CWP-398P

3D depth imaging with generalized screens: A salt

body case study

Jérome H. Le Rousseau*, Henri Calandra’ Maarten V. de Hoop*

* Center for Wave Phenomena, Colorado School of Mines.
1 Total Fina Elf, CSTJF, Pau, France.

ABSTRACT

We illustrate the performance of the generalized-screen propagator on real data
for 3D zero-offset and pre-stack depth imaging. We use TotalFinaElf’s L7D
data set from the North Sea. The data acquired is that of a 3D marine sur-
vey thus containing limited azimuthal coverage. The subsurface shows signifi-
cant tectonic deformation including the intrusion of a salt body in sedimentary
sequences. A transformation to common-azimuth is applied prior to the 3D
pre-stack depth imaging procedure. We compare the performance of the gener-
alized screen propagator with that of a hybrid PSPI/split-step Fourier method.
3D pre-stack results confirm the more accurate handling of multipathing by the
generalized-screen method. Comparison are also given with Kirchhoff migra-
tion results. The results differ mainly in the texture of the image and not in the
wave front set of the image. Using synthetic models of similar structure (the
SEG/EAGE salt model) we further illustrate the importance of multipathing
as well as that of multiple scattering.

1 INTRODUCTION

The generalized-screen (GS) method (De Hoop et al.,
2000; Le Rousseau & De Hoop, 2001a) has been devel-
oped for the reduction of the computational complexity
of the Trotter product representation of the depth imag-
ing operator (De Hoop et al., 2001). This imaging op-
erator solves the so-called double-square-root equation
(Claerbout, 1986; Popovici, 1996). Such a reduction is
accomplished with a finite number of terms in the GS
expansion at the cost of approximating the wave front
set of the propagator as part of the imaging operator. In
Le Rousseau and De Hoop (2001a), an extensive accu-
racy analysis of the propagator was conducted conclud-
ing that with the hierarchy of approximations at hand
multipathing and wide-angle propagation could be accu-
rately predicted by the GS propagators. Here we apply
the GS approach to a real data example.

We use TotalFinaElf’s L7D data set and veloc-
ity model. The main feature of this 3D marine data
set from the North Sea is the presence of an intru-
sive salt body in a surrounding sedimentary sequence.
Subsequent tectonic deformation created faults at var-
ious depths that we hope to identify in the imaging
process. The salt body yields large lateral wave-speed
variations, which makes the imaging procedure chal-
lenging for Fourier-transform based wave-extrapolation

methods (Stolt, 1978; Gazdag & Sguazzero, 1984; Stoffa
et al., 1990). Such a data set then seems adequate for
the testing of the GS propagator for depth imaging.

We first illustrate the zero-offset migration perfor-
mance upon applying a transformation to zero offset
to the data (reducing the acquisition variables by 2).
Zero-offset migration, based upon the exploding reflec-
tor model, however, fails to show whether multipathing
is properly accounted for. The isochrones (and canon-
ical relation) of the pre-stack (multiple offset) imag-
ing operator can be much more complex than the ones
of the zero-offset imaging operator because the pre-
stack migration allows for paths to differ in the up and
down propagations between the source, the scattering
point and the receiver. We illustrate this aspect fur-
ther by showing isochrones in a 2D section of the the
SEG/EAGE salt model. Not taking multipathing into
account in such complex regions leads to partial imag-
ing only, and the generation of artifacts.

For 3D pre-stack depth imaging, , in view of the
marine acquisition, we transform the data to com-
mon azimuth (reducing the acquisition variables by 1).
To reduce the computational complexity we then ap-
ply a global common-azimuth approximation (Biondi
& Palacharla, 1996). Such an approximation assumes
a single azimuth for downward continued data at all
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depths. We compare the accuracy of the GS propagator
and a hybrid PSPI/split-step Fourier propagator [for de-
tails on the PSPI propagator see Gazdag and Sguazzero
(1984); for details on the split-step Fourier propaga-
tor see Stoffa et al. (1990)] with the same common-
azimuth approximation. While the two methods yield
similar performance for the zero-offset migration of the
L7D data set, the pre-stack results are in favor of the
GS method. A precise comparison of computational
complexities of the different methods can be found in
Le Rousseau and De Hoop (Le Rousseau & De Hoop,
2001a): The GS method compares favorably. The re-
sults confirm that pre-stack imaging in complex regions
relies on multipathing and that the GS approxima-
tions predict such multipathing accurately. To illustrate
that wave-equation imaging is microlocally equivalent
to Kirchhoff/GRT imaging-inversion (De Hoop et al.,
2001) we compare our GS results with those with a
Kirchhoff approach. Precise conditions when zero-offset
and common-azimuth data are sufficient to generate a
proper image are given in Stolk and De Hoop (Stolk &
De Hoop, 2001b).

