number of surface experiments where each 
source wave field s+(z0) causes a reflection response p~(z0) from the target zone. If some 
special acquisition parameters are present these may be incorporated in a detector matrix D(ZQ): 

P"(z0) = D(z0) W-(z0,z.) X(z;) W+(z.,z0) S+(z0) . (4.8) 

If an array of geophones is used per station to suppress ground roll, the acquisition matrix 
becomes a band matrix instead of a diagonal matrix. However, since the emphasis is on the 
redatuming problem, the acquisition matrix will not be considered further on. We will assume 
that D(ZQ) and S+(ZQ) are diagonal matrices. 
For the migration the reflectivity matrix R(z) should be determined for every depth level. In the 
redatuming application the target response X(z;) should be obtained for one depth level from the 
surface data. So the forward problem should be inverted for. The target reflection response 
X(zj) should be extracted from the surface data P(ZQ) by inverting (4.8). 

4.2 THE TARGET RESPONSE X 

In the redatuming the response from the target zone denoted by X(z;) should be obtained from 
the surface data. This response as it appears in the forward problem will be examined more 
closely. 

The reflection response describes the relation between a down going incident wave field 
s+(z;) and the up going reflected wave field p~(z;): 

p"(z.) = X(z.) s+(z.) . (4.9) 

For the case of a single reflector at z; and a homogeneous halfspace below z;, X(z;) corresponds 
to the reflectivity properties R(z;) of the reflector. The reflection is defined as the relation 
between the incident wave field and the reflected wave field: 

p-(z.) = R(z.)s+(z.) . (4.10) 

If the reflectivity does not vary laterally the above equation may be written as 

P"(x,Zi,co) = R(x,z.,co) * S+(x.z;.co) . (4.11) 

The reflection is written in terms of a spatial convolution (along the x-coordinate) of the 
reflectivity operator and the illuminating wave field. If the reflection operator is transformed 
from the space frequency domain to the wavenumber frequency domain by applying a Fourier 
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transform to R(x,z;,co), then each element of R(kx,z;,co) corresponds to a plane wave reflection 
coefficient: 

P"(kx,z.,co) = RCk^.oo) S+(kx,z.,co) . (4.12) 

R(kx,Zi,co) is the plane wave reflection coefficient for an angle of incidence a, according to 
k 

sin a = —ï-

and 

k = oo 

For one specific frequency R^.z^Cu) is shown in figure 4.7. The reflected wave field is 
obtained by applying a plane wave reflection coefficient to each plane wave. If the reflection 
operator is applied in the x domain instead of the plane wave domain, R(kx,z;,co) should be 
transformed to the space domain. In figure 4.8 the transformed R(x,Zi,co) is shown. This 
operator should be spatially convolved with an incident wave field in order to obtain the 
reflected wave field (see equation 4.12). Each function R(x,z;,co) represents one row of the 
reflectivity matrix in equation 4.10. Note that if the reflector is assumed to be locally reacting, 
the reflection operator R(x,Zi,co) becomes a spike. 

W 

Figure 4.7 The reflectivity R(kx,co;) is very similar to the plane wave reflection coefficient as a function 
the angle of incidence. The center of the horizontal axis correponds to normal incidence. The points where the 
reflectivity function reaches 1 correpond to critical reflection. The points at which the function drops below 1 
again are the 90' angle of incidence points. 
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H 

Figure 4.8 The reflectivity operator R(x,co j) should be applied as a convolution operator to the data. 

For a far more rigorous description of the concept of reflection in terms of convolution the 
reader is referred to Berkhout (1982). 

In the above a single reflector is assumed at the target level. However, in general the target 
zone response is more complicated. For the forward model this response X(z;) could be 
obtained through some modeling procedure. As discussed in chapter 2, the Kirchhoff integral 
can be used to model the wave propagation. However, in chapter 2 the discussion is focussed 
on modeling of propagation through the medium. The known wave fields are at one depth level 
whereas the unknown wave fields are at another depth level. For modeling the reflection 
response X(z;) of the target structures both the down going wave field and the up going wave 
field should be modeled. A one-way approach is chosen so multiples are not included. 

rW~kf7 n+t aG(r,rA,co) dp\r,0)) 
P (r,co) 3n 3n G (r,rA,co) dS (4.13) 

4TC * p 
r and rA are on S, where S represents the datum just above the target. 

In figure 4.9 the Green's function for some medium is shown. Note that the Green's 
function G"(r,rA,co) represents an up going scattered wave field arriving at r in S, related to a 
downward radiating source at rA on S (figure 4.9). Expression 4.13 states that the up going 
wave field at rA on S is obtained by applying the Kirchhoff integral to the down going wave 
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Figure 4.9 The target response X(z;) may be written in terms of Green's functions Gs~. 

field on S. If the surface S is planar, equation 4.13 may be modified. As discussed in chapter 2, 
both terms in the above Kirchhoff integral become identical so 

P (xA,yA,z 0))= [ — 
A A s 2JC { p 

P (x'.y'.z .co) 
3G (x'.y'.x y z co) 

an 
dx'dy' , 

or in matrix notation 

p-(z ) = X(z ) p+(z ) , 

(4.14) 

(4.15) 

where the rows of X(zs) are given by the Green's function G~ according to equation 4.14. 

4.3 THE REDATUMING 

In the redatuming the objective is to obtain the target reflection response X(z;) at the new datum 
from the surface data. From the previous relation it follows that the illuminating wave field 
W+(Zi,z0) S+(z0) has to be inverted for as well as the upward propagation W-(zo,z;). The 
redatumed reflection response is given by (figure 4.10). 

c^ " 

[w - ] 
-1 

[w+s+] 

Figure 4.10 The redatuming in terms of matrix operations. 
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[W"l 

CRG-

-1 

[W+S + ] 

Figure 4.11 The matrix operations for the redatuming involve an inverse extrapolation per CSG and a 
source wave field extrapolation per CRG. 

0 0 0 + o ; o o + o o ; o + o o o 

Pi 

Figure 4.12 In redatuming per shot gather each shot is processed separately. Addition of all partial 
redatuming results will yield the same response as as in figure 4.11 

X(z.) = W-(z0)z.)] p-(Zo)|V(z.,z0)S+(z0)_ (4.16) 
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The inverse extrapolation operator W_1 has been discussed in the previous chapter. In the 
relation above [W-Czg.Zj)]-1 P~(z0) describes the elimination of the overburden wave 
propagation effects for the reflected up going wave field. The registered wave field is inversely 
extrapolated down to the target zone. Since this matrix multiplication involves operation on the 
columns of P~(zo) (figure 4.11) this inverse extrapolation is carried out per common shot gather 
(CSG). The other part of the right hand side of equation 4.16 P-(z0)[(W+(Zi,z0) S^z,,)]-1 

involves dot products of the rows of P-(z0) with the columns of [W+(ZJ,ZO) S+(z0)]-1. So this 
matrix multiplication which represents inversion of the illuminating wave field involves 
processing per common receiver gather (CRG). In the redatuming procedure proposed by 
Berryhill (1984) the inverse extrapolation per CSG and CRG also occurred. In practice this is a 
problem (especially for the 3-D case) since it involves changing the data organization during the 
processing. The data volume is quite large so this data reordering should be avoided. In the 
matrix notation the previous relation can easily be written in terms of processing per common 
shot gather. If we have only one shot record, the data matrix P-^ZQ) is zero except for the k* 

