












































































































































































































































































































































































































































134 Wavefield decomposition: practical aspects for the shallow ocean-bottom

tation number
1305

receiver s
1291

(s) swmy

Fig. 4.38 Seven selected common-receiver gathers of the final decomposition result of line
4: upgoing S-wave potential.



4.5 Comparison before and after decomposition 135

receiver station number

receiver station number
(1)239 1259 1279 1299 1319 6239

1259 1279 12909 1319

time (s)

a) o1, offset=500 m b) ¢, offset=500 m

Fig. 4.39 Common offset sections of linc { at 500 meter offset for a) the downgoing
P-potential just below the ocean-bottom and b) the upgoing P-potential.
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Fig. 4.40 Common offset sections of line 4 at 500 meter offset for a) the downgoing
S-potential just below the ocean-bottom and b) the upgoing S-potential.




4.5 Comparison before and after decomposition 137

cdp number
é 050 1100 1150 1200 1250 1300 1350 1400 1450 1500 1550
o Fl AN rT L T I 1

1.04

AR f.... ity
-""f w m' i

iy !
254, Rt

i
i iul o

,““m:“ Hvkmm

mnmu|m.|’““>mmm...

. Wiy {‘--».»im

unm m.‘...,,..,.,' “"»un

i s g b i

Fig. 4.41 Poststack time migrated section of the doumgoing P-potential just below the
ocean-bottom.

S-wave separation is more difficult - as with the examples in the previous chapter.
Actually, converted primary reflections have to be identified in the v. component
that are removed from the upgoing P-wavefield.

In Figures 4.45 and 4.44 the stacks obtained by using the v, component and the
upgoing S-wavefield, respectively, can be compared. Some difference can be seen
between the two stacked scctions. Especially in the stack of the v, component, the
difference in coupling between the three ocean-bottom cables is apparent. In the
decomposition result cvents appear more continuous over the three cables, which
can probably be attributed to the estimation of coupling filters in stage 4 of the
decomposition scheme.
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Fig. 4.42 Poststack time migrated section of the upgoing P-potential just below the ocean-
bottom.

4.6 Conclusions

The adaptive decomposition procedure was tested on a field dataset with a shallower
ocean-bottom (Mahogany). This was more challenging because of the greater inter-
ference between events. Deconvolution of the data, to remove the air bubble effect,
must be done carefully, as not to affect the events interfering with it. Especially the
determination of a window containing only primary events (stage 2 of the adaptive
decomposition scheme) can be tricky for shallower data. The optimal filters resulting
from stage 3, quite nicely resemble the theoretical decomposition operators, com-
pared to the examples in the previous chapter. Therefore, it was possible to better
analyse the inversion results. It can be concluded that

e The accuracy of the estimate of the density just below the ocean-bottom is
dependent on the accuracy of the estimation of the calibration filter a(2).
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Fig. 4.43 Poststack time migrated section of the vertical velocity component.

e The estimate of the S-velocity is sensitive to small errors in the P-velocity
estimate, and to the signal-to-noise ratio at higher angles. It does not always
converge to a realistic solution for field data.

e The P-velocity can be accurately determined using the singularities location,
also with field data.

Decomposition was repeated for all receiver gathers in the dataset using variable
medium parameters across the receiver line. If the S-waves in the final decomposition
result exhibit a lower resolution compared to the original v, data, this is due to stage
4 of the decomposition scheme. It can be solved by better matching the frequency
spectra of the pressure and horizontal inline velocity components beforehand.

Poststack time migrated images were made of the data before and after decomposi-
tion. The decomposed data resulted in clearer images for both the P- and S-wave
sections.
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the ocean-bottom, using cp fcs = 3.5.
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Chapter 5

Multiple elimination for ocean-bottom data

By performing a wavefield decomposition on multicomponent seismic ocean-bottom
data, the upgoing P- and S-waves just below the ocean-bottom are obtained. After
the wavefield decomposition, as described in the previous chapters, surface-related
and internal multiples that arrive at the receiver from above will have been removed
from the data. However, all multiples that end with a reflection from a reflector
below the ocean-bottom will still be present in the decomposed upgoing data (Fig-
ure 5.1). In Figure 5.1a the surface-related multiple reflections that remain in the
upgoing wavefield just below the bottom after decomposition are displayed. These
type of reflections are also called source-side peg-legs, as the extra reverberation
is on the side of the source. To remove the remaining surface-related multiples,
the multiple climination method described by Verschuur et al. (1992) and Berkhout
and Verschuur (1997) is used (the removal of remaining internal multiples from the
decomposed upgoing wavefield will not be addressed here). To apply this method
to the decomposed dataset, it has to be extended to accomodate ocean-bottom ac-

a) b)

Fig. 5.1 Ezamples of events that are “upgoing” at the receiver, but still contain a surface
reflection, (a) source-side peg-leg multiple, and (b) another source-side multiple.
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quisition geometry (Verschuur and Neumann, 1999; Socllner and Widmaier, 2000).
The multiple removal method can be used on any ocean-bottom receiver type (i.e.
pressure, velocity, P-waves, S-waves). The relative importance of additional multiple
elimination will be illustrated with examples of the synthetic data example and of
the Mahogany field dataset. After multiple elimination the remaining events in the
data are all supposed to be primary reflections coming from below the ocean-bottom
(if internal multiples can be neglected), and the data can be migrated (i.e. putting
the reflection events at the right positions in depth).

5.1 Theory of multiple elimination for OBS data

A lot of surface-related multiples have been removed by the decomposition, but
events as in Figure 5.1 remain. To remove the remaining surface-related multiples
from the data after decomposition, the multiple elimination method developed by
Verschuur et al. (1992), reformulated as an iterative procedure by Berkhout and
Verschuur (1997), is used. As this method is designed for data acquisition with
both sources and receivers behind a boat at the sea surface (these type of data
arc often called streamer data or surface data), it has to be adapted to accomo-
date ocean-bottom acquisition geometry where the source is still behind the boat,
but the receivers are now arranged at the ocean-bottom (data acquired this way
are often called ocean-bottom cable data or OBC data). Multiple elimination for
ocean-bottom data has been discussed in Verschuur and Neumann (1999) and Ikelle
(1999) for the situation where streamer data are available alongside OBC data. The
procedure discussed here is similar, except that in this case the streamer data are
simulated from the OBC data. Field data examples of such a multiple elimination
approach on "undecomposed” OBC data have been shown in Soellner and Widmaier
(2000). First a short review of multiple elimination for surface data will be given
which will then be extended to OBC data.

