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Preface
The 11th Annual WIT report marks the end of the transition of the coordination from Karlsruhe to Hamburg. During last year’s meeting, Peter Hubral handed the WIT pyramid over to Dirk Gajewski as a symbol.
We’ve been busy trying to make the transition as smooth as possible. Since the contracting is now carried
out through the administration of the University of Hamburg new research affiliate agreements had to be
negotiated. Several other matters necessary to run WIT also had to be moved from Karlsruhe to Hamburg.
Not all of this went as unnoticed as we would have wished, but we are confident that with the transfer
completed now we can once again offer you the smooth management you are used to from the past decade.
In many respects the 11th year of WIT was very successful. The WIT research team was extended by
two new affiliate research partners. The seismic modelling team of NORSAR has joined us, thus strengthening the already established research ties between WIT and NORSAR. The NORSAR team will from now
on contribute to the WIT meetings and reports. Moreover, NORSAR also kindly sponsors us by providing
the NORSAR modelling software package to the WIT research team.
Our second new affiliate research partner is the group of Prof. Thomas Bohlen at the Technical University and Mining Academy of Freiberg, Germany. Thomas’ team is working very successfully on the
important topic of full waveform inversion. Although computationally demanding for 3-D data, it is a
logical step after NIP-wave tomographic velocity model building and migration velocity analysis. We are
grateful to Thomas’ team for contributing to this report and to the 2008 WIT meeting.
In addition to our new research affiliate partners, we are pleased that the WIT research personnel is
continuously enhanced by new M.Sc. and Ph.D. students joining our working groups. Also concerning
education, Campinas University’s Graduate Program in Petroleum Sciences and Engineering has started
this year a new line on Reservoir Geophysics, in response to the market’s strong demand of professionals
in this area.
As in previous years, our research affiliate in Belém, Brazil, also contributed to the report.
A total of five new sponsors entered into WIT. RWE Dea and PGS as previous WIT sponsors already
decided to rejoin WIT in 2007. As of 2008, we also welcome the three new sponsors Elnusa Geosains;
Institut Teknologi Bandung (ITB), represented by EPTC Pertamina Research Cooperation; and Petrologic.
We are looking forward to a fruitful cooperation with you. Two companies, Shell and Western-Geco, have
decided to retreat. We would like to express our gratitude for their support in the past.
Three major events reflect landmarks of the last year for WIT. The ‘Festygel’, a conference in Campinas,
Brazil, to celebrate Martin Tygel’s 60th birthday was already briefly mentioned in the Annual Report 2006.
In this volume, a more detailed coverage of this outstanding event is given further below.
Another important event took place right after the 2006 WIT meeting in Karlsruhe: The ‘HubralFest’,
themed ‘Making Waves about Seismics’ was held to celebrate Peter Hubral’s lifetime achievements and
his retirement from the university. Many of you were able to participate in this event and a brief account is
included in this volume. Our best wishes go with Peter for his retirement. We are convinced, though, that
there will still be a lot of unrest and making waves, not restricted to WIT but also in the ‘hidden roots of
human creativity’.
It appears as a nice coincidence that the monograph on ‘Seismic True-Amplitude Imaging’ by Jörg
Schleicher, Martin Tygel and Peter Hubral was published by the SEG in 2007. It represents not only a
substantial part of Peter’s and the co-authors’ lifetime scientific achievements, but it is also an outstanding
landmark of WIT research and a documentary on a long lasting German-Brazilian research cooperation.
While we are speaking about lifetime achievements, we are happy to share with you that Martin Tygel
received the Lifetime Achievement Award of the Brazilian Geophysical Society (SBGf) in November 2007.
7
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The award was presented to Martin during the 10th International SBGf Congress in Rio de Janeiro. Congratulations to Martin for this prestigious award, to which we have also dedicated a short report below.
We thank Norman Bleistein for kindly providing the coverage of these three events.
Finally, we want to express our sincere thanks to all of you for your continuous support of the WIT
consortium. Your support is the foundation for all the scientific work you will find in this report. We would
like you to know that your contributions are also vital in our mission to educate skilled graduate students
who may one day continue their careers in your companies.

We will continue to make waves!

Dirk Gajewski
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WORKSHOP HONORING MARTIN TYGEL’S 60TH BIRTHDAY
On November 8 and 9, 2006, a group of scientists with a broad interest centered on the theory and application of mathematics and physics to seismic modeling, migration and inversion gathered at Unicamp
for a workshop – lovingly called Festygel by its attendees – in honor of Martin Tygel’s 60th birthday. An
eminent list of attendees from various countries came to honor Martin on this special occasion in recognition of his contributions to the development of improvements in the methods currently used in seismic data
processing. Many of the presentations at the meeting used Martin’s own work, often in collaboration with
others, as their basis or as a contributing factor.
In addition, the Brazilian Geophysical Society (SBGf) honored Martin for his contributions to the education and training of young people in applied mathematics, in general, and in mathematical-geophysics,
in particular. Martin travels around Brazil as a member of the thesis committees of students at other universities, thereby sharing his own insights broadly in Brazil. Martin is also a past president of the Brazilian
Society of Applied and Computational Mathematics.
Martin’s own talk at this meeting was about his philosophical view and approach to applied mathematics. The line to remember from that talk is, "If you think education is expensive, try ignorance!"
Norm Bleistein

True love, true friendship, true amplitudes – photos courtesy of Norm Bleistein and Judy Armstrong.

A photo album for Festygel can be found at http://cwp.mines.edu/ norm/Photos/Tygelfest/
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WORKSHOP HONORING PETER HUBRAL

On February 28, 2007, a workshop, Hubralfest, was held at the University of Karlsruhe to honor Peter
Hubral on his recent retirement from the university as Professor of Applied Geophysics. Peter has had a
long and distinguished career in seismic inverse methods, making important contributions through his many
papers, solely- and co-authored. He has also co-authored three monographs on the subject. He brings
to his work his own unique insight into the graphic depiction of the relationship between the recorded
seismic data and the related structure of the Earth. He was a founding member of the Wave Inversion
Technology Consortium and its intellectual and inspirational leader for more than ten years. He has been
honored with the EAEG Conrad Schlumberger and Erasmus Awards and the SEG Reginald Fessenden
Award. Peter is an Honorary Member of the SEG and he also received the Nero Passos Award from
the Brazilian Geophysical Society (SBGf). The prize recognizes SBGf members in Academics that have
provided outstanding contributions to geophysics. It is also a recognition of the leading role Peter had in
the development of geophysics in Brazil.
This workshop in honor of Peter was another in a series of worldwide workshops in the mathematics
underlying methods of seismic data processing. There is a core group built around the members of the Wave
Inversion Technology (WIT) program but supplemented by people elsewhere who share the same interests.
This is their special thing, la nostra cosa matematica di geofisica, that brings them together periodically,
catching up on one another’s work and hearing about developments from other attendees. Such smaller,
more intimate, meetings are a valuable adjunct to journals and international meetings for their efficient
means of communication.
The workshop ended with a banquet at which Peter received many laudatory testimonials from the
distinguished attendees.
Norm Bleistein