ACQUISITION 

REDATUMED ZO SECTION 

Figure 4.13 The shot record redatuming involves a redatuming of each shot separately followed by an 
addition of all the redatumed shot data. 
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Figure 4.14 Flowchart for the shot record redatuming process. 

column corresponding to the shot location xk. Applying the previous relation results in a 
redatumed section for only one surface shot record: 

.,-1 - . - l 
X(z.) = [WIZQ.ZJ) >-(z0)|y(Vo)S+(Vj • (4-17) 

Repeating this procedure for each shot record and adding the results, gives the redatumed 
reflection response. For many different shot locations this single shot record redatuming is 
given by 

X = X j +X2 + . . .+X k + ... +XN (4.18) 
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so 

X(z.) = W-(z0,z.)] [p-(z0) + ... + p-k(z0)... + PN(z0)] [w+(Z.>Zo) S+(z0)j (4.19) 

or 

X(z.) = [w-(z0,z.)] p-(Z()) [w+(Zi,z0) S+(z0)] , ( 4 2 0 ) 

in which the data matrix P"ic(z0) contains zeros except for the k* column corresponding to shot 
position xk (see figure 4.12). This relation is equivalent to the multi shot redatuming relation, so 
a processing per common shot gather in the redatuming procedure should be feasible. The 
procedure is shown schematically in figures 4.13 and 4.14. If the number of shot locations at 
the surface is less than the number of shots at the new datum the problem is ill-posed. Few 
surface registrations can not give a correct reflection response for many points at the new 
datum. 

In conclusion, a wave propagation model together with sufficient surface shot records allows 
for the construction of a zero offset section (diagonal of X) or a set of common shot gathers 
(columns X) at a new datum. Furthermore the redatuming procedure allows for processing per 
surface shot record. The zero offset section which is obtained with redatuming is a true zero 
offset section. Unlike the conventional CMP stacking process, no hyperbolic assumptions are 
made about the move out curve. In the redatuming the move out elimination is based on the 
wave equation and the interval velocity model. The zero offset section is therefore truly zero 
offset. 

4.4 REDATUMING WITH THE FULL KIRCHHOFF OPERATOR 

The redatuming process as discussed in the previous section assumes Rayleigh type of 
extrapolation operators. Only the acoustic pressure wave field is considered in the extrapolation. 
If the full Kirchhoff integral is applied, both the particle velocity and the pressure of the wave 
field should be extrapolated. The operator matrices and data matrices should contain the data and 
operators related to both wave field variables P and Vn. In matrix notation the matrices 
containing the wave field should consist of two submatrices containing the pressure data and the 
normal component of the particle velocity data: 

or (4.21) 

The extrapolation operator for this data matrix consists of 2x2 submatrices 
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2 PP 

2 VP 

2 PV 

2 vv 

or 

— W~ 
2 PP 

— W~ 
2 VP 

—W 
2 PV 

— W~ 
2 w 

The submatrix WPP represents the P to P extrapolation operator. WPP corresponds to the first 
term of the integral in equation 2.11. The WPV represents the Vn to P extrapolation operator. 
This corresponds to the second term of the integral in equation 2.12. WVP is the P to Vn 

extrapolation operator and WVv is the Vn to Vn extrapolation operator based on the integral 
equation in relation The full Kirchhoff extrapolation of the pressure and particle velocity 
is achieved with the following matrix multiplication. 

P+(z) 

V+(z) 

- W p p ( Z s > z 0 ) lw; v (z c ) Z n ) 
'P V \ "o' 

J-VC(z,zn) I ' VPV s'T) iw. 
w (z-zn) 

P(^n) 

V >o> 

(4.22) 

Note that this equation describes the downward extrapolation. A similar equation holds for the 
upward extrapolation. 
The target response X as defined in section 4.3 should also be built up from four submatrices. 

X(z) = 

Xpp(zs) I Xpv(zs) 

(4.23) 
.vp(zs) I Xvv(zs) 

Each submatrix represents the pressure or particle velocity response for a pressure or particle 
velocity input. With XPP, X v v , XPV and XVP, the response of the target for a wave field 
described in terms of pressure distribution and particle velocity is defined. The four responses 
however are not independent because for a given wave field, P and Vn are not independent. The 
forward model for both P and Vn becomes (figure 4.15): 
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Figure 4.15 Forward modeling of the seismic surface response in terms of P and Vn. 

P-(Z0) 

V >o> 

where 

_W | —W 
2 PP 2 p v 

Lw i —w~ 
2 VP 2 w 

Xpp(zs) I Xpv(zs) 

Xvp(zs) I Xyv(zs) 

2 PP 2 p v 

2 VP ' 2 w 

P (z ) 

V (z ) 
nv 0 

(4.24) 

p~(zn) 

v„(zo> 

is the up going wave detected field at the surface and 

P fcO 

V > o ) 

is the down going source wave field at the surface. 
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For notational convenience we omitted the arguments (zs,zo) and (ZQ,ZS) in the downward and 
upward extrapolation operators, respectively. 

However, finding both XPP and XVy and the cross terms XPV and XVp from the down 
going source wave field P+ and the up going wave field P~~ on the new datum is not trivial. I 
have not found a way to construct the four dependent responses Xpp, Xyy» XPV and XVP from 
the up going and down going P and Vn at the new datum for any geometry. If the cross terms 
XpV and XVP could be eliminated, the reconstruction of XPP and X v v would be straightforward 
as will be shown below. 

If the new datum would be a planar surface, assuming one-way wave fields, the dependency 
between XPP, X v v , XPV and XVP could be expressed explicitly, without any knowledge about 
the actual wave field. In chapter 2 it has been shown that for one-way Green's functions the 
contributions for both terms in the Kirchhoff integral are identical in case of integration over a 
planar surface. In analogy with the derivation of equation 2.30 and 2.31 from 2.11, we may 
therefore write equation 4.24 as 

P~(Zn) 

V > 0 > 

Iw-
2 PP 

iw-
2 PV 

_W I _W 
2 VP 2 w 

XPp(Zs) I ° 

0 I Xv v(zs) 

2 PP 
- W + 

2 PV 

Lw+ i _w + 
2 vp 2 w 

PT(z0) 

V (z ) 

(4.25) 

For the redatuming the following equation should be solved 

P"(z) 

V (z) 

Xpp(zs) I 0 

0 I Xvv(zs) 

P ( z ) 

V+(z) 

(4.26) 

where 

P"(z) 

V (z) 

iw" 
2 PP 

— W~ 
2 vp 

n - i 

2 PV 

iw-
2 vv 

P-( Z O ) 

V (z ) 
n 0 

(4.27) 

and 
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P (z ) 

V+(z) 

- W + 
2 PP 

- W + 
2 VP 

I 

- W + 
2 PV 

2 vv 

P+(z ) 

V (z ) 
nv 0 

(4.28) 

Hence, XPP(zs) is resolved from the downward extrapolated wave fields P-(zs) and P+(zs), 
according to 

Xpp(zs) = p-(zf) [V\z)Yl ■ (4.29) 

Similarly, XVv(z
s) *s resolved from the downward extrapolated wave fields Vn

_(zs) and 
Vn

+(zs), according to 

Xvv(zs) = V > s ) [ V > s ) ] - 1 . (4.30) 

The P to P response XPP at the new datum z; should be reconstructed from the inverse 
extrapolated source wave field P+(zj) and the inverse extrapolated detected wave field P~(z;). 
This is similar to the procedure for the redatuming of P only, which has been discussed in the 
previous section. The Vn to Vn response Xyv *s reconstructed similarly from the particle 
velocities V+

n(zi) and V_
n(zi) at the new datum. 