5.1.1 Matrix notation for discretized wavefields

To predict multiple contributions within a certain aperture, many sources and re-
ceiver positions are required simultaneously. Therefore, the data are organized in
a data matrix, after transformation to the frequency-domain (see Berkhout, 1982).
Note that the data matrix notation that is used in this chapter does not correspond
to the matrix notation of earlier chapters. To distinguish the data matrices from the
other matrices they will be written in the sens serif font, i.e. X instead of X. One
column of the data matrix contains one shot record for one frequency component
w;. Thus a matrix is obtained with the shot locations along the rows of the ma-
trix and the receiver locations along the columns. Such a data matrix can then be
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constructed for each frequency component. This data organization is well suited for
processing steps in which cach frequency component can be treated independently.
Spatial convolutions can then be described by matrix multiplications. In practice
the data matrices are often only partly filled (band matrices).

5.1.2 Forward model for surface data

In the case the surface at 2z is a nonreflecting surface, the upgoing wavefield just
below zp is given by

Po (20) = Xo(20,20)S™ (0), (5.1)

with Xg(z0, 20) containing the spatial impulse responses of the medium, where the
first variable denotes the receiver depth and the second variable the source depth.
The source matrix ST (zy) contains the effective downgoing source waveficlds at
surface level zg. The matrix Pj (z0) contains the upgoing wavefield at depth level
zp for one frequency and all sources and receivers without surface multiples. One
vector P~ (i.e., one column of Py ), contains a wavefield for one frequency and one
source and all receivers. One vector Pt (i.e., one row of Py ) contains a wavefield
for one frequency and one receiver and all sources.

In the case the surface at zg is a reflecting surface, the total downgoing wavefield at
2p is the illuminating source wavefield $*(z) plus the downward reflected upgoing
wavefield (see Figure 5.2):

P~ (20) = Xo(20,20)[S* (20) + R™(20)P ™ (20)), (5.2)
or written explicitly
P~ (20) = [I = Xo(20, 20)R™ (20)] ™" Xo(20, 20)S™ (20)- (5.3)

Defining X(zq, 20) as the subsurface response with reflecting surface at zp, the total
upgoing wavefield at zp can be written as

P~ (20) = X(20, 20)S™ (20). (5.4)
Combining equations (5.3) and (5.4), it follows that
X(z0, 20) = [l = Xo(20, 20)R™ (20)} ' Xo(20, 20)- (5.5)
The total upgoing wavefield P~ (2o) can also be written in a series expansion:

P~ (z0) =[1 + {Xo (20, 20)R™ (20)} + {Xo(z0, 20)R™ (20)}"
+ {Xo(20,20)R™ (20)}* + .. .1X0(z0, 20)8 T (20).
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P(z0)+—| D (2) S™(z0)

XO(ZO, ZO)

X(zo, 20)

Fig. 5.2 The model of seismic reflections at the surface (z = z0). The downgoing wave-
field consists of source wavefield ST (z0) and the reflected upgoing wavefield
R™(20)P™ (20). Operator D™ (z0) adds the receiver directivity to the recorded
data: P(z0) = D7 (20)P~(20) (Berkhout and Verschuur, 1997).

5.1.3 Multiple elimination for surface data

To find the “surface reflection-free” response of the medium, Xo (2o, 20), equation
(5.5) has to be inverted

Xo(20, 20) = X(20, z0)[1 + R™ (20)X (20, 20)] ", (5.7)
and can then be written in a series expansion again':
Xo(z0, 20) =X (20, z0)[1 — {R™ (20)X (20, 20) } + {R™ (20)X (20, 20)}*
—{R7(20)X(20,20)}> + ... ].

Writing for R™ (z9) = rol, an average free-surface reflection coefficient rg, equation
(5.8) becomes

(5.8)

Xo(z0, 20) =X(z0, 20) — roX(20, 20)? + 15X (20, 20)* (5.9)
— 15 X(z0,20)* + ... '

As in practice the unit impulse response of the medium is not measured, equations
(5.1) and (5.4) are substituted into equation (5.9) to obtain the following series:
Py (20) =P~ (20) — AW)[P~ (20)]* + A*(w)[P~ (20)]*

_ AP ) . (5.10)

I'This series does not necessarily converge. However, by assuming that there is always a nonzero
traveltime until the first arrival, and assuming limited registration time (after inverse temporal FT
of Xo(z0,20)), a finite number of terms is needed to create a multiple free output.
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where the function A(w) contains the average frec-surface reflection coefficient g
and the inverse source signature $~!(w) :

Aw) = roS H(w), (5.11)

P~ and P, are the data with and without surface multiples. By writing the series
this way, it is assumed that the source directivity can be neglected (or is already
corrected for), i.e. $*(z9) = S(w)l. The first term on the right-hand side of equation
(5.10) denotes the (deghosted) data itself, the second term contains the multiples
once reflected from the surface, and so on.

5.1.4 Adaptive iterative multiple elimination for ocean-bottom data

The iterative version of the multiple elimination procedure consists of a repeated
application of the following two steps (Berkhout and Verschuur, 1997):

e Prediction of the “unscaled” multiples by auto-convolution of the data:
M(z0) = Py (20)P ™ (20). (5.12)
where zp denotes the water surface,
e Adaptive subtraction of the predicted multiples from the input data:

Po (20) = P~ (20) — A(w)M(zo). (5.13)

The matrix P~ (z) is the multiple prediction operator and contains the upgoing
pressure wavefield at the free surface (deghosted data) for one frequency and all
sources. The matrix Py (zp) is the input data. In the first iteration Py (zo) is
normally taken as the deghosted data itself (P™(zq)).