Though multipathing is the common theme in this
paper we illustrate the effect of internal multiple scat-
tering on the imaging also. To control the generation
of internal multiples in a synthetic example (2D section
of the SEG/EAGE salt model) we use the GS method
combined with the generalized Bremmer series approach
(Le Rousseau & De Hoop, 2001a) to model the data and
the hybrid PSPI/split-step Fourier approach to image
the data. Artifacts associated with multiples in the case
of subsalt imaging were addressed by O’Brien and Gray
(1996).

2 THE L7D DATA SET

TotalFinaElf’s L7D 3D marine data set was acquired
in the North Sea. The subsurface contains a salt dome
structure which implies strong lateral wave-speed vari-
ations. Such a geology and the subsequent complexities
are typical for data sets from the North Sea. Strong lat-
eral variations result in transverse left-right scattering
of waves and is at the origin of significant multipathing
and illuminations problems. This makes this model and
data a challenge for imaging methods.

In Figure 1 we show a 2D section of the 3D zero-
offset data where the salt structure can be identified. In
Figure 2 we show a wave-speed model synthesized from
the model used for imaging the L7D data as well the
final image itself. Even though this wave-speed model
was not used in the processing of the data it gives a
rough idea of what the model looks like.

Further geologic information is obtained from the
image sections. For orientation, the locations of the ver-
tical sections of L7D images used here are shown in Fig-
ure 3. Figure 4 shows a vertical section in the crossline
direction of the 3D pre-stack common-azimuth image of
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the L7D data set evaluated with the second-order GS
propagator. In Figure 4 one can see the effect of the
intrusion of the salt body in the sedimentary layers. A
graben structure along with faults can be identified in
the upper part of the section. Note that the base of the
salt body is clearly visible in this section. We observe
noise associated with the (pre-stack) imaging operator
especially in the upper part of the model. Also, bound-
aries were not perfectly absorbing. Those are due to not
enough tapering and padding on the side of the model.
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Figure . ertical section in the inline direction of the 3D re-stack common-a im th ima e of the D data set ith the
second-order ro a ator he crossline distance is 3 m

inline direction (km)
s 6 8 P 2 crossline direction (km)
0 1 2 3 4
0 1 1 1

o
N

0

Figure 14, 15

2
|

8,9,12,13,

19

crossline direction (km)
Figure 5,

4
=
1

Figure4  Figure7

Figure . ocations of the ertical sections of the D
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Figure shows a vertical section in the inline direction
of the same 3D image. Again the base of the salt body
can be identified while its flank can be located with
the help of the surrounding sedimentary layers. In this
image no turning rays were used yielding no image of
the flanks themselves. (The Bremmer series (De Hoop,
1996; De Hoop et al., 2000) could be used to include 4-
those.) Figure 6 shows a horizontal section of the same
3D image. It illustrates how a large scale body such as
a salt dome can penetrate sedimentary sequences. Such
local tectonics induces erosion off the dome’s flanks, and
the depositional patterns, such as channels, associated
with this erosion are well resolved. The quality of the
focussing of the fault in the salt gives confidence in its
positioning. The L7D data set also exhibits a normal
fault with an offset of several hundred meters as can be Figure . ertical section in the crossline direction of the
seen in the crossline section in Figure 7. 3D re-stack common-a im th ima e of the D data set
The data underwent standard pre-processing such ith the second-order ro a ator he inline distance is
as deconvolution, geometrical spreading correction and m  he hitearro s oint to the ra enstr ct re and
. . . . . the ase of the salt
multiple attenuation. Before wave-equation imaging,
the data were regularized in source-receiver geometry;
thus they could be sub ected to regular fast Fourier
transforms as needed in the algorithms used here (GS

depth (km)