4.5 APPLICATION OF REDATUMING IN LAYER REPLACEMENT 

The redatuming process is primarily intended for bringing the acquisition surface down to the 
target area. However, if the main interests are the general geological features in the whole 
subsurface instead of only a small area, the datum should be the surface. However, especially in 
the case of marine data, an undulating sea floor may result in a distortion and disruption of 
reflection events from the underlying structures. Yilmaz and Lucas (1986) suggested the use of 
pre-stack redatuming to eliminate the water layer and to replace it by a layer with a velocity 
similar to the velocity in the shallow structures. This is accomplished by inverse extrapolating 
the detected data and the source data to the sea floor taking the wave propagation velocity in 
water. Next, the inverse extrapolated wave fields are forward extrapolated to the acquisition 
datum with a velocity which is close to the velocity of the first layer. The extrapolated wave 
fields are then used to reconstruct shot records. The distortion from the irregular water-bottom 
has now been eliminated in the surface data. The stacking process may yield a better result after 
the layer replacement. 
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4.6 REDATUMING AND MIGRATION 

In this section the relation between migration, redatuming and focussing analysis will be 
discussed. In seismics the migration is used to obtain an image of the reflectivity everywhere in 
the subsurface. The focussing analysis is a technique to verify if the migration velocities used in 
the migration process are correct. The migration and redatuming have many similarities (figure 
4.16). In the migration, in order to image the reflectivity at a certain depth, the wave 
propagation effects for the shallower structures are eliminated. By taking the ratio of the up 
going wave field and the down going incident wave field at a depth, the reflectivity is estimated. 

Eliminate 
propagation 

effects 

Imaged 
trace 

Apply 
imaging 
condition 

Redatumed section Migrated section 

Figure 4.16 In both redatuming as well as depth migration an elimination of overburden wave propagation 
effects takes place followed by an imaging step. 

A more commonly used imaging condition is the correlation of the down going wave field and 
the up going wave field at t = 0 s. This imaging condition is stable. In redatuming the process is 
very similar. The wave propagation effects for the overburden are eliminated as well. The 
imaging condition however should not result in the reflectivity at a single depth, but the full 
response for the lower structures. The ratio of the down going wave field and the up going 
wave field results in the reflectivity for t = 0 s and the response of the lower structures at 
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Figure 4.17 Both depth migration and redatuming are carried out with the surface reflection data for both 
reflectors. The new datum coincides with the first reflector. 

0 1 2 3 
5 5 5 5 

Figure 4.18 True zero offset time section obtained with redatuming to the first reflector (again has been 
applied to emphasize the reflection from the second interface). 
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t > 0 s. For a simple medium this is shown in figure 4.17. A pre-stack redatuming is carried 
out at the level of the second reflector. A zero offset section after redatuming is shown in figure 
4.18. The first reflector occurs at t = 0 s. In the redatumed section sources and receivers are 
located at the new datum on top of the reflector. The travel time for the reflection response is 
therefore zero seconds. The second reflector occurs at the two way travel time. In the migrated 
section (figure 4.19) the vertical axis is depth instead of time. The reflectivity is obtained for 
every depth level in the subsurface. Whereas in the redatuming the amplitude of the second 
reflector is determined by both the propagation effects and the reflection properties. 

Figure 4.19 Depth migrated section. 

The focussing analysis was first discussed by Yilmaz and Chambers (1984). However, they 
used time migration which does not result in an correct image in depth for laterally varying 
media. In 1986 Faye and Jeannot presented a paper where they used the focussing analysis with 
depth migration. In the focussing analysis the imaging condition is similar to the condition used 
in the redatuming process. After the correlation of the down going wave field and the up going 
wave field the whole result is used instead of only the zero time sample. By doing this analysis 
at a certain lateral position for every depth as shown in figure 4.20, as discussed by Cox in the 
TRITON reports (1987,1988), a verification of the macro model may be carried out. In case of 
a correct velocity model, all energy should be concentrated around the zero time line. From the 
deviations of the focus energy from the zero time line a model update may be derived. For 
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1500 m/s 

2000 m/s 

3000 m/s 

Figure 4.20 For the focussing analysis vertical new datum could be taken. If the interval velocities are 
incorrect the maximum reflection event does not occur at t = 0 s. 

simple horizontally layered media an analytical relation between model error and incorrect 
imaging position may be derived. 

For more complex media iterative update procedures should be used. So redatuming to a 
vertical datum results in the focussing panels, which are used in the focussing analysis. 
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5 
APPLICATION OF THE REDATUMING 

In this chapter the redatuming procedure, which has been discussed in the previous chapter has 
been applied to both synthetic data examples as well as a real data set. In the first section of this 
chapter the effects of a limited geophone spread and geophone sampling on the redatuming 
result are investigated. It is very interesting to study what information the registered data 
contains about the subsurface before interpreting the redatumed data. 

In the next sections redatuming examples for synthetic data are discussed. The first synthetic 
example involves a single interface overburden with steep dips and strong lateral velocity 
variations. Through finite difference modeling synthetic data is obtained. The surface data is 
brought down through redatuming. 

In the second synthetic example finite difference data has been modeled for a dome structure. 
Redatuming is carried out to obtain a true zero offset section for the structures below the dome. 
Finally in the last sections a real data example is discussed. The data was obtained through 
physical modeling in a water tank. The overburden for this model consists of a dome structure 
and a faulted structure. The redatuming is carried out to obtain an undistorted zero offset section 
of a deep planar reflector. 

5 .1 THE EFFECTS OF GEOPHONE SPREAD AND SPATIAL SAMPLING 
ON MIGRATION AND REDATUMING 

In practice the geophones are spread out over a limited distance. So not all of the reflected wave 
field is registered at the surface. Furthermore the distance between the geophone stations and the 
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individual shot location is not always according to the spatial sampling Nyquist criterion. The 
number of geophone stations and the station spacing are strongly related to the costs of a 
survey. However, if insufficient geophone stations are used some data may be lost. The 
geophone spread is related to the angular illumination of the reflectors in the subsurface. The 
reflectivity as a function of incidence, which is investigated in amplitude versus offset 
techniques may give detailed information on the density and velocity structure at the reservoir. 
However, these techniques fail if insufficient angular illumination is available. Therefore the 
angular reflectivity which is available in the data given the subsurface structures and the 
geophone spread should be examined. 