Photos courtesy of Norm Bleistein and Judy Armstrong.
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LIFETIME ACHIEVEMENT AWARD FOR MARTIN TYGEL
The Brazilian Geophysical Society (SBGf), in its 10th International Congress held in Rio de Janeiro, at
November 19–23, 2007, has presented Professor Martin Tygel – Institute of Mathematics, Statistics and
Scientific Computing, State University of Campinas (IMECC/Unicamp) – with a lifetime achievement
award for his outstanding career in the application of mathematics to problems in modeling, migration and
inversion of seismic data. The award, called Nero Passos Award, is designed to recognize SBGf members
in Academics that have provided outstanding contributions to geophysics.
Martin is one of the leading applied mathematicians, committed to advance the quality and breadth
of education and research in exploration geophysics. A few years ago, he established the Laboratory of
Computational Geophysics program at Unicamp. The Lab provides up-to-date facilities to develop the
exploration geophysics research and development projects, in particular in the framework of the Wave
Inversion Technology (WIT) Consortium. He explained his commitment by saying that he saw a need to
train Brazilian students not only in the mathematics of exploration geophysics, but also in the computational
implementation of their mathematical methodology.
As a researcher, he has collaborated with peers worldwide, addressing the extension of methods at the
forefront of current technology in exploration geophysics and making important contributions to improve
on those methods.
Norm Bleistein
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IMAGING
Anikiev et al. apply a modified diffraction stack for the localisation of seismic events. Examples for data
with a high noise level and near-surface complexities show that the technique yields reliable results for
these situations. Furthermore, an additional example demonstrates that the method also leads to a good
localisation accuracy even if the velocity model is not known.
Baykulov et al. applied CRS stack method to reflection data from the North German Basin which were
recently released by the industry. The reprocessing of the data clearly demonstrates the capabilities of the
CRS technique for low fold data. The images display a considerably improved SN ratio and show much
more details than the CMP processing of the 1980s. Moreover, a velocity model consistent with the data
was build and used to perform pre- and post-stack depth migrations which were so far not available for
these data. The new depth images allowed an updated look on the petroleum system of the Glueckstadt
Graben, which indicates new possible exploration targets.
Baykulov and Gajewski performed partial stacking of prestack seismic reflection data based on the kinematic wavefield attributes computed during the automatic CRS stack. The resulting CRS supergathers are
more regularized and have better signal to noise ratio compared to original CMP gathers. The improved
data can be used in any conventional processing tool instead of the original data, providing enhanced images of better quality. The CRS supergather method is especially suited for low fold seismic reflection
data. Application of the new method to synthetic and real low fold data shows a clear improvement of
seismograms as well as time and depth-migrated sections.
Bohlen et al. discuss a relatively new wave equation based imaging method that utilizes the full information content of the multi-component elastic wave field. The elastic parameters of the sub-surface are
derived by an iterative tomographic inversion method. The resolution of the derived velocity models is
in the order of the seismic wavelength. Applications to synthetic data sets demonstrate the outstanding
imaging potential of the method.
Costa et al. propose a new, reflection-angle-based kind of smoothness constraint as regularization in
slope tomography and compare its effects to three other, more conventional constraints. They find the
smoothness constraints to have a distinct effect on the velocity model but a weaker effect on the migrated
data. The new constraint leads to geologically more consistent models.
Dümmong and Gajewski are presenting two approaches for identification of surface related multiples
within the CRS workflow. One approach focusses on the multiple identification with CRS attributes (i.e.
the angle of incidence). The second one is based on the multiple prediction by autoconvolving each stacked
trace with itself (hybrid SRME-CRS approach). Both approaches are tested on two synthetic data sets.
Gamboa et al. study the effect of enhancement of signal high frequencies on CMP and CRS stacked
volumes. It is shown that high frequencies can be successfully recovered by means of the application of
spectral whitening. Recovery is seen to be significantly better in CRS than in CMP stacked volumes.
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Iversen and Tygel revisit the problem of time-to-depth conversion of a given time-migrated section and a
time-migration velocity field. The study, which extends the previous work described in WIT Report 2006,
is now fully 3D with an accompanying 3D synthetic example.
Lima et al. propose the use of a fourth-order “semblance” function as an alternative for the classical
(second-order) semblance as a coherence measure to obtain CRS parameters from multicoverage data.
Their first test show that this higher-order statistics measure better discriminates signal and noise, having,
thus, the potential of producing cleaner sections and more reliable parameter estimates.
Meier et al. give a comparison between two tomographic inversion schemes, namely prestack stereotomography and NIP-wave tomography. The results are compared for two examples from a real marine
dataset from the Eastern Mediterranean. One example focusses on the vertical resolution of the velocity
model and the other one on the lateral resolution of the obtained velocity distribution. The differences are
discussed with respect to the different inversion problem formulations.
Pila et al. derive a 2.5D true-amplitude diffraction-stack-type redatuming operator and present its specific
form for zero-offset data. The operator consists of performing a single weighted stack along adequately
chosen stacking lines. For simple types of media, they derive analytic expressions for the stacking lines
and weight functions and demonstrate its functionality with numerical examples.
Schleicher et al. compare the effects of different imaging conditions for common-shot wave equation
migration on the final migrated images after stack using the Marmousi data set. They confirm the conclusion from the single-shot experiments that the most robust imaging condition with illumination correction
is the one that divides the crosscorrelation of the up- and downgoing wavefields by the autocorrelation of
the downgoing wavefield.
Silva Neto et al. propose a new imaging condition with obliquity correction for reverse time migration.
Its implementation requires the determination of the Poynting vector of the source and receiver wavefields
at the image point. Numerical examples show that the obliquity correction reduces backscattering artifacts
and improves the illumination compensation.
Tessmer and Gajewski investigate the influence of a scattering surface layer on the accuracy of reverse
modelling event localization.
Ursin and Tygel discuss tuning and stretch effects that appear on AVO and AVA in the presence of a
thin layer.
von Steht and Mann present a simple and efficient approach to calibrate the velocities at downhole receivers by means of walkover VSP data. This allows an accurate determination of emergence angles, as
verified for wavefield decomposition.

MODELING

Freitas et al. describe a fast method for seismic ray tracing in a cellular model, in which cells can have
general polynomial shapes with non-planar bounding faces. Numerical examples are shown using Mod2B,
an interactive prototype editor.
Kashtan and Tessmer show that under certain conditions there is a Rayleigh wave which has a horizontal component of polarization perpendicular to its propagation direction. Numerical experiments using
the pseudo-spectral Chebyshev method confirm this result. The amplitude of this wave is about 100 times
smaller than that of the classical Rayleigh wave.
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OTHER TOPICS

Gomes et al. describe the development of CRS Office, a friendly Java graphical user interface for the CRS
stack processing code of Dr. Jürgen Mann released in Karlsruhe, Germany, and an example of application
to synthetic and real marine data from offshore Brazil.
Feskova et al. present a hybrid modeling procedure involving 2D FD and ray tracing techniques. The
approach assumes that the travel path can be determined in the geometrical optic limit. The applicability is
demonstrated by numerical experiments of elastic wave propagation for models of different complexity.
Schleicher et al. discuss several different ways of extracting the desired slope information from the data.
Based on the observation that the inverse of the local slope can also easily be extracted from the data,
they propose a simple, straightforward correction to linear plane-wave destructors and study the extraction
numerically.
Schleicher and Aleixo compare a number of traveltime approximations in VTI media that have been
discussed in the literature and introduce a few new approximations. Some of the new traveltime formulas
have rather simple analytic expressions and provide the same quality of approximation as the better of the
established approximations.

I
Imaging
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LOCALISATION OF SEISMIC EVENTS BY A MODIFIED
DIFFRACTION STACK
D. Anikiev, C. Vanelle, D. Gajewski, B. Kashtan, and E. Tessmer
email: danikiev@earth.phys.spbu.ru
keywords: Event localisation, diffraction stacking, passive seismics

ABSTRACT
The localisation of seismic events is a key problem in seismology as well as in exploration seismics.
We suggest a new localisation technique based on a modified diffraction stack. The method is targetoriented and can be applied to surface and/or downhole receivers. It is best suited for large networks.
Application of the method leads to an image in which the source positions can be clearly identified,
even in the case of a high noise level in the data. This is an advantage over conventional methods based
on picking arrivals, which is not possible with noisy data. The method performs well in the presence
of near-surface complexities as well in situations where the exact velocities are not available.