In Berkhout and Verschuur (1997) it is also shown that the same multiple elimi-
nation procedure can be applied to a CFP gather (on the source or receiver side),
using the original surface shot records as the multiple prediction operator. As the
decomposed OBC data can be considered as a CFP gather, using focusing in detec-
tion with the focus point at the ocean-bottom, application of multiple elimination
when streamer data is available is straightforward (see Verschuur and Neumann,
1999). When streamer data are not available, they can be simulated from the OBC
data. Using the output of the acoustic decomposition of stage 2 of the adaptive de-
composition scheme (upgoing pressure wavefield just above the ocean-bottom) and
extrapolating this to the surface, simulated “receiver-ghost free” streamer data are
obtained. The propagation operator is casily constructed using the water depth and
velocity. Equation (5.12) modifies to

Mzt 20) = By (2, 20)W ™ (20, 20)P 7 (27, 20), (5.14)
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where z; is the depth of the ocean-bottom, z; is just above the ocean-bottom and
2" is just below the ocean-bottom. The dagger (1) symbol indicates a row vector.
The multiple prediction operator is

W~ (an Zl)P_(Z]_vz())v

which is the upgoing wavefield just above the bottom, forward extrapolated to the
surface, thus simulating receiver ghost-free streamer data. ﬁf'(zl+ ,Zo) contains the
input data for one frequency and all shots, i.e. it corresponds to one (decomposed)
common-receiver gather just below the bottom. The multiple prediction procedure
as it is applied to OBC data is illustrated by Figure 5.3. The upgoing pressure
wavefield just above the ocean-bottom is resorted from common-receiver gathers
to common-shot, gathers and then extrapolated to the surface. One-common shot
gather of the simulated streamer data is shown in Figure 5.3. To predict the multiples
this shot gather is convolved with a decomposed common-receiver gather. This can
either be the upgoing P-waves or the upgoing S-waves just below the ocean-bottom
(in fact the method will work on any ocean-bottom receiver type). The convolution
results in curved events, with the apex at the spatial position of the reflection point
of the multiple at the surface. These multiple contribution events are summed in
the horizontal direction to obtain the multiples for one source-receiver pair. If this
procedure is repeated for all common-shot records of the simulated streamer data,
the multiple prediction for one complete common-receiver gather is obtained.

After prediction, these multiples can be adaptively subtracted from the input OBC
data, similarly to equation 5.13:

B (z1,20) = PE (21, 20) — Aw)M* (21, 20), (5.15)

where 130*(21, zp) can be the wavefield measurement at any receiver component as
well as any of the wavefields after waveficld decomposition. Note that the same
receiver component Poi(zl ,20) needs to be used in the prediction (equation 5.14)




5.2 Multiple elimination: synthetic data example 149

% — go through all source positions simnulated streamer data
ﬁooooooOOOODDODOODOUDQODODODOOD
b R R I S O R B B R S R G R .

] b ¢ common-receiver gather
[ (after decomposition)
N
N
i
i
Vs ¢
T multiples
D E for the first .
= source-receiver pair
chnjralution simulated streamer with common-receiver gather i

cmemanuanan

Fig. 5.3 Multiple prediction for OBS data: the decomposed common-receiver gather is
convolved with the acoustic decomposition result after extrapolation to the water
surface to simulate streamer data.

5.2 Multiple elimination: synthetic data example

The effect of multiple removal will be demonstrated on synthetic data from the
simple horizontally layered model introduced in Chapter 2. The model parameters
were given in Table 2.2, and the pressure and velocity components (at the interface
between the first and second layer, i.e., the ocean-bottom) calculated for this model
were shown in Figure 2.2.

There are two possible multiple removal operators for OBC data. In Figure 5.4a the
operator is the upgoing pressure wavefield obtained from acoustic decomposition
just above the ocean-bottom, extrapolated to the sea surface. For comparison, in
Figure 5.4b the operator is obtained by modeling the synthetic pressure data with
the source as well as the receivers at the sea-surface (i.e. streamer data). As can
be seen the operators are cquivalent for synthetic data. In the following multiple
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elimination results, the operator in Figure 5.4a will be used, but obviously the results
will not change when the modeled streamer data is used.

The adaptive surface-related multiple removal scheme is applied to various (receiver
type) components, before or after wavefield decomposition at the ocean bottom.
Each time the same operator data (Figure 5.4a) is used. The iterative procedure is
applied. For the multiple removal results shown here four iterations have been used.

First, the OBS multiple removal algorithm is demonstrated on the measured pressure
in the water layer with the hydrophone (Figure 5.5a). In Figure 5.5b the result of
the adaptive multiple removal scheme is displayed and compared with the result
of modeling the pressure component without surface multiples (Figure 5.5¢). Only
minor differences are visible between the multiple attenuated and the multiple-free
result.

Next, the approach is tested for the vertical velocity component. The results are
displayed in Figure 5.6. Again, the result is convincing.

As mentioned in the previous section, the type of ocean bottom component is not
important, as long as the correct multiple prediction operator is used. Therefore,
the procedure works equally well for the horizontal component, as can be observed
in Figure 5.7.

If wavefield decomposition has been applied to the ocean bottom dataset, the same
procedure can be used to remove the remaining source-side water layer peg-leg mul-
tiples from the decomposed data. This is demonstrated in Figure 5.8 for the upgoing
P-waves just below the ocean bottom and in Figure 5.9 for the upgoing S-waves just
below the ocean-bottom. For the latter situation, multiples that are removed by this
method can for example be events that first bounce in the water layer, then propa-
gate below the ocean bottom and are converted somewhere into S-waves, and then
arrive at the ocean bottom as an upgoing S-wave. Note that the conversion could
have taken place either during transmission or during reflection. On close inspection
of Figure 5.9 it appears that indeed pretty strong events with approximately 2.1 and
2.8 seconds zero offset traveltime are removed after the process.
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Fig. 5.4 Operators for surface-related multiple removal (a) Operator obtained by extrap-
olating the upgoing pressure wavefield just above the bottom to the sea surface.
(b) Operator obtained by modeling synthetic streamer data at the sea surface.
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Fig. 5.5 Demultiple on OBC data: (a) pressure component, (b) pressure component after
demultiple and (c) pressure component modeled without free-surface multiples.
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Fig. 5.6 Demultiple on OBC data: (a) vertical velocity component with multiples, (b)
vertical velocity component after demultiple and (c) vertical velocity component

modeled without free-surface multiples.
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Fig. 5.7 Demultiple on OBC data: (a) horizontal inline velocity component with multi-
ples, (b) after demuliiple and (c) horizontal velocity component modeled without

free-surface multiples.
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Fig. 5.8 Demultiple on OBC data: (a) upgoing P-waves obtained from decomposition,
(b) upgoing P-waves after demultiple and (c) modeled upgoing P-waves without

free-surface multiples.
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Fig. 5.9 Demultiple on OBC data: (a) upgoing S-waves obtained from decomposition,
(b) upgoing S-waves after demultiple and (¢) modeled upgoing S-waves without

free-surface multiples.
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5.3 Multiple elimination: Mahogany field dataset