For the subsurface geometry from figure 5.1 the geophone spread and sampling have been 
varied. Sources and receivers are located at the surface. A redatuming to the level of the reflector 
is carried out for each of the acquisition configurations. Of course the effects of different 
geophone spreads and sampling depends on the subsurface geometry. It is not possible to give 
explicit analytical relations between some surface spread layout and the resulting effect after 
migration for a reflector at one kilometer depth, which holds for every subsurface structure. The 
dip and curvature in the overburden will strongly effect the wave propagation. However the 
experiments shown in this section should give some idea as to how different spread 
configurations may effect the image of a reflector in the subsurface after migration or 
redatuming. In terms of the response matrix X as defined in the previous section, different parts 
of this matrix are obtained as output from the redatuming. Since the redatuming occurs at the 
level of a reflector with no reflections occurring from deeper structures the response matrix X is 
equivalent to the reflectivity matrix R. Either the diagonal of the R matrix, a zero offset section 

—— oooooooooooooooo»oooooooooooooooo 

C = 1500 m/s 

Figure 5.1 The effect of cable truncation and acquisition geometry on redatuming is examined with the 
above subsurface model. 
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is considered, or a single row of the response matrix is regarded. The zero offset section relates 
most strongly to what an interpreter would like to have as output. However it contains not all of 
the available reflection information. A single row of the response matrix contains information 
about the reflection as a function of the angle of incidence. So a row of R should tell use about 
the angular illumination of the reflector for some surface acquisition configuration. This is very 
important information since amplitude versus offset techniques use the angular reflection 
properties to estimate the lithological properties. If the angular illumination for a certain reflector 
is insufficient amplitude versus offset techniques will not give an accurate estimate of the 
lithologic parameters. In the experiments the row of the response matrix R will be presented in 
the wave number domain. In this domain each element of R corresponds to a plane wave 
reflection coefficient. In the space domain the R matrix is a reflectivity operator in terms of 
convolutions which is very hard to interpret. In figure 5.2 the reflectivity for an interface 
between a 1500 m/s and a 3000 m/s layer is shown. The frequency is along the vertical axis. 
The wave number is along the horizontal axis. All straight lines going through the origin 
correspond to constant angle of incidence. Furthermore the figure is symmetrical in the vertical 
axis since the reflectivity for an angle of incidence of +cx° is the same as the reflectivity for -cc°. 
A cross section for constant frequency is also shown in figure 5.2. The horizontal axis is kx but 
can also be interpreted as the angle of incidence according to 

k 
sina = ^ . (5.1) 

The figure corresponds to the familiar plane wave reflection as a function of the angle of 
incidence. 

In the first set of experiments a split spread configuration is used. The spread length is varied 
from 3000 m to 200 m as is shown in figures 5.3a through 5.4c. The limited spread means that 
far offsets are not recorded. Therefore only a limited dip of the wave field is recorded. A high 
angle of incidence on the reflector would cause the reflected wave field to arrive at the surface 
beyond the last geophone. A row of the R matrix, obtained after the redatuming will be 
presented in the wave number domain. The figures should give a clear indication which angular 
reflection coefficients are resolved by the migration process. Figures 5.5 through 5.10 show the 
resolved reflectivity functions for the migration of a 3000 m geophone spread through a 200 m 
geophone spread. For the maximum spread length the reflection coefficient is fully resolved by 
the migration process. A cross section of the migrated data for 30 Hz is depicted in the figures 
as well. The dashed line corresponds to the migrated data and the solid line is associated with 
the analytical solution. Beyond kx = oa/c (90°) the reflection coefficient is unresolved because 
the inverse wave propagation does not handle the evanescent waves properly. This is the case 
for all commonly used migration algorithms. For the propagating waves the migration results 
matches the analytical solution quite well. Some ringing occurs due to aperture truncation. As 
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Figure 5.2 The analytical reflectivity for the reflector from figure 5.1 in the kx-co domain. The lower 
figure is a horizontal cross section at 30 Hz showing the plane wave reflection coefficient as a function of the 
angle of incidence according to sin a = kx/k. 



5. APPLICATION OF THE REDATUMING 117 

1500 m 1500 m 

1000 m 1000 m 
O m 

500 m 

750 m 750 m 

500 m 

C = 1500 m/s 

i ^ |C = 3000 mTs] 

Figure 5.3 The cable length has been varied from 3 km in (a) to 1.5 km in (c). A redatuming is carried 
out to the reflector at 500'm depth. 
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Figure 5.4 The cable length has been varied from 1 km in (a) to 200 m in (c). A redatuming is carried 
out to the reflector at 500 m depth. 
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Figure 5.5 The reflectivity at 500 m depth obtained after redatuming for the acquisition geometry from 
figure 5.3a. In the lower figure a cross section at 30 Hz is compared with the analytical reflectivity shown as a 
dashed line. 
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Figure 5.6 The reflectivity at 500 m depth obtained after redatuming for the acquisition geometry from 
figure 5.3b. In the lower figure a cross section at 30 Hz is compared with the analytical reflectivity shown as 
a dashed line. 
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Figure 5.7 The reflectivity at 500 m depth obtained after redatuming for the acquisition geometry from 
figure 5.3c. In the lower figure a cross section at 30 Hz is compared with the analytical reflectivity shown as a 
dashed line. 
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Figure 5.8 The reflectivity at 500 m depth obtained after redatuming for the acquisition geometry from 
figure 5.4a. In the lower figure a cross section at 30 Hz is compared with the analytical reflectivity shown as a 
dashed line. 
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Figure 5.9 The reflectivity at 500 m depth obtained after redatuming for the acquisition geometry from 
figure 5.4b. In the lower figure a cross section at 30 Hz is compared with the analytical reflectivity shown as 
a dashed line. 
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Figure 5.10 The reflectivity at 500 m depth obtained after redatuming for the acquisition geometry from 
figure 5.4c. In the lower figure a cross section at 30 Hz is compared with the analytical reflectivity shown as a 
dashed line. 
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Figure 5.11 The reflector depth has been varied from 100 m in (a) to 500 m in (c). A redatuming is 
carried out to the reflector. 
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Figure 5.12 The reflector depth has been varied from 750 m in (a) to 1 km in (b). A redatuming is carried 
out to the reflector. 
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Figure S.13 The reflectivity at 100 m depth obtained after redatuming for the acquisition geometry from 
figure 5.11a. In the lower figure a cross section at 30 Hz is compared with the analytical reflectivity shown as 
a dashed line. 
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Figure 5.14 The reflectivity at 250 m depth obtained after redatuming for the acquisition geometry from 
figure 5.1 lb. In the lower figure a cross section at 30 Hz is compared with the analytical reflectivity shown as 
a dashed line. 
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Figure 5.15 The reflectivity at 500 m depth obtained after redatuming for the acquisition geometry from 
figure 5.11c. In the lower figure a cross section at 30 Hz is compared with the analytical reflectivity shown as 
a dashed line. 
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Figure 5.16 The reflectivity at 750 m depth obtained after redatuming for the acquisition geometry from 
figure 5.12a. In the lower figure a cross section at 30 Hz is compared with the analytical reflectivity shown as 
a dashed line. 
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Figure 5.17 The reflectivity at 1 km depth obtained after redatuming for the acquisition geometry from 
figure 5.12b. In the lower figure a cross section at 30 Hz is compared with the analytical reflectivity shown as 
a dashed line. 
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Figure 5.18 The geophones are taken only to the left hand side of the source. Therefore only the wave field 
which is reflected from the left to the right is registered. 

the spread length is reduced the maximum angle of reflection which is resolved by the migration 
process decreases. For the minimum spread length the migration result is distorted. Reflection 
coefficients other than normal incidence are hardly resolved. A geometrical analysis shown in 
figures 5.3 and 5.4, which is basically a high frequency approximation, confirms the results. 

For the second set of experiments the depth of the reflector has been varied (figures 5.11 and 
5.12). For a fixed spread length an increasing reflector depth results in a decreasing angular 
illumination. Therefore the maximum angle of the plane wave reflection coefficient which is 
resolved by the migration will decrease for deeper reflectors. Figure 5.13 shows the migration 
results for a reflector depth of 100 m. The spread length is 2000 m symmetrical around the 
source. The reflection coefficients are fully resolved for the propagating waves. As the reflector 
depth is increased the maximum angle decreases (figures 5.13 through 5.17). Also the effect of 
ringing due to aperture truncation becomes more pronounced. For a reflector depth of 1000 m 
plane wave reflection coefficients up to 26.6° are resolved. This corresponds to the geometrical 
analyses shown in figures 5.11 and 5.12. 