INTRODUCTION
Localisation of seismic events is an important task not only in seismology but also for a multitude of applications in exploration seismics, for example hydraulic fracturing and reservoir monitoring. Therefore, over
the years, many different techniques have been suggested for seismic source localisation (for an overview,
see, e.g., Pujol 2004).
However, most classic localisation methods require picking of the event at each station. In the presence
of noise, it can be a problem to identify weak events in the individual seismogram. Also, in particular in
exploration seismic, the larger number of stations on the recording network can make the picking procedure
and the necessary quality control a tedious task.
Recently, Gajewski and Tessmer (2005) introduced a localisation technique based on reverse modelling.
The measured data are back-projected and picking is, therefore, not required in the method. In addition,
the focussing of the back-projected energy leads to an image even if the events cannot be identified in the
input data.
The relatively high computational effort for the reverse modelling has motivated Anikiev et al. (2006) to
develop a new localisation method that uses a modified diffraction stack for the back-projection. In contrast
to reverse modelling, this method also permits to work in a target-oriented way, thus further enhancing the
computational efficiency.
Synthetic studies revealed that the image section obtained from the stack for a given time window shows
a distinct maximum at the position of the source. The localisation is reliable for data with a high noise level
and in the presence of near-surface complexities. A modification even allows to apply the method if the
velocity model isn’t well-known.
In the next section, we will describe the method before illustrating it with the results of numerical
experiments with high noise level, a complex overburden, and an unknown velocity model.
METHOD
For simplicity we will restrict this section to two dimension. The extension to 3-D is straight-forward. In
the following, we will assume that the seismic events are caused by point sources, i.e. the extent of the
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source region is small compared to the wavelength, with small magnitudes.
The position of such an ’acoustic emission’ in a homogeneous medium can be reconstructed from
surface measurements by applying Kirchhoff theory. Here, the subsurface is discretized, and the seismic
traces are weighted and stacked along the diffraction traveltime curve (surface in 3-D) for each subsurface
point. The maximum amplitude is then located at the original source position.
In practice, application of this theory is not straightforward due to several reasons. The major drawback
is that the simple diffraction stack described above requires knowledge of the excitation time. Furthermore,
the classic Kirchhoff theory can be extended to heterogeneous media, but a velocity model is still required.
Finally, whereas the theory assumes an infinite aperture of the experiment, in practice only a limited number
of receivers is available. This last point will be addressed in a follow-up paper.
As shown by Anikiev et al. (2006), a modified diffraction stack leads to a localisation even if the source
time isn’t a priori know. The modification is intuitive as the diffraction stack is simply performed for all
possible source times within a time window. For each subsurface point under consideration the individual
stacks are then squared and summed, resulting in the image section.
The seismic traces contribute energy to the stack only if the subsurface point is close to the source point
and if the assumed excitation time is close to the real source time. Therefore, the maximum of the image
section occurs at the true source position although an additional stack was performed over the times. This
has been proved by Anikiev et al. (2006) for the case of a homogeneous medium. The squaring of the
individual diffraction stack results is necessary to allow for different signal phases.
This extension of the classical Kirchhoff theory even permits us to determine the excitation time of the
source in a second step. More details can be found in Anikiev et al. (2006) and Gajewski et al. (2007).
To perform the localisation with an unknown velocity model we apply a similar strategy as for the unknown excitation time: the localisation is carried out for a range of velocities, and the results are summed.
A stack for a given velocity model will make a significant contribution when the assumed model is reasonably close to the real velocity distribution. Therefore, the maximum of the image section will still occur at
the real source position.
NUMERICAL EXAMPLES
In this section we demonstrate the performance of our method with several examples. First, we show results
of a noise-free synthetic data set for a homogeneous medium as reference. Then we repeat the experiment
with added noise. A third example illustrates the accuracy of the localisation in the presence of near-surface
complexities. Finally, we apply the method to the case of an unknown velocity model.
The synthetic seismograms for all examples were generated with a pseudo-spectral Fourier modelling
code. The discretization of the subsurface grid was 2 m in either direction, and the source signal was a
Ricker wavelet with a central frequency of 100 Hz, corresponding to a maximum frequency of 200 Hz.
Noisy data
For our first example, we have chosen a homogeneous medium with V =3000 m/s. The acquisition is
sketched in Figure 1. Seismograms were computed for 198 receivers with a spacing of 10 m, corresponding
to an aperture of 1970 m. The source was placed at a depth of 2000 m and at a lateral position of 1200 m,
i.e. 215 m from the center of the aperture. Figure 2 shows the modelled seismograms.
The length of the time window for the localisation was 1 s with an increment of 0.5 ms.
The image function resulting from these data is displayed in Figure 3.The maximum of the image
function is very close to the true source position also indicated in Figure 3. The focal region of the image
function is oblique and elongated in depth. The obliqueness stems from the asymmetric aperture with
respect to the source position. Since receiver coverage was only given at the surface, the resolution in
depth is less high than the lateral resolution. If data were also registered at different depth levels (e.g. from
a borehole), the depth resolution could be considerably enhanced.
In a second example, we have added white noise with a signal-to-noise ratio of 0.5 to the same data as
in the previous example. In the resulting seismograms, shown in Figure 4, the event cannot be identified
due to the high noise level.
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Figure 1: The model and acquisition scheme for the first two examples. The aperture of the synthetic
experiment consists of 198 receivers with a 10 m spacing. The source is placed at (1200 m, 2000 m) in a
homogeneous medium with V =3000 m/s.
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Figure 2: The synthetic seismograms generated for the model shown in Figure 1. A taper was applied
toward the end of the aperture. Note that the time axis does not begin at zero.
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Figure 3: Image function obtained from applying the localisation to the data shown in Figure 2. The
maximum amplitude in the focal region corresponds to the most likely source position. It is close to the
real source position indicated by the circle. The shape of the focal region depends on the aperture of the
experiments; please refer to the main text for details.
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Figure 4: The same seismograms as shown in Figure 2, but with white noise added (S/N ratio of 0.5). The
event cannot be identified on the individual traces. Classic localisation methods requiring picking cannot
be applied in this case.
Figure 5 displays the image function obtained from the noisy data. Despite the high noise level in the
input data the focal region still shows a distinct maximum and the accuracy of the localisation is the same
as for the same data without noise. Due to the stacking process involved in the localisation procedure the
signal-to-noise ratio of the image section increases with the number of receivers.
Complex overburden
In the next example we have investigated the influence of a scattering layer on the localisation. Figure 6
displays the model structure and acquisition. The experiment uses 143 receivers with a spacing of 10 m,
leading to an aperture of 1420 m. The source is located at (360 m, 400 m) in a homogeneous medium
with a complex layer comprising the topmost 150 m, represented by a Gaussian random medium. The
homogeneous medium velocity is V =2000 m/s, and this is also the background velocity in the scattering
layer.
The length of the time window for the localisation was 0.5 s and the time step was 0.5 ms. We have
carried out the localisation with data modelled for different correlation lengths and standard deviations.
The traveltime curves applied during the stacking process were computed for the homogeneous background
medium.
Figure 7 shows seismograms generated for a correlation length of 50 m, a third of the layer thickness,
and a standard deviation of 5 %. This means that velocity deviations up to ±20 % or ±400 m/s can occur.
Nevertheless, the maximum of the image function (Figure 8) is close to the real source position.
We have repeated the experiment for a correlation length of 10 m. Figure 9 shows the seismograms
and Figure 10 the image function. The localisation accuracy obtained for the correlation length of 10 m
is slightly higher than for 50 m. For comparison, Figure 11 displays the image function for data modelled
without surface heterogeneities. The difference in localisation accuracy is insignificant.
Furthermore, in Figure 12 we show seismograms generated for a correlation length of 50 m and a
standard deviation of 12 %. In this case, the velocity variations can be up to almost ±50 %, i.e.±1000 m/s.
The shape of the event in Figure 12 is no longer hyperbolic. In this case, the traveltime for a homogeneous
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Figure 5: Image function obtained from applying the localisation to the noisy data shown in Figure 4. The
maximum is still distinct and close to the real source position.

Figure 6: The model and acquisition for the experiment with near-surface complexities. The aperture
consists of 141 receivers with a 10 m spacing. The source is placed at (360 m, 400 m) in a homogeneous
medium with V =2000 m/s. A scattering layer of 150 m thickness was simulated with a Gaussian random
medium.
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Figure 7: Seismograms for the overburden model shown in Figure 6. The correlation length of 50 m and
a standard deviation of 5 % cause the shape of the event to deviate from a hyperbola.
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Figure 8: Image function obtained from localisation assuming constant velocity where the data was generated with a correlation length of 50 m and a standard deviation of 5 %. The maximum is still reasonably
close to the real source position.
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Figure 9: Seismograms for the overburden model shown in Figure 6. The correlation length of 10 m and a
standard deviation of 5 % cause the shape of the event to deviate slightly from a hyperbola. The deviation
is smaller than for a correlation length of 50 m, see Figure 7.
medium deviates too far from the real diffraction stacking curve. As expected, the localisation does not
yield satisfactory results: In Figure 13, the focal area is separated into two regions, each of which has an
individual maximum. Neither the positions nor the amplitudes of the maxima permit to identify the real
source position.
Unknown velocity model
In our last example, we have again applied the method to data modelled for the overburden model (Figure 6)
with a correlation length of 10 m and a standard deviation of 5 % (Figure 9). However, this time we have
assumed that the medium velocity was unknown. As described above and initially suggested by Anikiev
et al. (2006), we have repeated the stacking procedure over a range of velocities, from 1800 m/s to 2200 m/s
with an increment of 40 m/s. The true medium velocity in the homogeneous part and background velocity
in the scattering layer was 2000 m/s. Figure 14 shows the image section obtained from the localisation for
unknown velocities. Although the focal region is slightly less well-defined in comparison to Figure 9, the
image function for the same data computed for the known velocity, the maximum is still close to the real
source position.
This is an important result as it shows that the localisation method is even reliable in the case that a
detailed velocity model is not available.
OUTLOOK AND CONCLUSIONS
We have suggested an applied a new method for the localisation of seismic events. It is based on a modified
diffraction stack and leads to a resulting image section where the maximum coincides with the source
position. The method can be applied in a target-oriented way and requires no picking of arrival times in the
individual seismograms.
In contrast to conventional localisation methods our technique produces reliable results even in situations where the noise level does not permit to identify the event in the seismic data. Another example was
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Figure 10: Result of localisation assuming constant velocity where the data was generated with a correlation length of 10 m and a standard deviation of 5 %. The localisation accuracy is higher than for
a correlation length of 50 m (see Figure 8). The difference to localisation with data modelled without
overburden ( Figure 11) is negligible.
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Figure 11: Image function for the homogeneous case, i.e. without the scattering layer.
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Figure 12: Seismograms for the overburden model shown in Figure 6. A standard deviation of 12 %
leads to a much higher deviation from the hyperbolic shape of the event than a standard deviation of 5 %
(Figure 7).
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Figure 13: Result of constant velocity localisation for data modelled with a standard deviation of 12 %.
The focal area of the image function displays two peaks that cannot be associated with the real source
position.
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Figure 14: Image function obtained over a range of velocities. The data were generated for the overburden
model (Figure 6) with a correlation length of 10 m and a standard deviation of 5 %. The data are shown in
Figure 9. The velocity range considered in this example was from 1800 to 2200 m/s. The medium velocity
was 2000 m/s.
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shown to illustrate that our localisation also performs well in the presence of near-surface complexities.
With a final example, we have shown that our method can even be applied if the velocity model is not
well-known. To obtain a reliable localisation we only require RMS velocities which are usually available.
For simplicity, we have shown only 2-D examples in this work. Also, the diffraction traveltimes were
computed analytically. The extension to 3-D media is, however, straightforward. Application to complex
models with vertically and laterally varying velocities can be carried out in the same fashion. In that case,
the diffraction times need to be generated numerically, e.g. by ray tracing or finite-difference methods.
Such techniques are widely available for 2-D as well as for 3-D media (for an overview see, e.g., Leidenfrost
et al. 1999).
In the examples, only data from a surface array was considered. As the results show, surface data leads
to a good lateral but a lower vertical resolution. If borehole data were available in addition to the surface
registrations, the vertical accuracy of the method could be considerably enhanced.
Due to the computational efficiency and the possibility to implement it in a target-oriented way, our
goal is the application of the method to real-time monitoring of passive seismic experiments. Tests on the
localisation with real data are currently carried out.
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ABSTRACT
Reprocessing of seismic data of a salt stock family from the North German Basin provided new insights into the structural evolution of this area. The Common Reflection Surface (CRS) stack technique was applied to reprocess the reflection data acquired by the hydrocarbon industry in the 1980s.
Due to the low fold of these data and the complex geology in the study area severe imaging challenges were encountered when the data were initially processed using conventional CMP stack. The
CRS stack technique is particularly suited for low fold data in complex areas since it builds physically
correct super gathers even if dipping structures are present. This leads to a considerably improved
signal-to-noise ratio in the CRS stack compared to CMP stack sections. Moreover, the CRS stack
parameters obtained during the stack form the foundation for a robust reflection tomography used
for velocity model building. These models allowed the application of pre-stack and post-stack depth
migration. The obtained depth images provided structural details not seen before, motivating an alternative view on the structural setting of the area. The image of the Jurassic salt plug indicates tectonics
similar to observations in the Allertal region, where reverse faulting plays a major role in the evolution of the salt structures. As a consequence, shortening of the Mesozoic strata was included into the
revised interpretation of the Glueckstadt Graben area. The new depth images also allowed an updated
look on the petroleum system of this graben, which indicates new possible exploration targets.