The data example shown here to illustrate the multiple elimination procedure comes
from the Mahogany dataset which was discussed in Chapter 4. In Figure 4.3 the
acquisition geometry for this dataset is displayed. The acoustic decomposition result
(obtained in stage 2 of the adaptive decomposition scheme) is used as the multiple
prediction operator, after resorting into common-shot gathers and extrapolation of
the receivers to the sea surface (to simulate streamer data). Because the receiver
aperture is limited (compared to the source aperture), the aperture over which sur-
face multiples can be predicted is restricted. A wavefield decomposition was per-
formed on the data within the receiver station number range of 1020 to 1474 (see
Figure 4.3). This aperture allows for a good surface multiple prediction within the
receiver station number range of 1138 to 1356.

In Figure 5.10 the pressure data for common-receiver gather 1323 is displayed on
the left, the upgoing P-wave potential after wavefield decomposition just below the
bottom is displayed in the middle, and the predicted multiples for the upgoing P-
waves are displayed on the right. A strong primary reflection can be seen at about
1.2 s zero-offset, from which at least two peg-leg multiples can be identified. After
decomposition the multiples arising from this strong primary are already strongly
attenuated, but the source-side peg-leg multiple can still be seen. This peg-leg
multiple is also predicted in the right gather. In Figure 5.11 the predicted multiples
have been subtracted from the decomposed upgoing P-wave gather. In the first
gather the data is displayed after decomposition only, the middle gather displays
the decomposed data after additional multiple elimination. The gather on the right
contains the predicted multiples. The peg-leg multiple at about 1.35 s zero-offset
has been removed. The arrow at 0.55 s zero-offset points at another multiple that
has been removed by the multiple climination process.

In Figure 5.12 the multiple elimination results at receiver location 1175 are displayed,
where a strong reflection from the salt layer is present. The strong peg-leg multiple
from this reflection is removed. The same multiple prediction operator can be used
on the S-waves (Figure 5.13, where again the prediction and removal of the peg-leg
multiple of the salt reflection can be clearly observed.

In Figure 5.14, the poststack time migrated sections for the upgoing P-wavefield be-
fore and after surface multiple elimination are displayed. The first stack displays the
the upgoing P-wave potential without surface related multiple elimination. Com-
pared with the second stack on the right, where additional multiple elimination has
been applied, it can be seen that some remaining multiple energy has been attenu-
ated. However, the removal of multiples is less evident in the stacked sections than
in the common-receiver gathers.
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Fig. 5.10 Multiple prediction on one common-receiver gather at receiver location 1323.
The first gather is the pressure component after deconvolution, the second
gather is the upoing P-wave potential just below the ocean-bottom obtained after
elastic decomposition, and the third gather contains the predicted multiples for
the decomposed P-wave gather. The arrow points at a remaining source-side
pegleg multiple in the decomposition result.

5.4 Conclusions

To remove remaining surface-related multiples from the OBC data after decom-
position, the acoustic decomposition result of stage 2 (i.e. the upgoing pressurc
wavefield just above the ocean-bottom) is used as the multiple prediction operator
(after extrapolation to the sea surface). The same prediction operator can be used
on all wave-types. After verification of the OBC surface-related multiple removal
on the synthetic data introduced in Chapter 2, the method was applied to the de-
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Fig. 5.11 Multiple removal result on the common-receiver gather at location 1323. The
first gather is the upgoing P-wave potential just below the ocean-bottom obtained
after elastic decomposition, the second gather is the upgoing P-wave potential
after additional surface related multiple elimination, and the third gather con-
tains the predicted multiples again, that were subtracted from the first gather.
The arrows point at multiple cvents that were removed.

composed 2-D Mahogany dataset. The surface-related multiple removal procedure
correctly predicted the remaining multiples in the decomposed data. The effect of
the removal of remaining multiple energy is more evident on the individual receiver
gathers than on the poststack time migrated section. Multiple removal in combina-
tion with wavefield decomposition can have additional value in the further processing
of field data, as source-side pegleg multiples are left in the decomposition result that
can have about the same strength as weaker primaries present in the data.
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station 1175

Fig. 5.12 Multiple removal result on the common-receiver gather at location 1175. The
first gather is the upgoing P-wave potential just below the ocean-bottom obtained
after clastic decomposition, the second gather is the upgoing P-wave potential
after additional surface related multiple elimination, and the third gather con-
tains the predicted multiples, that were subtracted from the first gather.
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station 1175

time (s)

Fig. 5.13 Multiple removal result on the S-waves common-receiver gather at location
1175. The first gather is the upgoing S-wave potential just below the ocean-
bottom obtained after elastic decomposition, the second gather is the upgoing
S-wave potential after additional surface related multiple elimination, and the
third gather contains the predicted multiples, that were subtracted from the first
gather.
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Fig. 5.14 Poststack time migrated sections of the upgoing P-wave potential (obtained
after decomposition) and the upgoing P-wave potential after additional surface
related multiple elimination.
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Chapter 6

Conclusions and discussion

6.1 Conclusions

In this thesis waveficld decomposition has been studied specifically in the applica-
tion to ocean-bottom seismic data. For this special case, wavefield decomposition
reduces to a decomposition at the receiver side. For a decomposition at the ocean-
bottom it is our task to separate the measured waveficlds just above the bottom
(i.e. in the water layer), and just below the bottom (a decomposition exactly at
the bottom is undefined). To calculate the appropriatc decomposition operators,
the water parameters or the medium parameters just below the bottom need to be
known. A review has been given of the decomposition theory, adapted for the case
of multicomponent ocean-bottom data (Chapter 2). The process separates the P-
and S-waves from each other, as well as the down- and upgoing wavefields (thus
removing most surface-related multiples from the upgoing wavefield). In practice
the decomposition equations are difficult to apply to field data, because of unknown
medium parameters, coupling effects, etc.