For the third set of experiments the spread is arranged a-symmetrical around the source. In 
figure 5.18 the acquisition geometry is shown. A geophone spread with offsets from 0 to 
-1000 m has been used for the redatuming to the reflector at 500 m depth. For this experiment 
the wave field is always reflected from the right to the left. Therefore only negative angles of 
incidence are present in the data. So only the left part of the reflectivity information in the kx-co 
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Figure 5.19 The reflectivity at 500 m depth obtained after redatuming for the acquisition geometry from 
figure 5.18. Only half of the reflectivity information is resolved. 
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Figure 5.20 A-symmetrical geophone spreads are used in the modeling. The cable length is shortened by 
reducing the maximum offset to the left of the source. 
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Figure 5.21 A-symmetrical geophone spreads are used in the modeling. The cable length is shortened by 
increasing the minimum offset while keeping the maximum offset constant. 
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Figure 5.22 The reflectivity information after redatuming to the reflector at 500 m depth. Due to the a-
symmetrical spread in figure 5.20a the resolved reflectivity is a-symmetrical as well. 
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Figure 5.23 The reflectivity information after redatuming to the reflector at 500 m depth. Due to the a-
symmetrical spread in figure 5.20b the resolved reflectivity is a-symmetrical as well. 
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Figure 5.24 The reflectivity information after redatuming to the reflector at 500 m depth. Due to the a-
symmetrical spread in figure 5.20c the resolved reflectivity is a-symmetrical as well. 
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Figure 5.25 The reflectivity information after redatuming to the reflector at 500 m depth. Due to the 
increasing minimum offset (figure 5.21a), the reflectivity for low angles of incidence is not resolved. 
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Figure 5.26 The reflectivity information after redatuming to the reflector at 500 m depth. Due to the 
increasing minimum offset (figure 5.21b), the reflectivity for low angles of incidence is not resolved. 
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Figure 5.27 The reflectivity information after redatuming to the reflector at 500 m depth. Due to the 
increasing minimum offset (figure 5.21c), the reflectivity for low angles of incidence is not resolved. 
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Figure 5.28 In the acquisition configuration from figure 5.3b the spatial sampling has been increased to 
15 m (a) and 20 m (b). For high frequencies aliasing occurs and the maximum angle of incidence for the 
reflectivity is decreased. 
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Figure 5.29 In the acquisition configuration from figure 5.3b the spatial sampling has been increased to 
50 m (a) and 75 m (b). Aliasing occurs, so the reflectivity may only be resolved for small angles on 
incidence. 
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domain has been resolved as is shown in figure 5.19. For the geometries shown in figure 5.20 
and 5.21 the following offset ranges have been chosen: -750 - 1000 m, -500 - 1000 m, -250 
- 1000 m, 0 - 1000 m, 250 - 1000 m, 500 - 1000 m. The redatuming results are shown in 
figures 5.22 through 5.27. The results show very nicely how, depending on the acquisition 
configuration different parts of the reflectivity information are resolved from the data by the 
redatuming or depth migration. This means that the zero offset data will be different as well. For 
complex overburdens, the wave propagation through this overburden may cause the angular 
illumination of the target zone to change laterally. Imaging conditions which do not incorporate 
this effect may result in a distorted zero offset section. For this thesis this effect has not been 
studied. I would suggest further research into this interesting subject. 

In the last set of experiments the spatial sampling interval has been varied. If the spatial 
sampling criterion is violated the maximum plane wave reflection coefficient which is resolved 
from the migration will be less than 90°. In figures 5.28 and 5.29 the redatuming results for a 
spatial sampling increment for 15 m, 30 m, 50 m and 75 m respectively are shown. No spatial 
anti-aliasing filtering has been applied. For the high frequencies the maximum angle for which 
the reflectivity is resolved decreases for increasing spatial sampling distance. For low 
frequencies however, the full angular reflectivity may be resolved from the data. In the space 
time domain the data is distorted because the aliased data is not separated from the unaliased 
data. 

From these experiments we can conclude that the acquisition configuration which is chosen, 
is related to the information which may be extracted from the data. The use of relatively 
expensive true amplitude wave field extrapolation operators is not sensible, if incomplete data is 
recorded because of insufficient surface coverage. 

5.2 STRONG DIP IN LATERAL VELOCITY VARIATIONS, A SYNTHETIC 
EXAMPLE 

The redatuming procedure discussed in the previous example has been applied to the data 
generated for the model shown in figure 5.30. The model is geologically not very feasible. 
However, various features such as steep dip and strong lateral velocity variations are present in 
this model. The effects resulting from these features may be studied in this model. The detectors 
are placed from 0 m to 2500 m at the surface. A dipole source with a signature shown in figure 
5.31 is placed at the surface. The shot spacing is 10 m with the first shot at 0 m and the last shot 
at 2500 m. Finite difference modeling has been used to obtain the synthetic data. All model 
boundaries, including the surface have been taken reflection free. The zero offset section for this 
model is shown in figure 5.32. The deepest reflection is distorted because of the overburden 
wave propagation effects. This makes interpretation of the response from this reflector difficult. 
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1000. 1500. 

LATERAL DISTANCE M 

Figure 5.30 Macro model with strong lateral velocity variations and steep dips in the overburden. The 
surface data is redatumed to the new datum at 600 m. 

0. 25. 50. 75. 100. 125., 

Figure 5.31 Source signature which has been used in the modeling of the surface data for the subsurface 
model from figure 5.30. 
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Figure 5.32 The zero offset section for the subsurface model from figure 5.30. The lower reflection 
response is distorted because of overburden wave propagation effects. 

For the redatuming the source wave field and the geophone data are recursively inverse 
extrapolated from the surface to the interface at 500 and on to the interface at 600. At this level 
the redatuming is carried out. Different operators have been used in the redatuming. The 
commonly used Rayleigh operator, involving a pressure to pressure extrapolation only has been 
used. Secondly the full Kirchhoff operator has been used. Both pressure and particle velocity 
data are extrapolated with this operator. The redatumed true zero offset section at z = 600 m is 
shown in figure 5.33. Since the procedure is carried out in the space frequency domain, the 
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Figure 5.33 The true zero offset section at the new datum. The full Kirchhoff integral has been 
recursively applied. 

reflections from the top reflector are now moved into negative time. In the ZO section obtained 
with the Kirchhoff operator the response from the deepest reflector is now flat. Because of the 
strong dip in the overburden some of the reflection energy from the deepest reflector reaches the 
surface beyond the last geophone. In the wave extrapolation the Kirchhoff integral should be 
taken from -°° to +°°. However, in practice we only have a limited cable length. Integration 
over this limited surface is only correct if the wave field outside the cable has decreased in 
amplitude sufficiently and the wave field may be approximated by zero amplitude. If the 
assumption about the amplitude decrease of the wave field is violated, distortion occurs. In 
migration the distortion occurs at the left and right extreme of the line. After migration smiles 
appear resulting from the truncation of the geophone cable. For redatuming similar effects 
occur. The response in figure 5.33 also shows some smile type of distortion. 