INTRODUCTION
Salt plugs and their structural development represent a dominant part in the subsurface of northern Germany
(Fig. 1). Many commercial applications are linked to the effects of salt tectonics, e.g. salt plugs are a source
of raw material for different salts and many oil accumulations are closely associated with the development
of salt plugs (Boigk, 1981). Limestone mining would not be possible in the region of Schleswig-Holstein
in northern Germany if salt plugs had not lifted Upper Cretaceous sediments to the surface of the earth
(Laegerdorf quarry near the City of Glueckstadt). Moreover, gas deposits were explored at the base of salt
plugs (see Pasternak, 2006). Salt plugs have contributed to the appearance of the landscape in the past
("Kalkberg" near the City of Segeberg, Schleswig-Holstein, the Island of Helgoland within the southern
North Sea, a.o.). Even today, direct and indirect indications of their existence can still be seen at the surface
of the earth and some effects, like the development of sink holes, might be hazardous in urban areas.
The functional dependence of the individual northern German salt structures on salt stock families
(Fig. 1 and Fig. 2) was outlined by Sannemann (1968) and their history was described by Jaritz (1973).
Trusheim (1957) introduced the term halokinesis. In the explanations of the formation of salt plugs and the
development of salt plug families these authors presumed density instabilities for the North German area
between underlying light salt und overlying heavy sediments to be the major force of the buoyancy driven
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Figure 1: Map of Northern Germany displaying major geological units and cities as well as the distribution
of salt stock families and salt plugs, modified after Maystrenko et al. (2005). The Central Triassic Graben
is also known as the Glueckstadt Graben. The area of the eastern second generation salt plug is shown with
a blue colour.
halokinetic processes. This assumption was already theoretically investigated in the early past by Hunsche
(1978) and using analogue experiments by Heye (1978). There are new concepts of salt tectonics, e.g.,
by Hudec and Jackson (2007) for general concepts and Mohr et al. (2005) for NW Germany. However,
for the particular area under investigation in this paper the evolution of salt stock families was not yet
revisited. However, processing and interpretation of seismic reflection lines, gravity data, and density logs
in boreholes raised severe doubts about the validity of this concept, at least for the early stages (i.e. Lower
Triassic, Bunter) of the halokinesis in Northern Germany. Brink (1984, 1986, 1987) and Brink et al. (1992)
reported several non-supporting observations of this concept:
1) Within the Northwest German Basin compressive "flower structures" were observed in seismic data
at locations where previously salt plugs were assumed. This observation was further verified by
drilling.
2) At the northern termination of the Glueckstadt Graben, a positive residual gravity anomaly at a
location of a presumed salt plug had required a reinvestigation by modern seismic data and was
finally proved to be a "flower structure" of Early Triassic times.
3) A salt plug in the Glueckstadt Graben centre, which was interpreted to be a member of the so-called
"two-story" salt structures with a core of Rotliegend salt (Early Permian) and flanks of Zechstein
salt (Late Permian) (see Baldschuhn et al., 2001), had to be redefined as a Late Triassic (Keuper)
salt structure. What has happened to the Permian salt then? It should be noted here that no method
is available so far to distinguish core samples of either Rotliegend salt or Keuper salt without any
further information.
Due to these doubts concerning the role of the primary dome in the Glueckstadt Graben, salt domes
of the second generation should be revisited as well (please note, that we use Trusheim (1957) notation to
describe the location of salt plugs ). In 2002, the industry provided seismic reflection data to the scientific
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Figure 2: Concept of the evolution of a salt stock family, modified after Sannemann (1968).
community and opened new opportunities to have a more detailed look on the salt stocks of the Glueckstadt
Graben area. Since these data were acquired in the 1980s they have a comparably low fold. New processing
techniques like the CRS stack or the NIP (normal incidence point)-wave tomography which are particularly
suited to improve the imaging potential of low fold data were not available when the data were initially
processed. Yoon et al. (2007) have applied the CRS stack technique to these data with the focus on the
imaging of the basement and lower crustal structures as well as Moho-topography.
In this paper the data are reprocessed with the emphasis on the salt plug families and the sedimentary
structure. Also velocity model building and pre-stack as well as post-stack imaging is applied. Using the
CRS stack the images of the data were considerably improved compared to the processing of the 1980s.
The obtained velocity models and depth images in fact provide further evidence to question the classical
concept of salt plug and salt stock family development in the Glueckstadt Graben area.
REPROCESSING OF SEISMIC DATA
The reflection seismic data which were provided to the scientific public in 2002 were acquired and processed in the 1980s. Compared to contemporary reflection acquisitions, the fold of these data is low (about
20). The processing in the 1980s provided basically stacking velocities and the Common Midpoint (CMP)
stacks. Velocity model building, time and depth migration was usually not applied to these data. Due to
the structural complexity combined with the low fold, severe imaging challenges were met.
The CRS stack technique provides a contemporary processing tool to enhance the image quality of
these data. The CRS stack is best suited to cope with low fold data since a physically reasonable formation
of super bins where the dip of the structure is included is the basic principle of this method. The larger
number of traces in these bins leads to an improved signal-to-noise (SN) ratio, when compared to the classical CMP processing.

CRS stack and NIP-wave tomography
The CRS stack is a multi-parameter stacking technique. The traveltime t of reflection events (Eq. 1) is
described by three parameters A, B, and C instead of one parameter Vnmo for the classical CMP stack
(Eq. 2) (see e.g. Mann, 2002; Mueller, 1999). In the Eq.s X is the source-receiver offset, m is the midpoint
offset with respect to the considered CMP position and t0 corresponds to the zero offset (ZO) two-way
traveltime (TWT). A, B, and C as well as Vnmo are stacking parameters of the CRS and CMP stack,
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respectively.
t2 [m, X] = (t0 + Am)2 + t0 (Bm2 + CX 2 )
t2 (X) = t20 +

X2
2
Vnmo

(1)
(2)

The parameters A, B, and C are called CRS stack parameters or CRS stack attributes. Both stacking
formulas represent short spread hyperbolic traveltime approximations. Practically this means X has to be
reasonably small in order to satisfy this condition. No assumption on the model is required to derive the
formulas. They are applicable to any kind of heterogeneous model. This is the major reason why stacking
is such a stable procedure in seismic data processing. The CMP stack is a subset of the more general CRS
2
stack. If the midpoint offset m is zero we immediately transform Eq. 1 into Eq. 2 with Vnmo
= t01C . The
incorporation of the midpoint offset into the CRS stack results in the construction of super bins where the
dip of reflectors is included through parameter A. Due to this the CRS super bin is superior to just merging
several CMPs where the dip of the structure is not considered.
Depending on the CMP offset m, the CRS super bin contains a considerable larger number of traces
than the CMP gather. The CRS stack therefore shows a much improved SN ratio when compared to the
CMP stack. The choice of the midpoint offset m is important for the resulting lateral resolution of the
CRS stacked section. The size of the first Fresnel zone is a good guidance for this parameter which can
be interpreted as the lateral extension of the super bin. In this case the lateral resolution of CRS and CMP
stack is the same.
The implementation of both stacks works along similar schemes. Prior to the stack the stacking parameters need to be determined. In the CMP stack Vnmo is scanned by testing a certain parameter range and
choose its optimum value by evaluating a coherence measure like the semblance. This process is usually
described as stacking velocity analysis. A similar approach is applied in the CRS stack; here, however, we
have to perform coherency scans to fit three parameters simultaneously, which is more costly. Instead, three
one-parameter searches are implemented. The CRS stack enhances all coherent events present in the data,
e.g., also multiples and diffractions. If multiples have hyperbolic moveout, they are well approximated by
the CRS stack operator, and the stacking parameters for these events will be determined during the search
procedure. However, multiples with moveouts that deviate significantly from the moveouts of neighbouring primary events can be attenuated by introducing a reference model of stacking velocities to the CRS
stack sequence (e.g. Mueller, 1999). Using this so-called constrained CRS stack reduces the computational
time and further improves the image quality of the CRS stack in general (e.g. Yoon et al., 2007).
The moveout velocity in the CMP stack is usually assumed to be the stacking velocity. In case of an
arbitrary medium Vnmo is a processing parameter. Only for the case of a horizontally stratified medium
the stacking velocity can be transformed into the physical parameter interval velocity via Dix inversion.
The CRS stack parameters A, B, and C can be considered as processing parameters as well. If Eq. 1
is rewritten in a different parameterisation (Eq. 3), the parameters can be interpreted physically, which is
important for subsequent velocity model building and depth imaging.
t2 [m, h] = (t0 +