24 Le Rousseau et al.

crossline direction (km)

0 2 4
O ]

inline direction (km)

10+

124

Figure ori ontal section the 3D re-stack common-
a im th ima e of the D data set ith the second-order
ro a ator he de th is m

and a hybrid PSPI/split-step Fourier propagators). A
transformation to common-azimuth was applied prior to
the 3D pre-stack depth imaging procedure. Zero-offset
data were obtained with the application of a transfor-
mation to zero offset (D O).

crossline direction (km)

0 1 2 3 4
O 1 1 1

depth (km)

Figure ertical section in the crossline direction of the
3D re-stack common-a im th ima e of the D data set

ith the second-order ro a ator he inline distance is
83 m

D EROO SETDE TH 1 RATION

In this section we test the GS propagator on zero-offset
data from L7D. A vertical section of the migrated im-
age obtained with the second-order GS propagator can
be found in Figure 8. The section shows that 3D wave
propagation is properly handled yielding an acceptable
result. Note that the base of the salt is imaged. Some
of the reflectors lack continuity including one associated
with deep sedimentary formations. Note also the noise
associated with the imaging operator in the upper part
of the model. A comparison between Figures and 8
shows that the pre-stack method improves the quality of
the image in particular for the base of the salt body and
the continuity of the deeper reflectors. It also yields a
better definition of the flanks of the salt body. A proper
handling of multipathing is the main cause for such an
improvement.

Figure 9 is the result of the same zero-offset mi-
gration with a hybrid PSPI/split-step Fourier prop-
agator. The wave extrapolation over a vertical step

is performed with a split-step Fourier approxi-
mation with various background wave speeds,

. If we use the spatial coordi-

nates ( ), then at each node ( ), in the



e eal e ee s ase tu 24

inline direction (km)

8 10 12

depth (km)

Figure
ro a ator he crossline distance is 3 m

ertical section in the inline direction of the 3D ero-o set ima e of the

D data set ith the second-order

inline direction (km)

8 10 12

depth (km)

Figure

ertical section in the inline direction of the 3D ero-o set ima e of the

D dataset ithah ridP P s lit-ste

o rier method he crossline distance is 3 m otethedi erence ith i re 8 in the artifacts in the stron 1 hetero eneo s

art of the medi m

next depth section, , there is a  such that

( ) where ( )
is the actual wave speed at ( ). The wave
field at ( ) is then computed as an inter-

polation of the two wave fields associated with  and

. (An oscillatory integral interpretation of this pro-
cedure is given in De Hoop et al. (2000).) The additional
interpolation feature yields a more accurate propaga-
tor than a simple split-step Fourier propagator. A com-
parison of the sections in Figures 8 and 9 shows dif-
ferences in the artifacts in the strongly heterogeneous
part of the medium. With the (quantitative) analysis

of Le Rousseau and De Hoop (2001a) one would ex-
pect a degradation of the image when using a split-step
Fourier approximation despite the interpolation proce-
dure. However Le Rousseau and De Hoop (2001a) have
shown that differences in accuracy between the two ap-
proximations were mainly associated with multipathing
and wide-angle propagation. In zero-offset processing
multipathing is not accounted for properly since one
assumes that the stationary path is the same for waves
going up and going down, invoking normal reflections.
Hence a zero-offset testing showed that 3D wave propa-
gation is honored by the two wave extrapolation (Trot-
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ter) methods but could not reveal the accuracies of the
two methods.

ILLUSTRATION O ULTI ATHIN 1IN
THEI A IN ERNEL

Le Rousseau and De Hoop (2001a) have illustrated the
importance of multipathing looking at one-way wave
propagation. We show how this naturally extends to the
imaging kernel. For that purpose we use a 2D section
of the SEG/EAGE salt model as shown in Figure 10.
We apply the imaging operator to one single trace. This
allows one to observe various impulse responses associ-
ated with different times, since the trace contains sev-

eral seismic events in time. The singular supports of
these responses, i.e., the isochrones, correspond to the
source and the receiver positions associated with the
given trace.