In figure 5.34 a zero offset section is shown, which has been modeled with finite difference 
for the model from figure 5.30. The exploding reflector model was used with only buried 
sources on the deepest reflector. In the figure diffraction events are indicated which propagate 
beyond the last geophone. For offset data similar events will be lost resulting in the redatumed 
zero offset section to show smiles. In figure 5.35 the redatumed zero offset section has been 
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Figure 5.34 The zero offset reflection response of the deepest reflector obtained with exploding reflector 
modeling. The steeply dipping events are internal reflections in the top reflector. 

obtained with a Rayleigh type of operator. This operator in not correct for curved interfaces and 
does not handle the boundary conditions correctly. Two strong additional events are present in 
the data which may be incorrectly interpreted. In the section 'A comparison of the Kirchhoff 
integral and the Rayleigh integral' in chapter 2 a similar event appeared in one of examples. The 
event could be eliminated by limiting the operator angle to 90°. In figure 5.36 the Rayleigh 
operator with angle limitation has been used to obtain the redatumed zero offset section. The 
addition event is reduced in amplitude, however it has not been eliminated. In the section 
'Recursive application of the full Kirchhoff integral for recursive inverse wave field 
extrapolation' in chapter 3 internal reflections in an anticlinal structure resulted in additional 
events, if the Rayleigh operator is used for inverse wave field extrapolation. The recursive 
application of the Kirchhoff integral did eliminate these internal reflections (figure 5.37) 
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Figure 5.35 The zero offset section at the new datum. The Rayleigh integral instead of the full Kirchhoff 
integral has been used in the inverse wave field extrapolation. Additional events are present in this section. 

Figure 5.36 The zero offset section at the new datum for which the angle limited Rayleigh extrapolation 
operator has been used. The additional event is reduced, however an amplitude anomaly still exists in the 
reflection event. 
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1000. 1500. 

LATERAL DISTANCE M 

Figure 5.37 A ray path in the model from figure 5.30 indicating the internal reflection in the top 
reflector. 

resulting in an undistorted back propagated wave field. The additional event shown in figure 
5.35 could therefore well be such an internal reflection in the top reflector. Therefore the full 
Kirchhoff integral should be applied in the case of high velocity contrasts and strong lateral 
velocity variations in the overburden. However if reflection energy is not registered because of a 
limited cable length, smiles will occur in the redatumed result. All effort which is put in using an 
operator which preserves the amplitude information may be lost because of these distortion. 

5.3 DOME STRUCTURE, A SYNTHETIC EXAMPLE 

For this example a model of a dome structure has been chosen (figure 5.38). This type of 
structure typically occurs in the North Sea. For the modeling an acoustic finite difference 
modeling scheme has been used. The model has been compressed vertically to reduce 
computation time for the modeling. The acquisition parameters are listed below 

Shot spacing: 
Group spacing: 
Number of channels: 
Number of shots: 
Near offset: 
Far offset: 
Sample interval: 
Trace length: 

25 m 
15m 
511 
201 
0m 
5000 m 
6 ms (resampled) 
3s 
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Figure S.38 The redatuming is used to improve the quality of the reflection from the reflector at 2500 m 
for this dome structure. The new datum is at 2250 m. 

30. 40. 50. 
Herz 

Figure 5.39 The source signature used in the finite difference modeling of the surface data for the model 
from figure 5.38. 
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Figure 5.40 The zero offset section at the surface of the dome model. The reflection from the deepest 
reflector is pulled up because of lateral velocity variations in the overburden. Additional diffraction events are 
present because of the gain which has been applied to the data for plotting. 

The source signature is shown in figure 5.39. The somewhat low maximum frequency of 35 Hz 
resulted from stability conditions for the finite difference modeling. The near offset section is 
shown in figure 5.40. The response from the deepest reflector shows a pull up under the dome, 
because of the strong lateral velocity change in the overburden. A recursive redatuming 
procedure has been applied. In the recursive extrapolation the wave field is inversely 
extrapolated across each homogeneous layer. In the first step the source wave field and the 
detected wave field are extrapolated from the surface to interface 1. The next extrapolation step 
takes the wave fields from interface 1 to interface 3,5 and the segment of interface 2, which is 
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Figure 5.41 The true zero offset section at 2250 m in the dome model. The overburden wave propagation 
effects have been eliminated. 

between interfaces 3 and 5. On the left side the wave fields are then extrapolated from 3 to 4 and 
part of 2. Followed by an extrapolation from 4 to the left part of 2. On the right hand side the 
wave fields are extrapolated from 5 to 6 and the part of 2 between 5 and 6. Followed by an 
extrapolation from 6 to the right most part of 2. Finally the source and the detected wave fields 
are extrapolated from 2 to 7 at which level a reconstruction of a true zero offset section shown in 
figure 5.41 occurs. All overburden wave propagation effects have been eliminated and the 
response is horizontal without the pull up. Smile like distortions are present at the left and right 
hand side of the data due to the truncation of the geophone cable at the surface. However no 
artifacts are present for the part of the reflector which has sufficient surface coverage. So the 
redatuming yields a zero offset section which is better suited for structural or stratigraphic 
interpretation purposes, than a surface zero offset section. 

5.4 A REAL DATA EXAMPLE 

For the last example of redatuming a real data set has been used. The data has been obtained 
through physical modeling in a water tank. The dimensions of the model have been scaled down 
and the frequency of the source has been scaled up. The data from water tank modeling is 
generally quite similar to real seismic data. The acquisition parameters are listed below. 
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Shot spacing: 
Group spacing: 
Number of channels: 
Number of shots: 
Configuration: 
Near offset: 
Far offset: 
Sample interval: 
Trace length: 

24.384 m 
24.384 m 
48 
296 
Entel spread 
243.84 m 
1389.9 m 
4 ms (resampled) 
2 s 

In the stacking velocity analysis the CMP gathers stacked for a wide range of stacking 
velocities. Unfortunately, the offset range is too small to determine the correct stacking 
velocities. The data has been stacked for different constant stacking velocities. The results are 
shown in figures 5.42, 5.43 and 5.44 in which the stacked sections for stacking velocities of 
3000 m/s, 3500 m/s and 4500 m/s are shown. All major events are present in all sections. 
Stacking with different velocities resulted in a constructive stacking of the events along the 
move-out curves. This gives us an indication that only little velocity information is available in 
the data. In order to obtain a macro model for the data, pre-stack travel time inversion has been 
used. In this procedure an interval velocity model is automatically modified to produce a better 
match between model travel times and measured travel times. An interpretation of the stacked 
section has been made to determine the major reflection events. Note that the event between 1. 
and 1.1 s to the left and right of the dome has a negative polarity. Soa velocity inversion occurs 
at the interface corresponding to this event. In order to obtain pre-stack travel times 17 CMP 
gathers have been selected of which 8 are shown in figures 5.45 and 5.46. In each of the CMP 
gathers the events related to the interpreted time horizons in the stacked section are picked. The 
pre-stack travel time picks are shown in figures 5.47 and 5.48. The vertical bars in these figures 
indicate at which offsets the travel times have been picked. Furthermore, the height of these bars 
indicate the uncertainty in the picks. Due to noise and picking inaccuracy, the travel time picks 
may be off several milliseconds. The pre-stack travel time inversion procedure uses the 
interpretation and the travel time picks to estimate the macro model. So the position of the major 
reflectors and the interval velocities should be estimated. For an extensive discussion on the 
pre-stack travel time inversion, which has been used the reader is referred to Van der Made 
(1987). 