2sinα 2 2t0 cos2 α m2
h2
m) +
(
+
)
V0
V0
Rn
Rnip

(3)

Here, α is the angle of emergence, V0 is the near surface velocity, Rn and Rnip are radii of curvature
of the normal (N) wave and normal-incidence-point (NIP) wave, respectively, and h is half source-receiver
offset, i.e., h = X
2 . The N- and NIP-waves are generated by two hypothetical one-way experiments
(Hubral, 1983). The NIP-wave is generated by a point source on the reflector where the source position
is given by the ZO ray of the considered CMP. The N-wave is generated by an exploding reflector element centred around the ZO ray. These wavefield attributes or CRS parameters can be used to determine
a smooth, laterally inhomogeneous subsurface model for depth imaging. A detailed description of the tomographic approach using the CRS stack parameters which is called NIP-wave tomography is given in
Duveneck (2004). With a correct velocity model, the NIP-wave, when propagating back to the subsurface,
should focus at its hypothetical source location at zero traveltime. Based on this criterion, an optimum
velocity model is found iteratively by minimizing the misfit between the measured and modelled wavefield
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attributes of the input data. Since reflection points are treated independently of each other, only locally
coherent events in the CRS stacked data are required and very few picks are needed for the tomographic
inversion. As a smooth model description is used by the technique, it is not necessary to pick the reflection
events continuously. The picking is performed in the CRS stacked domain with its high SN ratio either
manually or in automatic mode with respect to the certain threshold and semblance settings. The quality
of ZO picks is controlled during the inversion procedure. After every iteration, the locations of backpropagated depth converted input picks are computed, and displayed together with the velocity model to
visually control the distribution of the picks.
THE DATA
The reprocessed profile 1 is located north of the river Elbe which almost coincides with the so called
Elbe lineament and crosses the Central Triassic Graben and its deepest part, i.e., the Glueckstadt Graben,
perpendicular to the graben axis (Fig. 1). Profile 1 was acquired during two field campaigns. The eastern
part (profile 1a) consists of 771 shot gathers with a mean shot point spacing of 120 meters. In total 120
channels were used to record each shot with a geophone spacing of 40 m, providing maximum offsets of
4800 m. The total recording time was 13 s. The second part of profile 1 (profile 1b) was recorded as a
western extension of the first acquisition and comprises 553 shot gathers with a recording time of about
13.3 s. Explosive sources were used for both parts of the profile 1. In this study, which focusses on the
sedimentary structure and salt features, we consider up to 6 s TWT. Some preprocessing was applied to
the data to enhance the quality and SN ratio. The preprocessing sequence started with setting up the field
geometry and applying the field static provided with the data. Then, manual trace editing was carried out,
e.g. elimination of dead and noisy traces and high-frequency bursts in the shot gathers. After the trace
editing, top muting was applied to remove the direct and refracted waves. Also bottom muting was used to
eliminate the strong instrument noise present in some shot gathers at later times. The datasets were filtered
using a bandpass filter of 5/18 to 45/50 Hz. The irregular shooting geometry leads to a varying CMP fold
of about 20 for profile 1a and about 30 for profile 1b on average with a midpoint spacing of 20 m. For
profile 1 in total 4649 (1a) and 1725 (1b) CMP gathers were obtained. In order to enhance the amplitudes
of reflection signals at deeper levels, an automatic gain control (AGC) was applied to the CMP gathers.
The time window of the AGC was 1000 ms. After applying the CMP and CRS stack, the sections were
merged together resulting in a total profile length of about 120 km.
CMP and CRS stacking
Stacking of the data in the time domain was split into two major parts. In the first part the data were
stacked by the classical CMP stack using the stacking velocities provided with the data. In the second part
the datasets were processed with the CRS stack method.
For profile 1a stacking velocities provided with the data were used for CMP stacking. For its western
extension (profile 1b) no information about stacking velocities was available, and conventional stacking
velocity analysis at several CMP locations was performed. Stacking velocities for the western part of profile
1a were used as a guide during the analysis. The CMP stacked sections for both profiles are computed
separately and merged together. This results in ca. 6000 CMPs along the combined section of about 120
km extension. The resulting CMP stacked section is shown in Fig. 3 down to 6 s TWT.
The CRS stack was applied to the preprocessed CMP gathers. The most crucial parameters of the
automatic CRS stack are the stack apertures represented by parameters X and m (see equations above).
After a number of experiments, the offset X was defined between 2000 m for near-surface times to 4945
m, i.e., full acquisition aperture, at about 5 s TWT. The interpolation of the aperture in between is linear,
whereas for later times the maximum available aperture was used. The midpoint offset m is defined in
the time-midpoint domain of the ZO section. In order to image near surface structures as well as deeper
structures properly, different apertures were tested. Finally, the midpoint offset was defined between 400 m
at the near-surface to 2000 m at 5 s TWT. The latter midpoint offset aperture was also used at later times.
These values correspond approximately to the size of the first Fresnel zone for the considered areas. The
stacking fold for the CRS stack is between 400 and more than 2000, i.e., an increase of up to two orders in
magnitude compared to the CMP fold.
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Figure 3: CMP stack of profile 1. Salt plugs are between 8 and 15 km (3rd generation west), 20 and 27
km (2nd generation west), 40 and 50 km (1st generation, mother salt plug), 60 and 70 km (2nd generation
east) and 80-90 km (3rd generation west) in lateral direction.