To facilitate the application, the decomposition equations have been rewritten in a
simpler form, leading to a scheme that requires less data components at a time. This
result has been obtained by splitting the down- and upgoing wavefield decomposition
and the P- and S-wave decomposition into two separate steps (Chapter 2).

Based on this two-step approach, a 5-stage adaptive decomposition scheme for 2-D
data (see section 2.7) has been proposed, consisting of three intermediate decompo-
sition results before obtaining the final result: down- and upgoing P- and S-waves
(Chapter 2). Each intermediate result allows for the estimation of some unknown
parameters. In addition the quality of these results can be checked, and if necessary,
improved. The scheme allows for some imperfections of the measurements (imper-
fect coupling of the geophones, energy leaking between the geophone components)
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and for unknown medium parameters just below the ocean-bottom. In stage 1 the
vertical velocity component is corrected for energy leaking between the horizontal
velocity components and the vertical component. Stage 2 then estimates a (rel-
ative) coupling filter for the vertical velocity component by means of an acoustic
decomposition just above the occan-bottom. Stage 3, an clastic decomposition into
down- and upgoing normal stressficlds just below the ocean-bottom, allows for the
estimation of the medium parameters just below the receivers. Stage 4 estimates
a (relative) coupling filter for the horizontal inline velocity component by mecans
of an clastic decomposition just below the ocean-bottom into down- and upgoing
shear stressfields. And finally, in stage 5 the down- and upoing P- and S-waves arc
obtained by combining the down- and upgoing stressficlds and using the estimates
of the medium parameters just below the receivers.

For the case where the adaptive decomposition scheme would not perform very well,
i.e. a thin sub-bottom layer, the analytic expressions of a combined extrapolation
and decomposition operation have been derived (Chapter 2). On modeled synthetic
data for a thin layer, a better decomposition result was obtained when using the
appropriate decomposition operators. The combined extrapolation/decomposition
operators have not been tested on field data.

Application of the wavefield decomposition equations could be successfully demon-
strated on three field OBC datasets of different water depths (Chapters 3 and 4):
Vgring (~ 1200 m), Snorre (~ 300 m) and Mahogany (~ 120 m). First the decompo-
sition result was evaluated on one common-receiver gather. This also gives an initial
estimate of the windows for the adaptive decomposition procedure to be used for
an cntire line of ocean-bottom data. The medium parameters just below the ocean-
bottom were estimated by inversion of the optimization filter obtained in stage 3 of
the adaptive decomposition scheme (in a frequency-independent way). Depending
on the quality of the optimization filters, an inversion was performed at each receiver
location (Mahogany), or a fixed average estimate was used for all receivers (Snorre).
Although the decomposition theory requires application to common-shot gathers,
it is in practice often only possible to use common-receiver gathers (due to statics,
coupling, aperture). Strictly speaking it is only correct to substitute common-shot
gathers by common-receiver gathers when the medium is laterally invariant. Expe-
riences with ficld data show that it is still allowed to do so with mild lateral medium
variations present.

The experience with various datasets has led to insight into the issues of decomposi-
tion theory when applied to field data. More specifically, window determination for
the adaptive decomposition procedure was easier for the Snorre and Vgring data ex-
amples, than for the shallower Mahogany dataset. The decomposition into S-waves
for the Vering dataset did not give a very good removal of the direct arrival, and
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the estimated S-velocity is very low (~ 100 m/s). This is not so surprising, consider-
ing the acquisition circumstances for Vering, where the geophones sunk into a very
unconsolidated mud layer lying on the ocean-bottom. This situation does not cor-
respond very well with the step-like contrasts for which the adaptive decomposition
procedure works best. The Snorre and Mahogany datasets show a better direct wave
removal for the upgoing S-wave section and also have somewhat higher S-velocity
inversion results within the range of 200-500 m/s. Furthermore, it was possible to
investigate the decomposition procedure on a full 2D-line (with the shooting parallel
to the receiver line) for the Snorre and Mahogany datascts. In practice, this was just
a repcated application of the adaptive decomposition procedure to each common-
receiver gather. Only the window over the primary event (in stage 2 of the adaptive
decomposition scheme) sometimes had to change gradually over the line.

The “cross-coupling” issue of “impure” vertical velocity components was present in
both the Voring and Mahogany datasets. The corrections for “cross-coupling” as
applied in this study worked adequately for the deeper Voring data but not for the
Mahogany dataset. No further study was made towards a more robust method, as it
is believed that this acquisition-related issue will eventually be solved by better OBC
acquisition methods. The Snorre dataset - acquired with newer acquisition tools -
does not show much evidence of cross-coupling. Differences between the measured
p and v, components, that would not be expected in theory, can probably be at-
tributed to the differences in measuring between hydrophones and geophones. The
hydrophone is insensitive to direction whereas the geophone should very precisely
measure in a specific direction. Small discrepancies with respect to this direction can
easily give discrepancies with the theoretical v, component. However, it was found
that a simple rotational correction would not remove the cross-coupling. It is as-
sumed that part of this cross-coupling is attributed to mechanical coupling within the
geophone. Therefore, the horizontal velocity components were subtracted from the
vertical component using optimization filters, in such a way that the cross-coupling
was optimally removed from the vertical component.

Knowing the medium parameters just below the receiver level is necessary for the
separation of P- and S-waves. The separation of down- and upgoing wavefields alone
can be performed without knowledge of the medium parameters below the bottom.
Two possibilities for a parameter estimation from the data itself were investigated.
First, estimates of the medium parameters can be obtained by direct inversion of
the expression for the decomposition operator, by minimizing an error function. Or,
estimates of the medium parameters can be obtained by first estimating an optimal
filter and then matching this filter to the expression for the decomposition operator.
Both optimization procedures aim to minimize the energy of the direct arrival in the
upgoing wavefield just below the bottom. However, the latter method works better
for field data. The error function in the first method does not have a well defined
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minimum for field data. Direct inversion of the medium parameters was possible on
synthetic data but did not work for field data.