We first compute such a migration impulse response
with a single-arrival Kirchhoff migration scheme (Fig-
ure 11-a). It naturally yields isochrones with no tripli-
cations. If we now make use of the first five arrivals in
the Kirchhoff migration scheme, we obtain isochrones
that show triplications (Figure 11-b). The differences
between the two wave fronts are quite significant and
advocate once again a proper handling of multipathing
in imaging procedures in complex regions such as salt
bodies. Note that the isochrones in Figure 11 in fact cor-
respond to a low-dimensional pro ection of the canoni-
cal relation of the imaging operator (Stolk & De Hoop,
2001a; De Hoop et al., 2001).

CcO ON A I UTH D RE STAC
DE TH I RATION

We turn now our attention to the 3D pre-stack depth
imaging of TotalFinaElf’s L7D data set. Exploiting the
narrow range of azimuths in the acquisition (marine
acquisition) we employ a common-azimuth approxima-
tion (Biondi & Palacharla, 1996). ia a stationary-phase
analysis in one variable, this approximation suppresses
an integral in the Trotter product representation of the
imaging operator [see De Hoop et al. (2001)]. This yields
a lower computational complexity at the cost of approx-
imating some of the 3D scattering effects. In a previous
section we already introduced the migration results ob-
tained with the second-order GS propagator. In the GS
results many geological features of the model are re-
covered. Note that subsalt features are identifiable. An
improvement of the wave-speed model could yield better
results in the deeper part of the model. This could be
achieved according to the method exposed in De Hoop
et al. (De Hoop et al., 2001) and the velocity analy-
sis scheme of Brandsberg-Dahl et al. (Brandsberg-Dahl
et al., 2001).

1 C S I

Having noticed the importance of multipathing for pre-
stack imaging we now compare the performance of the
second-order GS propagator with the one of the hybrid
PSPI/split-step Fourier propagator. In Figures 13 and
1 we show inline sections at two different crossline dis-
tances (1 00 m and 3000 m) for the two methods. In
both figures we point out with white arrows the fea-
tures that show significant differences between the two
methods applied. Those differences are mainly located
in the middle-upper part of the model. In the deep sec-
tion of the model, such as the base of the salt body, the
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Figure 1 . ertical section in the inline direction of the 3D re-stack common-a im th ima e of the D data set ith the
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o rier method he crossline distance is 3 m

two methods yield comparable results. In the features
highlighted in Figures 13 and 1 some faults and reflec-
tors are better imaged and focussed with the second-
order GS propagator. To further highlight those differ-
ences we show horizontal sections that correspond to the
middle-upper part of the model in Figures 16 and 17(b).
These horizontal sections further confirm a better imag-
ing of features such as faults with the GS method. We
also highlight some reflectors the continuity of which
is enhanced by the GS method. In the deeper part of
the model, horizontal sections show some differences be-
tween the two migration results. In Figure 18 the depth
is set at 22 0 m. As in shallower parts the faults are bet-

ter resolved by the GS propagator. One of those faults
correspond to the ma or fault visible in Figure 7. Over-
all the real data case shows better results for the GS
propagator as far as reflector continuity and definition
of the faults for the L7D data set.

2 C

To further assess the imaging performances of the GS
approach we now compare it to a Kirchhoff scheme. Fig-
ure 19 shows the corresponding result. This Kirchhoff
scheme only uses the most energetic arrival, i.e., does
not honor multipathing. It should be noted also that the
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same regularized data was used for the Kirchhoff imag-
ing. One sees that the bottom of the salt and the general
geologic structures are imaged. This confirms that apart
from differences in texture wave-equation-based meth-
ods and asymptotic methods yield similar images on the
wave front set (De Hoop et al., 2001). As in the previous
comparisons between the two wave-equation schemes
(GS and hybrid PSPI/split-step Fourier), differences are
noticeable in the upper part of the salt body (as marked
with white arrows in Figure 19). There, a better imaging
is obtained with the wave-equation based methods with
more focussed reflectors. The upper part of the model
actually shows complexity and lens-like wave-speed per-