Figure 4: CMP stack of profile 1. Salt plugs are between 8 and 15 km (3rd generation west), 20 and 27
km (2nd generation west), 40 and 50 km (1st generation, mother salt plug), 60 and 70 km (2nd generation
east) and 80-90 km (3rd generation west) in lateral direction.
For profile 1 the stacking velocities provided with the dataset and obtained by velocity analysis were
applied to build the reference velocity models in the CRS stack. Velocity values obtained from the conventional stacking velocity analysis were linearly interpolated for every CMP location and every time sample
of the stacked section. Resulting velocity sections were used for the constrained CRS stack and guided the
CRS parameter search. Both profiles 1a and 1b were separately processed and merged together resulting
in the CRS stacked section shown in Fig. 4.
The stacking results
CMP and CRS stacked sections
The CMP section of profile 1 (Fig. 3) provides a very detailed image of the sedimentary part down
to 3 s TWT as well as of the salt plugs between 8 and 15 km (3rd generation west), 20 and 27 km (2nd
generation west), 40 and 50 km (1st generation), 60 and 70 km (2nd generation east) and 80 and 90 km
(3rd generation east) in lateral direction (Fig. 3). At 88 km, a steep fault is visible, which separates the
East-Holstein Trough in the west from the East-Mecklenburg block in the east (Maystrenko et al., 2005).
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Figure 5: CMP stack of the eastern second generation salt plug.
Also, sharp parallel dipping reflections are observed in the upper crust between 4.5 and 5.5 s TWT (x =
30-40 km) that can be correlated with two parallel dipping reflections between 50 and 60 km at 3 to 4
s TWT. These reflections correlate with a high conductivity body observed in magnetotelluric data (e.g.
Hoffmann et al., 2005).
Reflections are barely visible in the deeper parts. The comparison of the CMP stack section with the
CRS stack section (Fig. 4) shows that the CRS stack significantly improved the SN ratio and generally
improved the image quality. The image of the sedimentary cover as well as of internal salt structures is
clearer and more detailed than in the CMP stack section. Also, between 90 and 120 km the reflections in
the upper crust are enhanced.
The CRS stack significantly improved the images of the salt plugs. A direct comparison of the CMP
and the CRS stack of the eastern second generation salt plug (Fig. 5 and Fig. 6) shows, that the reprocessed
results display details of the salt interior not seen before. The CRS stack section shows apparently different
reflectivity patterns in the eastern part than in the western part of the profile. The section reveals a comparably highly reflective upper crust within a 3 to 4 s wide band in the eastern part. This might indicated that
this area was tectonically less active than the area in the western part of the profile 1a where less reflectivity
is observed.
Velocity model building using NIP-wave tomography
All required information for the tomographic inversion is contained in the kinematic wavefield attributes
obtained from the CRS stack. To acquire the input information for the tomography, a number of ZO points
describing the primary events were selected. Once the CRS stack is performed and the CRS parameters are
available, the picking of ZO points can be performed either manually or using an automated picking tool.
A part of profile 1a, containing the second eastern generation salt plug, was processed with the NIP-wave
tomography. In total, 2000 CMP gathers were processed, which corresponds to about 40 km of the profile
(Fig. 6).
The automatic picking procedure is performed in the CRS stacked sections using a coherency criterion.
In general, the quality of picks depends on the quality of stacked sections provided by the CRS stack.
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Figure 6: CRS stack of the eastern second generation salt plug.
Therefore, the proper choice of the CRS stack parameters, especially source-receiver and midpoint offset
apertures (see Eq. 1, Eq. 3), is essential. The enhanced SN ratio of the stacked domain provides better
reliability of the picks used for tomography than the pre-stack data. About 15000 picks were selected for
the inversion (Fig. 7). The distribution of the picks is in good correlation with the main structures present
in the section (Fig. 6). Strong seismic impedance contrasts at the main seismic boundaries provide high
coherency values and, therefore, reliable results of the automatic picking down to the base Rotliegend.
Moreover, even internal reflections in the eastern part of the salt body (x = 63-68 km, 1.5 - 2 s TWT) are
picked properly and may be correlated with the main deposits present in the flanks of the structure. The
kinematic wavefield attributes associated with the picked ZO points were automatically extracted from the
CRS parameter sections.
The velocity model was determined on a grid of 41 x 41 knots in lateral and vertical direction, respectively. The horizontal knot spacing was 1000 m, the vertical knot spacing was 200 m. As an initial model
a near-surface velocity of 1750 m/s with a constant velocity gradient of 0.5 s−1 was used. The gradient of
0.5 s−1 can be considered as a proper velocity gradient of the upper part of the sedimentary cover in this
area. No a priori information about velocities like well logs was used for the tomographic inversion. With
these parameters the inversion effectively converged after a total of 5 iterations. In areas without picks
the final tomographic model usually reflects the starting model of the inversion. The final velocity model
combined with the locations, where CRS parameters were picked and used for the tomographic inversion,
is shown in Fig. 8. The velocity model and the distribution of migrated picks are consistent with the input
data. High accuracy of the velocity model in areas with enough input picks was confirmed by the residual
moveout control of depth-migrated common reflection point (CRP) gathers.
In the upper part of the section the tomographic model shows velocities varying between 1800-3500
m/s, which is typical for Tertiary sediments. At the depth level of 3000 m two local velocity maxima with
velocities of about 4500 m/s are present at 64 km and 80 km in the section. These maxima might indicate
salt accumulations or salt rich sediments. Areas with only a few picks (see Fig. 8) display little deviations
from the initial velocity model, e.g., in the region of the internal salt structure (x = 68 km, 3-8 km depth),
as well as in the eastern part of the section (x = 48-58 km, 3-5 km depth). Although there are some input
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Figure 7: Locations of parameter picks used in the tomographic inversion.
picks available for the deeper parts of the section, the tomography did not converge well in this area, and
the final model corresponds almost to the initial model. Along the edges of the model, i.e. between x=
48-53 km and x = 83-88 km, no reliable velocity information is available, due to the absence of appropriate
ray paths in the tomography procedure. Further, those parts of the velocity model where only few or no
picks exist, should not be included into the interpretation.
Depth migrated images
The velocity model obtained by the tomographic inversion was used to perform post-stack and pre-stack
depth migration. Kirchhoff depth migration was applied to the CRS stacked section of Fig. 6 and to the
pre-stack data. The results down to 10 km depth are displayed in Fig. 9 and Fig. 11, respectively. Zoomed
interior of the salt structure is shown in Fig. 10. The depth sections provide additional details of the
structural features of the second generation salt plug and its environment.
The eastern second generation salt plug, flanked by the secondary rim syncline of Jurassic age, shows
a set of unique internal reflections. Quite often such internal reflections belong to anhydrite or carbonate
floaters within salt plugs, but they seem to be different here. Similar reflections are also recorded within
the second generation salt plug on the western side of the graben (Fig. 4).
Comparing the results of the CRS stack processing with the results of the seismic standard processing
a significant difference of the seismic images is recognizable. The reprocessed depth images (Fig. 9 and
Fig. 11) reveal new details and indicate an alternative geological interpretation of the salt structure and the
underlying pre-Permian. The latter results in a new evaluation of the hydrocarbon systems in this area. This
includes the structural setting as well as the distribution of source rocks, and possible migration pathways.
DISCUSSION
The Jurassic rim syncline is part of the East Holstein Jurassic Trough (see Fig. 1), which contains a commercial petroleum system based on the Early Jurassic Liassic Posidonia shale as source rock and the Middle
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Figure 8: Tomographic velocity model with the locations of parameter picks used in the inversion.

Figure 9: Post-stack depth migration of the CRS stack (Fig. 6) using the velocities from the tomographic
inversion (Fig. 8). Zoom of the framed area is shown in Fig. 10.
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Figure 10: Post-stack depth migration of the CRS stack. Zoom of the Fig. 9.
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Figure 11: Pre-stack depth migrated section of the eastern second generation salt plug

Jurassic Dogger sandstones as reservoir rocks. Since the position of this trough coincides with gravity and
magnetic highs, its development must have some relations to processes at greater depths (Brink, 1984).
Therefore, in the chronological sequence and the spatial arrangement of the salt structures of the Glueckstadt Graben, tectonic processes may have interfered synergetically with halokinetic events and produced
the complex pattern in the salt plug distribution. We discuss first the structural setting of the eastern second
generation salt plug.
Structural setting
The reprocessed seismic depth image of the second generation eastern salt structure (Fig. 9 and Fig. 11)
contains significant internal reflections, which appear to be different from the image of salt plugs commonly
observed in the North German Basin. Instead, it shows significant similarities to features imaged by a
seismic line crossing the Allertal regional tectonic lineament close to the city of Celle in the Lower Saxony
Basin in the south of the Pompeckj Block (compare Betz et al., 1987; Mohr et al., 2005). In these images
salt structures and overthrusts are tectonically associated. Both features developed predominantly during
the inversion of the Lower Saxony Basin in Late Cretaceous to Early Tertiary times and define its northern
fringe. The similar structural style supports the assumption of a similar tectonic evolution within the East
Holstein Trough and the salt structures therein. However, the similarity does not include the same tectonic
direction and an contemporaneous tectonic event. The thinning of the Tertiary layer on top of the structure
certainly indicates that the inversion has a Tertiary component. But an earlier transpressional event during
the Kimmerian inversion in Late Jurassic times cannot be excluded as well. The "pearl string" of smaller
remnants of Late Jurassic deposits along the Elbe-lineament in Schleswig-Holstein (Baldschuhn et al.,
2001) may indicate a Kimmerian contribution to the tectonic setting. As observed at the Allertal lineament,
a complex 3-dimensional tectonic setting with extensional, compressional and transversal features can be
expected. Since the tree-dimensionality requires 3D-seismics and 3D-modelling techniques, the value of
the presented 2D-method is still acceptable, but somehow limited, too. An interpretation of the reprocessed
seismic depth section based on the concept of thrusting is displayed in Fig. 12. In such a structural setting
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Figure 12: Post-stack migrated CRS section (Fig. 6) with interpretation. Interpreted horizons have been
taken from published data (Bachmann and Grosse, 1989; Brink et al., 1992; Maystrenko et al., 2005).
Horizon picks are well bore controlled.