In the adaptive decomposition scheme the desired (kinematic) result was obtained by
estimating optimal filters. The filters are then inverted to the medium parameters.
The accuracy of the inversion procedure on synthetic filters was good when only the
pre-critical rayparameter interval was used (the large amplitudes at the critical angle
do not influence the result). For field data, the inversion procedure was stabilized
by fixing the rayparameter of the critical angle. The P-velocity is well determined
by the inversion. A realistic density estimate for field data was not always possible,
because the density is interrelated with the coupling factor of the vertical velocity
component. The reliability of the density estimate therefore depends on how well
the coupling could be estimated (stage 2 of the adaptive decomposition scheme).
Conversely, if the density estimates are way off the mark, this is an indication that the
coupling determination in stage 2 was not accurate enough. This is demonstrated by
the density estimates in the shallower Mahogany example, that are often unrcalistic
(Chapter 4). An estimate of the S-velocity is difficult to obtain from the filter as it is
very sensitive to the signal-to-noise ratio and depends on high(er) angles. Moreover,
it is also sensitive to (small) errors in the P-velocity estimate. From inversion of
filters from synthetic data, the S-velocity could be retrieved with a good accuracy.
With field data the inversion for the S-velocity was often not possible (i.e. giving
S-velocity results close to zero). The Mahogany dataset gave the best S-velocity
inversion results.

To compare the image quality of the subsurface before and after decomposition (and
after additional multiple elimination), conventional stacking methods with normal
moveout (NMO) corrections and post-stack time migration were used on the raw
data and the decomposed data (Chapters 3, 4 and 5). It must be realized, however,
that by the stacking procedure in itsclf, some effects of the wavefield decomposition
are concealed, for example angle dependent reflectivity effects. For the stacking of
the horizontal component and the decomposed S-waves, asymptotic common con-
version point binning was used. In general, comparison of the poststack imaging
results after decomposition shows ‘cleaner’ datasets with a large part of multiple re-
flection energy, caused by the water layer, removed. The transfer of converted waves
from the vertical component data to the S-wave component and from the horizon-
tal component to the P-wave component after decomposition cannot be observed so
clearly in the imaged data. It is apparent that at least the S-velocities just below the
ocean-bottom, in the data examples that are used here, are low enough to already
separate the S-waves on the horizontal component.

According to the processing strategy discussed in Chapter 1 (see Figure 1.2), the
processing step following the wavefield decomposition is the surface-related multiple
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elimination. It is possible to apply the surface-related multiple elimination proce-
dure (Berkhout, 1982; Verschuur et al., 1992: Berkhout and Verschuur, 1997) after
a small adaptation to the ocean-bottom acquisition configuration (Verschuur and
Neumanin, 1999). In Chapter 5, the surface-related multiple elimination was illus-
trated on the Mahogany dataset. Only after this step all water related multiples
will have been removed from the upgoing P- and S-waveficlds. Although the mul-
tiple elimination procedure correctly predicted remaining surface-related multiples
in the decomposition result, the data did not contain a lot of remaining multiple
energy after decomposition. The difference between an image obtained with addi-
tional surface-related multiple elimination and an image with decomposition only,
was not 5o evident. In the Mahogany example, multiples of the strong reflections on
both sides of the salt structure were not accounted for. To predict these multiples a
wider aperture selection of the 2-D dataset is necessary than the aperture selection
that was used.

6.2 Discussion and recommendations

Although the adaptive decomposition strategy as described in this thesis could be
successfully applied to field data, there are some areas that require further investi-
gations.

Decomposition of 3-D OBC data

In this study, the adaptive decomposition scheme has been applied to 2-D data
only (after geometric spreading corrections, see section 2.7). In this situation the y-
component of the geophone has not been utilized. In Chapter 2, 3-D decomposition
operators have been derived. If these operators are used, the adaptive decomposition
scheme would have to be modified as well. The acoustic decomposition above the
bottom (stage 2) remains the same. To obtain the upgoing - and S-waves (stage 5),
an extra stressfield 7,. is necessary. Moreover, to estimate these stressfields, more
than two data components are needed simultaneously. But from the theorctical
point of view an extension to 3-D is feasible.

For the acquisition-related issues concerning 3-D waveficld decomposition, it should
be understood that the wavefield decomposition operators arc in fact spatial con-
volution filters. A 3-D implementation of the decomposition consists of a spatial
convolution of the 3-D operators with the data in both the x-direction and the y-
direction. This implics that a dense receiver coverage in both directions is necessary.

In practice, a dense receiver coverage at the occan-bottom is not yet feasible. The
most common choices used for 3-D OBC acquisition are displayed in Figure 6.1. The
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“inline-spread” configuration in Figure 6.1a has the shot lines (dashed lines) parallel
to the receiver lines (solid lines). The spacing between receiver lines is typically in
the order of 200 meters, the shot line spacing is in the order of 100 meters. The
“crogs-spread” configuration in Figure 6.1b has the shot lines perpendicular to the
receiver lines both with a spacing in the order of 200 meters. The other possibility
displayed in Figure 6.1c, is a sparse receiver coverage at the ocean-bottom with a
full surface coverage of sources.

For the in-line configuration (Figure 6.1a), two situations can be distinguished. In
the first situation, the shot line lies in the same vertical plane as the receiver line.
The processing of such a configuration would consist of a repeated 2-D application
of the decomposition procedure as was discussed in this thesis, i.e. with the 2-D
decomposition operators. With this configuration, the situation can arise where
the shot line does not lie in the same vertical plane as the receiver. Using the
decomposition procedure as if they still were in the same plane would lead to wrong
offsets, and therefore an erroneous projection of 3-D angles on the z, z-plane. For
media with not too much lateral variability this could supposedly still be handled
but extra research effort is required to make proper corrections for this effect.

In the case of cross-spread acquisition (Figure 6.1b), the shot and receiver lines
need to be interpolated to a dense grid first, to get a good coverage. Then the 3-D
decomposition operators derived in Chapter 2 could be used.

In the acquisition of Figure 6.1c, a wavefield decomposition with 3-D operators could
be done, provided that the lateral variability does not prohibit the use of common-
receiver gathers instead of common-shot gathers. In fact, in the discussed field data
examples in this thesis this assumption was always made.