turbations as shown in Figure 2. One can therefore sus-
pect the occurrence of multipathing in the upper part
of the model, which is properly accounted for by the
wave-equation methods and not by the single-arrival
Kirchhoff scheme. To further exhibit the differences in
focusing in that shallow region we show a comparison of
horizontal sections in Figure 20. It should be noted that
those differences correspond also to dipping reflectors.
Hence, a limited aperture in the Kirchhoff scheme can
also yield a poor imaging. The bottom part of the model,
e.g., the salt bottom, does not exhibit such differences.

ultipathing must not be so significant in that part of
the model, possibly because of illumination from the
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right hand side of the model instead of directly through THE IN LUENCE O ULTI LE
the salt body. This further explains the little differences SCATTERIN ONDE THI A IN

found between for the two wave-equation scheme (GS
and hybrid PSPI/split-step Fourier) in the lower part
of the model (see Figures 12 and 13).

The generalized Bremmer coupling series (De Hoop,
1996; De Hoop et al., 2000) give the capability to control
the up-down multiple scattering when modeling seismic
data. This opens the door to the investigation of the



2 2 Le Rousseau et al.

crossline direction (km)

0 2 4
O 1

inline direction (km)

104

12+

Figure 1 .
ro a ator and ah rid P P s lit-ste

importance of multiples in imaging and a proper treat-
ment of those (for the case of surface related multiples,
see (Reiter et al., 1991)). To illustrate this point we show
imaging results on synthetic data that were generated
with the aid of the Bremmer series. The imaging was
performed with a hybrid PSPI/split-step Fourier prop-
agator as described above. The modeling was done with
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the second-order generalized-screen propagator as the
generator of the Bremmer coupling series. The model
used is the same as in Figure 10. We simulated a marine-
type seismic data acquisition. In Figure 21 the data used
contained the primary arrival only, i.e., the first two
terms in the Bremmer series. One can see that the model
is properly imaged. Some subsalt features are not prop-
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erly in place due to a poor handling of wide-angle propa-
gation by the hybrid PSPI/split-step Fourier method. In
Figure 22 the data used contained the primary reflected
data as well as the first multiple, i.e., the first four
terms in the Bremmer series. The imaging then exhibits
phantom’ reflectors due the non-proper handling of the
multiples. (For instance the deeper part of the section

ori ontal sections the 3D re-stack common-a im th ima e of the
o rier ro a ator
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in Figure 22 shows strong multiple events; the deep-
est one are associated with the salt body boundaries.)
For the treatment of field data, prior to an imaging-
inversion, multiples are usually attenuated. However a
proper treatment of those will yield an improvement in
image quality, including signal to noise ratio.
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7 DISCUSSION

The case study of TotalFinaElf’s 3D North-Sea L7D
marine data set is conclusive. We not only illustrate
the capability of the GS method for 3D depth imag-
ing, both zero-offset and pre-stack, but we also confirm
that the accurate prediction of and the accounting for
multipathing is key to an optimal image in complex re-
gions. The GS approach falls into the category of wave-
equation imaging. The GS propagator with its higher
accuracy at wide-angle propagation and scattering per-
forms superior to a hybrid PSPI/split-step Fourier prop-
agator on the L7D data set. For this data set we have
shown enhanced resolution and improved positioning of
faults and texture of some reflectors. While a proper
treatment of multipathing is a key step towards im-
proved imaging, the question remains whether the in-
clusion of internal multiples could improve the imaging
further. To improve the computational efficiency of the
GS method further, we can employ (i) a multi-grid ap-
proach adapted to the constituent frequency bands, (ii)
adapt the variable step size (in depth) in terms of the
lateral rate of change in wave speed (De Hoop et al.,
2001), and (iii) adapt the GS order of expansion with
the maximum lateral wave-speed variation. To improve
upon our subsalt imaging, the use of mode converted
() waves seems to be natural. A vector GS theory has
been developed for elastic wave propagation accounting

for phenomena such as the continuous mode coupling
between and (Le Rousseau & De Hoop, 2001b).
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