The estimated macro model is shown in figure 5.49 together with the zero offset rays. In 
order to assess the correctness of the macro model the data mismatch should be analyzed. In the 
diagram for the model driven processing shown again in figure 5.50, the data mismatch analysis 
corresponds to the quality control procedure. Before carrying out the computationally expensive 
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Figure 5.42 A constant velocity stack (3500 m/s) of the water tank data. Curtesy Marathon Oil company. 
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Figure 5.43 A constant velocity stack (4000 m/s) of the water tank data. Curtesy Marathon Oil company. 
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Figure S.44 A constant velocity stack (4500 m/s) of the water tank data. Curtesy Marathon Oil company. 
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Figure 5.45 The CMP gathers at CDP locaüons 100, 150, 200 and 250. The gathers have been plotted 
with age to make the deeper events visible. 
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Figure 5.47 The picked travel times from the CMP gathers 100, 150,200 and 250 which have been used 
in the macro model estimation. 

redatuming the correctness of the macro model is verified. For different CMP gathers, the data 
mismatch is shown in figures 5.51 through 5.54. The measured travel times are depicted as 
solid lines and the modeled travel times, depicted as dashed lines, are shown for each event. 
The modeled travel times are obtained by ray-tracing in the estimated macro model. If the 
modeled travel times and the measured travel times coincide, then the estimated model explains 
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Figure 5.48 The picked travel times from the CMP gathers 300, 350,400 and 450 which have been used 
in the macro model estimation. Eight out of the 17 CMP gathers which have been used are shown in these 
figures. 

the data. The redatuming has been applied to the shot gathers taking the estimated model as the 
macro model. The new datum has been chosen at a depth of 3 km. The source wave fields and 
the registered wave fields have been recursively extrapolated from the surface to 3 km depth, the 
new datum. The true zero offset section at the new datum is shown in figures 5.55 and 5.56. 
Both the full Kirchhoff operator has been applied (figure 5.55) as well as the Rayleigh operator 
(figure 5.56). The response from the deepest reflector is now horizontal. The pull up due to 
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Figure 5.49 The estimated macro model from the picked travel times. The zero offset rays are shown to 
give an indication of the CMP coverage. The interval velocities are indicated inside the layers. 
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Seismic data Interpreter 
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Figure 5.50 In the model driven processing the macro model is estimated separately from the actual 
processing. Through quality control the accuracy of the macro model is assessed. 
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Figure 5.51 The modeled travel times (dashed lines) and the measured travel times (solid lines) for CMP's 
50,100,125 and 150. Since measured and modeled travel times coincide the data is explained by the estimated 
macro model. 
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Figure 5.52 The modeled travel times (dashed lines) and the measured travel times (solid lines) for CMP's 
175, 200, 225 and 250. Since measured and modeled travel times coincide the data is explained by the 
estimated macro model. 
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Figure 5.53 The modeled travel times (dashed lines) and the measured travel times (solid lines) for CMP's 
275, 300, 350 and 400. Since measured and modeled travel times coincide the data is explained by the 
estimated macro model. 
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Figure 5.54 The modeled travel times (dashed lines) and the measured travel times (solid lines) for CMP's 
425, 450, 475 and 500. Since measured and modeled travel times coincide the data is explained by the 
estimated macro model. 

lateral velocity variations in the overburden has been eliminated. To the left and right of the 
dome, the reflector response is continuous and of good quality. Below the dome structure 
however, the response is distorted. Either the macro model is not correct for this region or 
insufficient surface data has been used. The modeled travel times did coincide with the picked 
travel times, so the estimated overburden structure does explain the reflection data. Furthermore 
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Figure 5.55 The true zero offset section at the new datum obtained with a Rayleigh integral based operator. 

Figure 5.56 The true zero offset section at the new datum obtained with a the full Kirchhoff integral based 
operator. 

the zero offset section at the new datum obtained with the full Kirchhoff integral is different 
from the zero offset section obtained with the Rayleigh integral. The amplitude recovery of the 
Kirchhoff integral based operator is much better below the dome. The high velocity contrast at 
the top of the dome causes a high transmission loss which is not inverted for when using the 
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Rayleigh integral. The other anomalies may be related to insufficient surface coverage. Most of 
the reflection energy from the 3.5 km deep reflector may have been lost in the only 1 km long 
geophone cable. 

The experiments discussed in this chapter show that the redatuming eliminates overburden 
wave propagation effects resulting in a true zero offset section which is superior to a surface 
zero offset section. Furthermore it can be concluded that insufficient surface coverage may 
result in an undesired loss of reflection information for particularly the deep structures. 
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APPENDIX A 

THE KIRCHHOFF INTEGRAL FOR 
2-D HOMOGENEOUS MEDIA 

In this appendix the 2-D Kirchhoff integral for homogeneous media will be derived. In the 
recursive application of the Kirchhoff integral both pressure and normal components of the 
particle velocity are required at each surface over which the integral is taken. Therefore both the 
pressure P as well as the particle velocity V should be extrapolated. An expression for the 
extrapolation of the particle velocity will be derived as well. 
Consider the Kirchhoff integral for the geometry form figure A-l (relation 2.11) 

P(r ^—Lf-L 
4TC J p(r) 

3G(r,r co) 3P(r)C0) P(r,co) g-± i - p - G(r(rA,co) dS 

For a homogeneous medium we can take an analytical Green's function 

e-jkr 

G(r,rA1co) = p , 

(A-l) 

(A-2) 

with 
r = (x,y,z) 
rA = (XA>VA.ZA) 

r=lr-rAl 
k = co/c. 

After substitution in (A-l) and taken the normal pointing inward, the following 3-D Kirchhoff 
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Figure A-l Closed domain for obtaining the wave field in A from the wave field on the surface S with the 
Kirchhoff integral. 

integral is obtained 

1 f l + j k r e~J~ e"J 

P(rA,co) = — —-f— cos q>x - — P(r,co) + jcop Vn(r,co) — 
4ir J r r r 

-jkr ■jkr 

-dS 
4TC 

(A-3) 

For the 2-D approximation assume an invariant medium in the y-direction. Furthermore assume 
that the wave field P(r,w) has been caused by a line source in the y-direction. Since both the 
wave field and the medium are invariant in the y-direction, the integration in this direction may 
be carried out for (A-3) resulting in 

P(rA,co) = — f -jkTC cos <Pj H®(kr) P(r,co) + coprt Hj,2)(kr) V (r.co) dL , (A-4) 
4 l t L 

where H^2) and Hj<2) are Hankel functions of the second kind. In the recursive extrapolation 
integral (A-4) is applied repeatedly. So we need the normal component of the particle velocity in 
rA as well (figure A-2), 

V(rA.cü) = V(rA)co).n, ' nv A! (A-5) 

and 

V(rA,co) = VAP(rA,co) . 
jtop 

Substitution of (A-6) in (A-5) yields 

(A-6) 
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P V 

Figure A-2 In recursive application of the full Kirchhoff integral, both pressure and particle velocity data 
should be calculated on each interface. 

V„(rA,a» = -' nv A: 
Jk_.3P_ _3r_ 

jcop 3 k r ' 3nA 
(A-7) 

For the derivatives of the Hankel functions the following can be found in Abramowitz and 
Stegun (1970): 

d H ( 2 V M - H(2) 1 H(2Vlrrï 
3 k 7 H i ( k r ) " H o - k 7 H i ( k r ) 

and 

Substitution of A-8, A-9 and A-4 in A-7 yields 

-k 
V(rA ,co)=-

jCüPo47t I 

^HK) 

ƒ { * „ , , H-W-iHfw^. 

For the derivatives of r to the normal we can write 

Ê) = c o s < p i . 