Estimation of S-velocity

The estimation of the P-velocity from the estimated optimization filters is easy. The
S-velocity estimate is difficult to obtain from the data itsclf using the filter estimated
in stage 3 of the adaptive decomposition scheme, as this filter is not so sensitive to
the S-velocity. There are other possibilities for dealing with the S-velocity:

e When interface waves are present, these can provide an independent means of
estimating the S-velocity. In none of the three datasets used in this thesis, in-
terface waves (e.g. Scholte waves) were detected (possibly due to preprocessing
that was already applied to the data).

e Another possibility is to decompose the data at the measurement stage, i.e.
directly measure the P- and S-waves. By using dense receiver configurations
with receivers at different depth levels, the horizontal and vertical derivatives
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Fig. 6.1 Three different types of 3-D OBC acquisition, with (a) the shot lines (dashed
lines) parallel to the receiver lines (solid lines), (b) the shot lines perpendicular
to the receiver lines, and (c) a full coverage of sources at the surface.

of the recorded elastic wavefield can be estimated (Robertsson and Muyzert,
1999), and the divergence and curl of the wavefield can therefore be calculated.
In this case no medium parameter estimates would be necessary.

e And finally, the S-velocity could be estimated in stage 4 of the adaptive de-
composition scheme instead of in stage 3, by using optimal filters again. The
elastic decomposition into down- and upgoing normal stressfields just below
the bottom (stage 3) is given by

7 1 018 -
-TE =P+ A(w)——1T-. 6.1
T2 ( )Q(IP,I (6.1)
The equation is implemented as
=21, = P~ B (p) AT, (6.2)

where, in theory, Fy (p) is equal to the decomposition opcrator:

Fy(p) = 22, (6.3)
qra

The elastic decomposition into down- and upgoing shear stressfields just below
the bottom (stage 4) is given by

-Tf = i—;lp P+ Blw) 200y, (6.4)

qs,1 2gs.1
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Within a window over the direct arrival, equation (6.4) can be written as

0=+Fy(p)P £V, (6.5)
where
> TP
F; = — 6.6

The filter Fy4(p) is more sensitive to the S-velocity than F(p).




Appendix A

Elastic two-way wavefield extrapolation
operator

The two-way clastic extrapolation operator for homogeneous media has been derived
in Wapcnaar et al. (1987). Here we give the operator coefficients in the rayparameter-
frequency domain. With the wave vector Q defined as

extrapolation to a different depth level is obtained by applying

Q(z2) = W(22,21)Q(21), (A.2)
where W is a 4 x 4 matrix
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Elastic two-way wavefield extrapolation operator
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Summary

A seismic wavetield that propagates through the Earth’s subsurface consists of P-
waves (with longitudinal particle motion) and two types of S-waves (with transversal
particle motion). To measure the vectorial seismic wavefield, multicomponent geo-
phones are used that record the wavefield in three orthogonal directions. With a
wavefield decomposition method, the recorded wavefield can be separated into up-
and downgoing wavefields as well as into - and S-waves at a certain depth level. The
wavefield decomposition procedure is basically a spatial convolution of a short filter
with the data. To perform a decomposition in this way only the medium parameters
at the considered depth level need to be known.

Wavefield decomposition can be used as a first step in the data processing sequence
for multicomponent seismic data. Data processing of the separated waves is easier
than full vector wavefield processing, and is less sensitive to errors in the macro
velocity model of the subsurface.

Earlier attempts of applying wavefield decomposition to multicomponent land seis-
mic data were complicated by the presence of an unconsolidated near-surface layer
(the so-called weathered layer), leading to low data quality and geophone coupling
problems. Ocean-bottom cable (OBC) data, where the source is at the sea surface
and the multicomponent geophones are put at the ocean-bottom, gives access to
high quality recordings of the seismic wavetield. However, application of waveficld
decomposition to OBC data is not straightforward, as the medium parameters just
below the ocean-bottom are unknown and measurement related issues remain, like
geophone coupling and cross-talk between the different geophone components.

To apply decomposition to field data an adaptive 5-stage decomposition scheme is
developed and optimized for OBC datasets from several different locations with wa-
ter depths in the order of 1200, 300 and 120 meters. In the adaptive decomposition
scheme the P- and S-waves are scparated from cach other (at the receiver side)
as well as the down- and upgoing wavefields. The adaptive decomposition scheme
makes use of the condition that no upgoing waves should be present in the downgo-
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ing wavefield and vice versa. As an example, the downgoing waves just above the
ocean-bottom contain the wave that propagates directly downwards from the source
and the waves that reverberate within the water layer. Examples of upgoing waves
just below the ocean-bottom are the primary reflections from deeper layers. By iden-
tifying such waves in the data and performing an optimization procedure such that
the above conditions are fulfilled, any unknown factors (relative coupling, medium
parameters) are estimated from the data itself. This adaptive procedure works best
for ocean-bottoms with a strong step-like contrast. For a case where the adaptive
decomposition scheme would have trouble, i.e. a thin sub-bottom layer, the analytic
expressions of a combined extrapolation and decomposition operation are derived
and inserted into the adaptive decomposition scheme. A decomposition result below
the thin layer can then be obtained. This is demonstrated with synthetic data.

The adaptive decomposition procedure is applied per receiver. The extension of
the method to a complete line of OBC data consists of a repeated application of
the procedure for a single receiver. The resulting decomposed upgoing P- and S-
wavefields are processed, yielding a poststack time migrated image of the subsurface.
Comparison with the images obtained from the original (i.e., not decomposed) mea-
surements shows that the decomposition leads to a strong attenuation of multiply
reflected events at the sea surface. However, it must be noted that the poststack time
section is just a possible way of displaying the decomposition results and as such
conceals other effects of wavefield decomposition as for example angle-dependent
amplitude effects.

Even though the wavefield decomposition has removed a lot of multiple events re-
flected downwards at the sea surface from the upgoing P- and S-wavefields, there
remain some surface multiples after decomposition. These events can be removed
by an adapted version of the surface-related multiple removal procedure, which has
been developed for regular streamer data. The extension to OBC data involves an
extra wavefield extrapolation from OBC measurements towards the sea surface. The
resulting multiple prediction operator data can then be used for removing the multi-
ples in all wave types. In practice considerable remaining surface multiple energy is
identificd in both the decomposed upoing P- and S-wavefields. The removal of this
energy is more evident on single receiver gathers than on poststack time migrated
sections of the subsurface.