with transversal movements and lateral salt flows 2D-balancing techniques, which may particularly support
2D-seismic interpretation results, are of limited value and have not been applied. Since one interpreted
seismic line is not enough for a regional interpretation of the overall tectonics and the evaluation of a
conjugate shear system, more seismic lines should be investigated.
Two west-vergent, steep faults are interpreted, which are located below a salt body with salt of unknown
age (Rotliegend, Zechstein, Keuper?). This limited distribution of (shale and/or anhydrite rich) salt within
the feature will not result in a well defined Bouguer gravity low. A salt rich feature was modelled by
Yegorova et al. (2007) in a 2D-gravity study, resulting in a poor fit of observed and modelled data (Fig. 13).
This poor fit may be caused either by an inadequate shape of the investigated salt bodies, especially of
the reprocessed feature, or by an inadequate density distribution within the Mesozoic strata and below, or
by the complex three-dimensionality of the feature, or all together. The present interpretation does not
mean that the entire about 100 km long salt structure is similarly composed. However, the evidence of
compressional tectonics is striking and a shortening of the Mesozoic strata of about 10% is possible, since
the lateral length of base Cretaceous is correspondingly larger than the one of base Tertiary across the salt
feature.
Shortening within the upper layers must have had an accompanying effect within the basement as
well. Either an upthrusting within the basement took place, decoupled from the Mesozoic by the Permian
salt layers, or metamorphic processes within the crustal rocks and associated shrinkage of rock volumes
due to the pressure increase occurred. A combination of both processes is also possible. Upthrusting of
basement rocks can certainly lead to positive magnetic and gravimetric anomalies as observed. On the other
hand, according to Petrini and Podladchikov (2000), in regions exposed to horizontal shortening pressure
gradients twice the lithostatic pressure can be achieved. This may result in an appropriate metamorphism
of greenshist facies into eclogite facies if conditions of the middle crust are assumed. The density of the
affected rocks will then increase from about 2.7 gr/cm3 to about 3.4 gr/cm3 and the rock volumes will
decrease. This will result into a positive gravimetric anomaly as well as into a positive magnetic anomaly
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Figure 13: 2D Gravity model of the Glueckstadt Graben modified after Yegorova et al. (2007). Note the
trade-off between the calculated and the observed gravity.
for rocks above the Curie depth. Since the gravimetric and magnetic highs are more or less coincident with
the location of the Jurassic East Holstein Trough, a volume reduction within deeper crustal levels and the
subsequent burial of the overlying strata appears to be more realistic than thrusting of the basement. The
burial of the trough took place prior to the Kimmerian inversion in Late Jurassic times, when large amounts
of Jurassic to Triassic strata were eroded on the adjacent areas. This burial was accompanied by reverse
faulting of the Mesozoic strata, associated with the movement of salt. In Tertiary times, inversion processes
occurred again and the structure became additionally overprinted.
This structural interpretation is supported by the seismic velocity distribution within the feature (Fig. 14).
The dip of a low velocity channel is concordant with the dip of the interpreted thrust sheets. The magnitude
of velocities indicates rather low velocity sediments instead of a high velocity salt body. The high velocity
body at a depth of about 3 km within the centre of the salt complex and the thrust features may be part of the
overlying salt body. In this case a high content of anhydrite may result in relatively higher velocities. Since
light salt and heavy anhydrite are balancing each other, the resulting gravity effect may be insignificant as
observed.
Distribution of source rocks
Within the Northwest German Basin two major source rocks - the base elements of the related hydrocarbon
systems - are widely distributed. The first ones are Early Jurassic (Liassic) Posidonia shales (Binot et al.,
1993) and the second ones are the Carboniferous coals (Cornford, 1998) and black shales (Gerling et al.,
1999). Within the East Holstein Trough the Posidonia shale is charging the Dogger sandstone structures
below the Lower Cretaceous unconformity at the flank of the "salt structure" and at distal positions of the
secondary rim syncline. It is remarkable that within the realm of the "salt structure" seismic reflections
have been recorded, which show a similar response like the Posidonia shale of the East Holstein Trough
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Figure 14: Tomographic velocity model (Fig. 8) with interpretation.
proper. It can at least be speculated that this source rock may also be present below the remaining salt
body in the upper central part of the "salt structure". Whether Dogger reservoirs exist in a structurally high
position within the structure, is even more speculative.
So far Upper Carboniferous coals were not penetrated by drilling within the area of Fig. 1. However, a
well which tested the Triassic "flower structure" in the northern part of the Glueckstadt Graben, verified the
presence of Lower Carboniferous black shales. This observation and the interpretation of magnetotelluric
(MT) data (Hoffmann et al., 2005) support the assumption that electrically conductive and highly coalified
Carboniferous source rocks may be widely present within the Glueckstadt Graben. The MT data were
recorded at 10 locations along an East-West oriented profile across the total width of the graben. The
central Glueckstadt Graben is characterized by a good conductor at a depth of approximately 10 km which
is missing on the adjacent graben flanks.
For the first time significant pre-Permian seismic reflections have been well imaged in this study in
shallower parts of the graben. These events could be indicative for the presence of coals and black shales
within the pre-Permian strata. In the centre of the graben at very deep levels these reflections were already
identified in the images obtained by former processing (Dohr, 1989; Bachmann and Grosse, 1989; Brink
et al., 1992). However, within the deepest parts of the graben this potential source rock is certainly overmature since Triassic times. This may not be the case below the eastern flank of the East Holstein Trough,
where the pre-Permian strata subsided still in Tertiary times and may then have entered and passed the gas
generation window. The exact timing depends on the amount of Permian salt, which migrated away from
this position into the eastern third generation salt plug, leaving a Tertiary rim syncline behind. As a rough
estimate 1 km burial can be allocated to the salt migration, and about 1 km to tectonic subsidence.
Migration pathways
A third important and new observation of the reprocessed seismic line is the presence of faults at 72 and
78 km lateral position (see Fig. 12), which cut through the Early Triassic Bunter sequence at a position,
where Rotliegend and Zechstein salts appear not to be present anymore. This observation supports the
existence of migration pathways from the mature Carboniferous source rock into the sandstones of the
Bunter as necessary requirement for charging post-Permian closures (Brink, 2002; Karnin et al., 2006).
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Bunter structures, which were drilled in this area so far, are mainly anticlinal features above Permian salt
pillows. Under these circumstances, the Permian salt acts as a perfect seal and migration of hydrocarbons
were severely hampered.
CONCLUSION
The presented results of seismic reprocessing using the CRS stack technique leads to revised considerations of the structural setting and the evolution of salt plugs in the area of the Glueckstadt Graben. The
reprocessing of the data provided by the hydrocarbon industry clearly demonstrates the capabilities of the
CRS technique for low fold data. The images display a considerably improved SN ratio and show much
more details than the CMP processing of the 1980s. Moreover, a velocity model consistent with the data
was build and used to perform pre- and post-stack depth migrations which were so far not available for
these data. The image of the Jurassic salt plug indicates tectonics similar to observations in the Allertal
region, where overthrusting plays a major role in the evolution of the salt structures. As a consequence
shortening of the Mesozoic strata was included into the revised interpretation. The reprocessing provided
also new insights into the petroleum system in this area indicating new possible exploration targets.
The presented results may lead to a new view of the geological understanding of the area. Instead of
a "two-story-salt plug", steep reverse faults and associated salt structures similar to the features along the
Allertal-Lineament may have to be assumed for the location of the investigated seismic line. Based on
this interpretation previous studies (e.g. Baldschuhn et al., 2001; Maystrenko et al., 2005) may have to be
revised if the presented results are further constrained by ongoing studies at the western second generation
salt plug.
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ABSTRACT
Kinematic wavefield attributes or CRS parameters computed during the automatic CRS stack are used
to enhance the quality of prestack seismic reflection data. Based on the CRS traveltime formula,
partial stacked CRS supergathers are computed. These gathers are regularized and have better signal
to noise (SN) ratio compared to original CMP gathers. Improved prestack data could be used in any
conventional processing tool (e.g., velocity analysis or prestack depth migration) instead of original
data, providing enhanced images and better quality control.
Application of the new method to synthetic and real low-fold seismic data from a Jurassic salt plug in
the area of the Glueckstadt Graben, Northern Germany, are presented. Significant improvement of the
quality of seismic gathers as well as time and depth-migrated sections is a key result of the process.

INTRODUCTION
The quality of reflection seismic data is very important for seismic processing. It depends on a number of
factors, e.g. the topography of the surface, the complexity of the subsurface, and the technical equipment
used in the acquisition. The presence of natural and anthropogenic factors can affect land seismic measurements. Rivers and different topography structures as well as populated areas complicate the reflection
data acquisition and lead to an irregular acquisition geometry resulting in regionally sparse data. Inhomogeneities in the subsurface, the presence of fault structures and strong velocity contrasts like in the areas of
salt plugs lead to decreasing the SN ratio of the data. Quite often the quality of old seismic reflection data,
which needs to be reprocessed, is comparably low, because of the short maximum offsets and low CMP
fold. All these factors lead to a complicated and instable processing, e.g. by stacking velocity analysis and
velocity model building. Therefore, the quality of time and depth migrated stacked sections is poor. The
described shortcomings complicate a residual moveout analysis to update the velocity models. The CRS
stack technology was already successfully applied to enhance the time and poststack depth migrated sections of old low-fold data from Northern Germany (see Yoon et al., 2007). It can also be used to improve
the quality of prestack data. Based on the CRS traveltime formula, where the dip of the reflector element is
incorporated, the SN ratio of the data can be significantly increased by applying of partial stack. Also the
elimination of seismic data gaps in the areas of complex topography and the regularization of data can be
improved with the partial stack technology.
THEORY
CRS traveltime
The CRS stack is a multi-parameter stacking technique. The traveltime t of reflection events is described by
three parameters α, Rn and Rnip (see Eq. 1) instead of one parameter Vnmo for the classical CMP stack
(Eq. 2) (see e.g. Mann, 2002; Mueller, 1999). In the following this parameter triplets are referred to as the
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Figure 1: CRS stacking surface for a constant velocity medium modified after Mueller (1999). The CRS
stack sums the data along the green surface and assigns the result to point P0 . This stacking surface
results from approximating the true subsurface reflector by a reflector segment that has locally the same
curvature as the true reflector. Partial CRS stack performs the summation of data along the midpoint
displacement coordinate (red line on the CRS stacking surface) and assigns the result to the certain offset
in the supergather (in this example half-offset = 200 m).
CRS stacking parameters. In the equations h is half source-receiver offset, m is the midpoint displacement
with respect to the considered CMP position and t0 corresponds to the zero offset (ZO) two-way traveltime
(TWT). In Eq. 1 α is the angle of emergence of the ZO ray, V0 is the near surface velocity, Rn and Rnip
are radii of curvature of the normal (N) wave and normal-incidence-point (NIP) wave, respectively.

h2 
2sinα 2 2t0 cos2 α  m2
m +
+
t2 [m, h] = t0 +
V0
V0
Rn
Rnip
t2 (h) = t20 +

4h2
2
Vnmo

(1)

(2)