(A-8) 

(A-9) 

- H a n j P(r,co) - coP7t Hf }(kr) Vn(r,co) j A - j > dL . (A-10) 

(A- l l ) 

A] = c o s ( p 2 (A-12) 
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and 

3 r 1 - 1 - y cos(cpj-(p2) + - cos((p,+(p2) 

Substitution of A-11, A-12 and A-13 in A-10 yields 

3nA J \ dn; r (A-13) 

Vn(rA>co) = -k 
jcop 47t L 

f |_jk [cos (pj cos cp2 HJ,2)(kr) -

— cos 9j cos q>2 - - cos((pj-<p2) + y cos((pj+(p2) lHf)(kr)]p(r,<a)-

0)p07t cos 92 Hj (kr) Vn(r,co)| dL . 

With A—4 and A-14 a 2-D recursive wave field extrapolation may be carried out. 

(A-14) 
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SUMMARY 

One of the main purposes of seismics is to detect hydrocarbon reservoirs beneath the surface. At 
the surface echo acoustical measurements are carried out. In order to obtain an image of the 
subsurface, the surface measurements or downward continued into the subsurface. This is 
achieved by applying back propagation operators to the surface data. In this thesis back 
propagation or inverse wave field extrapolation is investigated. Special attention has been paid 
to the preservation of the amplitude information in the registered wave field, when the inverse 
wave field extrapolation is applied. 

In the first chapter the macro model is discussed. In order to apply the inverse wave field 
extrapolation the wave propagation velocity in the subsurface is required. The actual velocity 
profile of the subsurface entails very detailed variations. However, the wave propagation effects 
are described sufficiently well if only a sparse model of the subsurface is used. A representation 
in terms of various layers with simple or constant velocity profiles is sufficient to describe the 
wave propagation effects. Various modeling experiments are discussed in chapter 1 to confirm 
this. 

For the modeling of the seismic wave propagation the Kirchhoff integral may be used. In 
chapter 2 the Kirchhoff integral is derived. The frequently used Rayleigh integrals are also 
discussed. The integrals may be interpreted in terms of the Huygens' principle. This is 
illustrated in a modeling experiment, in which artifacts, which occur if the Rayleigh integral is 
used can be explained with the Huygens' principle. Furthermore the role of the Green's 
function in the Kirchhoff integral is discussed. The Green's function turns out to be a useful 
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tool for obtaining a Kirchhoff integral best suited for specific acquisition geometries or 
conditions. 

In chapter 3 inverse wave field extrapolation operators are discussed. Application of these 
operators results in an elimination of wave propagation effects. It is shown that a full Kirchhoff 
inverse wave field extrapolation operator preserves the amplitude information, for inverse 
extrapolation from curved interfaces in homogeneous media. For arbitrarily media the amplitude 
errors are of the order of R2, where R is the reflectivity of the inhomogeneities. However, if the 
full Kirchhoff integral is applied recursively the transmission effects at layer interfaces is 
correctly inverted for. 

In chapter 4 the redatuming procedure is discussed. This procedure allows for the acquisition 
level to be brought down into the subsurface. This means that a true zero offset section or shot 
records may be constructed just over a target area. The high quality zero offset section, which is 
obtained with these procedure could be used for detailed stratigraphic interpretation. 

In chapter 5 the redatuming is applied to both synthetic as well as real data sets. If 
insufficient surface coverage is available due to limited geophone cable length, the response 
from the target may become distorted after redatuming. However, if sufficient data is gathered 
at the surface, the zero offset response from the target zone significantly improves in quality if 
the acquisition surface is brought down to the target level. 
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SAMENVATTING 

Een van de belangrijkste doelstellingen van seismisch onderzoek is het aantonen van carbonaat 
reservoirs in de ondergrond. Daartoe worden echo akoestische metingen aan het oppervlak 
verricht. Om een beeld van de ondergrond te verkrijgen worden onder andere de oppervlakte-
metingen de ondergrond in verplaatst. Dit wordt bereikt door een achterwaartse golfveld 
propagatie operator toe te passen. In deze thesis is deze achterwaartse propagatie of inverse 
golfveld propagatie operator onderzocht. Een speciaal aandachtsgebied is het behoud van de 
amplitude informatie tijdens de inverse golfveld propagatie. 

In het eerste hoofdstuk wordt het macro model beschouwd. Om de inverse golfveld 
extrapolatie operator te kunnen toepassen dient de propagatie snelheid in het medium bekend te 
zijn. Het werkelijke snelheidsprofiel van de ondergrond is zeer gedetailleerd. Echter worden de 
propagatie eigenschappen van een medium voldoende nauwkeurig beschreven met een minder 
gedetailleerd snelheidsprofiel. Een representatie in termen van een aantal lagen met eenvoudige 
of constante snelheidsprofielen is voldoende om de golfpropagatie eigenschappen te 
beschrijven. Verschillende modelleringsexperimenten, welke in hoofdstuk 1 besproken worden, 
bevestigen dit. 

Voor het modelleren van golfveld propagatie kan de Kirchhoff integraal worden gebruikt. In 
hoofdstuk 2 wordt deze Kirchhoff integraal afgeleid. De veelvuldig gebruikte Rayleigh integraal 
wordt ook besproken. Deze integralen kunnen worden geïnterpreteerd in termen van het 
Huygens' principe. Dit wordt geïllustreerd aan de hand van een modelleringsexperiment, waarin 
artefacten, welke ontstaan bij het gebruik van de Rayleigh integraal met behulp van het 
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Huy gens' principe kunnen worden verklaard. Verder wordt ook de rol van de functie van Green 
in de Kirchhoff integraal besproken. Deze functie blijkt bijzonder geschikt te zijn om als 
instrument te gebruiken, dat toestaat de Kirchhoff integraal in een vorm te krijgen, die het beste 
bij een bepaalde geometrie past. 

In hoofdstuk 3 worden een aantal inverse golfveld extrapolatie operatoren besproken. Het 
toepassen van zo'n operator resulteert in het wegnemen van golfveld propagatie eigenschappen. 
Aangetoond wordt dat toepassing van de volledige Kirchhoff integraal voor de inverse golfveld 
extrapolatie van een gekromde laag in een homogeen medium de amplitude informatie correct 
behandeld. Voor een inhomogeen medium zijn de amplitude fouten in de orde van meervoudige 
gereflecteerde golven. Indien echter de volledige Kirchhoff integraal in inhomogene media 
recursief wordt toegepast, worden transmissie effecten aan laagovergangen op correcte wijze 
geëlimineerd. 

In hoofdstuk 4 wordt de redatuming procedure behandeld. Met behulp van redatuming kan 
het acquisitie oppervlak het medium in worden verplaatst. Dit betekent, dat een echte zero-offset 
sectie of schot gathers kunnen worden geconstrueerd vlak boven een interessante laag, in plaats 
van aan het oppervlak. Een dergelijke hoge kwaliteit zero-offset sectie kan worden gebruikt 
voor stratigrafische interpretatie. 

In hoofdstuk 5 worden toepassing van de redatuming op zowel synthetische als echte 
gegevens besproken. Indien onvoldoende waarnemingen aan het oppervlak zijn verricht door 
een te korte geofoon kabel, kan de reflectie van de interessante lagen worden verstoord in de 
redatuming. Indien echter wel voldoende waarnemingen zijn geregistreerd, kan een zero-offset 
sectie worden geconstrueerd op de nieuwe datum, die beter van kwaliteit is dan de zero-offset 
sectie aan het oppervlak. 
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