After application of the wavefield decomposition and additional multiple removal
procedures, the data contain only events that are reflected at interfaces below the
ocean-bottom and can thus be further processed to a reliable image of the subsurface.

K. M. Schalkwijk




Samenvatting

Een golfveld dat zich door de aarde voortplant bestaat uit P-golven (et lon-
gitudinale deeltjesbewcgingen) en twee types S-golven (met transversale deeltjes-
bewegingen). Dit golfveld kan geregistreerd worden door gebruik te maken van
multi-componenten geofoons die in drie orthogonale richtingen meten. Door een
decompositic-algoritme toe te passen, kan het gemeten golfveld worden opgesplitst
in op- cn neergaande P- en S-golfvelden op een bepaalde diepte. Hiervoor is het vol-
doende de medium-parameters op de beschouwde diepte te kennen. Dit decompositie-
algoritme is in essentie een spatiéle convolutie van een kort filter met de data.

Golfveld-decompositie kan gebruikt worden als eerste stap in de dataverwerking van
multi-componenten seismische data. Het is eenvoudiger om de dataverwerking toe te
passen op de afzonderlijke golfvelden. Bovendicen is cen dergelijke procedure minder
gevoelig voor fouten in het macro snelheidsmodel van de ondergrond.

Eerdere pogingen om golfveld-decompositie toe te passen op multi-componenten
seismische land-data waren minder succesvol ten gevolge van de aanwezigheid van
een niet-geconsolideerde laag direct onder het oppervlak (de zogenaamde verweerde
laag). Deze laag zorgde voor een slechte kwaliteit van de data en veroorzaakte
problemen met de koppeling tussen de geofoon en de bodem. Acquisitie van seis-
mische data met geofoons op de zeebodem waarbij de seismische bron zich aan
het wateroppervlak bevindt, zorgt voor een hoge kwaliteitsopname van het seismi-
sche golfveld. Nochthans zijn er ook met deze methode problemen door onbekende
medium-parameters net onder de zecebodem, en door de imperfecte geofoonkoppeling
en de overspraak tussen de verschillende geofooncomponenten .

Om het decompositie-algoritme toe te passen op gemeten data is een adaptief 5-
staps decompositie-schema ontwikkeld en geoptimaliseerd voor zeebodem data op
verscheidene locaties met waterdieptes van 1200, 300 en 120 meter. In het adaptieve
decompositie-algoritme worden zowel de P- en de S-golven van elkaar gescheiden (bij
de ontvanger) alsook het op- en neergaande golfveld. Het adaptieve decompositie-
algoritme maakt alleen gebruik van de voorwaarde dat er geen opgaande golven
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aanwezig kunnen zijn in het neergaande golfveld en omgekeerd. Voorbeelden van
neergaande golven net boven de bodem van de oceaan zijn de directe golf die neer-
waarts propageert vanaf de bron en de weerkaatsingen van de directe golf in de water
laag. Voorbeelden van opgaande golven net onder de bodem van de oceaan zijn de
primaire reflecties van de diepere lagen. Door dergelijke golven in de data te iden-
tificeren en een optimalisatie-procedure uit te voeren zodanig dat aan de hierboven
vermelde voorwaarden voldaan wordt, kunnen alle onbekende factoren (relatieve
koppeling, medium parameters) geschat worden uit de data zelf. Deze adaptieve
procedure werkt het best voor zeebodems met een stapfunctie contrast. Wanncer de
adaptieve procedure geen goede resultaten levert, bijvoorbeeld wanneer een dunne
laag net onder de zeebodem aanwezig is, worden de analytische uitdrukkingen van
een gecombineerde extrapolatie- en decompositie-operatie afgeleid en ingevoerd in
het adaptieve decompositie-algoritme. Hiermee kan een decompositie-resultaat net
onder de dunne laag verkregen worden. Dit is aangetoond met synthetische data.

De adaptieve decompositie-procedure is toegepast per ontvanger. De uitbreiding
van deze methode naar een volledige lijn van zeebodem data wordt verkregen door
de procedure te herhalen voor elke ontvanger. Het verkregen resultaat kan ver-
werkt worden tot “poststack” tijd-gemigreerde beelden van de ondergrond. De
vergelijking van deze beelden met de originele beelden toont aan dat decompositie
leidt tot een sterke uitdoving van de meervoudige reflecties aan het wateroppervlak.
Merk op dat een poststack tijd-gemigreerd beeld slechts één mogelijke manier is om
de decompositie-resultaten voor te stellen; ze kan andere effecten van de golfveld-
decompositie verbergen, zoals bijvoorbeeld de hoek-afhankelijke effecten.

Hoewel de golfveld-decompositie reeds veel meervoudige oppervlakte-reflecties ver-
wijdert, blijven er nog een aantal aanwezig. Om deze reflecties te verwijderen, wordt
een procedure toegepast, vergelijkbaar met die toegepast wordt bij de verwerking van
marine seismische data. De aanpassing van deze procedure op de zeebodem data-
acquisitie, houdt een extra extrapolatie in van de zeebodem meting naar het wa-
teroppervlak. De resulterende operator om de oppervlakte-reflecties te voorspellen,
kan gebruikt worden om deze reflecties in alle golftypes te verwijderen. In de praktijk
is er een sterke hoeveelheid energie ten gevolge van meervoudige reflecties aan het
oppervlak waar te nemen in het P- en S-golfveld na decompositie. De verwijdering
van deze energie kan duidelijker geobserveerd worden op de metingen van individuele
ontvangers dan op de poststack tijd-gemigreerde beelden van de ondergrond.

Na toepassing van de golfveld-decompositie en de verwijdering van overblijvende
opperviakte-reflecties, bevatten de data enkel nog aankomsten van weerkaatsingen
aan grensvlakken onder de zeebodem, en kunnen dus verder bewerkt worden tot een
betrouwbaar beeld van de ondergrond.

K. M. Schalkwijk
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