CRS supergathers
The incorporation of the midpoint displacement into a partial CRS stack results in the construction of
CRS supergather, where the dip of reflectors is included. Due to this the CRS supergather is superior
to just merging several CMPs where the dip of the structure is not considered. Depending on the CMP
displacement m, the CRS supergather contains a considerable larger number of traces than the CMP gather.
The choice of the midpoint displacement m is important for the resulting lateral resolution of the following
processing results. The size of the first projected Fresnel zone is a good guidance for this parameter which
can be interpreted as the lateral extension of the supergather.
Assuming that the correct CRS stacking parameters are known for every time sample of the ZO section
of the target zone, the prestack data can be summed up along the traveltime surface defined by these
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parameters to produce the partial stacked supergathers, where the dip of reflector elements is incorporated
(see Fig. 1).
The red line on the CRS stacking surface (Fig. 1) corresponds to a reflection response at a certain half
offset h. Summing the data along this line and assigning the result to the offset h yields a partial CRS
stacked trace with better SN ratio. Repeating this for several offsets leads to a gather with higher fold than
the original data. The better SN ratio is reached by stacking the data in the midpoint dimension. Higher
fold is obtained by stacking the data along the traveltime curves corresponding to every half source-receiver
offset present in the data. In case of real data with irregular geometry, the gaps in the CMP data can be
filled using the information from the neighboring CMP gathers within the projected Freznel zone (green
colour in Fig. 1). For data with regular geometry, e.g. synthetic or marine data, there are different sets of
offsets in neighboring CMP gathers, depending on the geometry of the acquisition. Taking all the offsets
from neighboring CMPs into account increases the number of traces in the CRS gathers.
Search strategy
During the partial CRS stack the summation of data along the stacking surface is performed for every CMP
gather and for every sample A(t, h), where t is two way traveltime (TWT), and h is half source-receiver
offset (see Fig. 2 and Fig. 3). To stack the data along the traveltime surface corresponding to the event A,
we have to find the accurate t0 time and corresponding CRS parameters (α, Rn , Rnip ). To find the CRS
parameters the search procedure is performed and the best fitting hyperbola for every event A is determined
(Fig. 3). All t0 traveltimes within the range [0; t] and the CRS parameters corresponding to every t0 are
tested to determine the hyperbola. After time t00 which corresponds to the minimum deviation between
the computed and the observed traveltime for sample A is found, the corrected t0 time is computed using
the CRS stacking parameters to best fit the traveltime of the element A. Since the t00 time can have only
discrete values, the computed t0 time may deviate slightly from the t00 .
Using the CRS parameters α and Rnip corresponding to the t00 , the corrected t0 time is found by Eq. 3,
which is derived from Eq. 1 after solving the quadratic equation with m = 0 and neglecting the negative
solution of t0 .
s
 h2 cos2 α 2
h2 cos2 α
t0 = −
+
+ t2
(3)
V0 Rnip
V0 Rnip
Substituting the t0 time from Eq. 3 in Eq. 1 yields the traveltime formula for partial CRS stacking
surface (Eq. 4), with the CRS parameters corresponding to t00 .
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Depending on the quality of data and the acquisition geometry, the optimal stacking apertures in both h
and m directions must be chosen accordingly. This choice may be also influenced by the aim of processing.
Although in most cases it is sufficient to stack along one certain half-offset h as it is shown in red colour
in Fig. 1, the half-offset aperture can be extended for better regularization. In all examples in this paper
the midpoint aperture was the same as used in the CRS stack, and half-offset aperture was set up to [h −
dh; h + dh], where dh is a half receiver interval.
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TWT

Figure 2: Workflow to obtain the CRS supergathers.

tested hyperbolas
tested hyperbola with minimum deviation to A(t,h)
best-fit hyperbola

A(t,h)

t0
t0’

0

0

Half-offset

Figure 3: Tested traveltime curves to find the best-fit hyperbola for the sample A(t, h) in the CRS supergather. The tic interval of the TWT axis corresponds to the time sample rate of the data.
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RESULTS

In order to demonstrate the potential and advantages of partial CRS stack method, it is applied to the
Sigsbee 2A synthetic dataset.
Noise free synthetic data
Sigsbee 2A is a constant density acoustic dataset released in 2001 by the "SMAART JV" consortium.
The data do not contain free surface multiples and almost no internal multiples due to very low acoustic
impedance contrasts. Sigsbee2A models the geologic setting found in on the Sigsbee escarpment in the
deep water Gulf of Mexico. A number of normal and thrust faults are present in the data. The source
interval was 45.72 m. 348 channels per shot were used with the receiver spacing of 22.86 m. Therefore the
resulting CMP interval is 11.43 m, and maximum CMP fold is 87. The data were sampled every 8 ms with
a total recording time of 12 s. In Fig. 4(a) the typical CMP gather up to 3500 m offset and TWT=10 s is
shown.
500 CMP gathers were processed with the CRS stack method. The CRS parameters were used to
compute the CRS supergathers. The midpoint aperture was set up to 260 m at TWT=2.3 s and 900 m at
TWT=11 s and interpolated linearly for intermediate values. The offset range of 914 m at TWT=2.3 s and
3810 m at TWT=11s was used and again interpolated linearly. Half-offset aperture used by partial CRS
stacks for every offset h was set up to [h − 11.43m; h + 11.43m]. The resulting CRS supergather is shown
in Fig. 4(b).
The CRS supergather has 4 times more traces than the CMP gather shown in Fig. 4(a). Whereas only
every fourth CMP gather has the same sets of source-receiver offsets, in every CRS supergather all these
offsets are present. The CRS supergather is muted according to the defined offset range. Because of the
larger number of traces, reflections in the CRS supergathers look sharper and could be better distinguished
in comparison to the CMP gather.
CMP gathers and CRS supergathers were stacked with the same stacking velocities obtained by the
automatic CMP stack. Resulting ZO sections are shown in Fig. 5. The ZO CMP stack section (Fig. 5(a))
displays a low quality in the areas of fault structures and strong dipping layers. CRS supergather stack
(Fig. 5(b)) shows a better continuity of horizons at all time levels and produced better images of conflicting
dip areas. The section is better suited for the interpretation than the CMP stack section.
Synthetic data with noise
To show the advantages of applying the CRS supergather method to noisy data, the direct waves were
muted, and gaussian noise with SN=20 was added to the synthetic seismograms. As a result, only the
strongest reflections like the water bottom (4 s TWT) and the bottom of the model (9 s TWT) are visible
(Fig. 6(a)). Since the amplitudes of all other reflections are lower, they are almost not visible. After
performing the CRS stack the obtained CRS parameters were used to build the supergathers. The result is
shown in Fig. 6(b). Compared to the CMP gather the reflections in the CRS supergathr are clearly visible
at all times. Although there is still noise present, the SN ratio is significantly increased. The comparison
of stacked CMP gathers and CRS supergathers (Fig. 7) demonstrates the advantage of CRS supergathers.
Whereas the CMP stack of noisy seismograms (Fig. 7(a)) has lower SN ratio than the CMP stack of original
data without noise (Fig. 5(a)), the stacked CRS supergathers (Fig. 7(b)) have almost no visible differences
compared to the stacked supergathers without noise (Fig. 5(b)). Only in the water and in the areas of low
reflectivity (8-9 s TWT, 0-100 CMP) the presence of noise is visible in Fig. 7(b). This means, that the CRS
supergathers are very stable to the presence of non-coherent noise. This advantage, however, requires the
accurate determination of CRS parameters (α, Rn , Rnip ).
Real land data
The formation of CRS supergathers was also applied to real data from Northern Germany. A part of a seismic reflection profile located north of the river Elbe and crossing the Jurassic salt plug in the Glueckstadt
Graben area was processed. The data were acquired in the 1980s. Explosive sources were used with an
average shot spacing of 120 m. 120 channels with a receiver spacing of 40 m were used to generate each
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(a) CMP gather
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(b) CRS supergather

Figure 4: Noise free Sigsbee 2A data. Partially stacked CRS supergather (b) has 4 times as many traces as
the original CMP gather (a), providing better images of reflection events.

(a) CMP stack

(b) CRS supergather stack

Figure 5: ZO time section of noise free stacked Sigsbee 2A data. Conventional CMP stack (a) has decreased quality in conflicting dips areas. CRS supergather stack shows better continuity of reflections and
enhanced images of conflicting dip areas.

56

Annual WIT report 2007

(a) CMP gather

(b) CRS supergather

Figure 6: Sigsbee 2A data with noise. Reflections in the CMP gather (a) are hardly visible; CRS supergather (b) has significantly increased the SN ratio, and reflections are clearly visible at all times.

(a) CMP stack

(b) CRS supergather stack

Figure 7: ZO time section of stacked Sigsbee 2A data with noise. The CMP stack has lower SN ratio
compared to the CMP stack section without noise (Fig. 5(a)). The CRS supergather stack has almost no
visual differences to the stacked section without noise (Fig. 5(b)); only in the water column and in low
reflectivity areas (e.g. 8-9 s TWT, 25-100 CMP) the presence of noise is observed.
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shot gather. Irregular shooting geometry leads to a varying CMP fold with an average of 20. A typical
example of a preprocessed CMP gather is shown in Fig. 8(a). About 20 traces are located irregular over the
full offset range. Irregularity of traces accompanied by the low SN ratio leads to difficulties in identifying
reflections in the prestack data. Conventional binning of neighboring CMP gathers into a new gather also
does not yield the desirable quality enhancement of the prestack data, because the merging of data without
the correction or the dip of the layers leads to an energy smearing along these layers. Fig. 8(b) shows a
binned gather obtained by combining 10 CMP gathers. The resulting CMP bin provided better coherency
of the reflection elements in the upper part of the seismogram, but did not fill completely the gaps of data at
certain offsets (around 2000 m and 3700 m). Combining more traces together as shown in Fig. 8(c) filled
these gaps, but decreased the energy of reflection events. Performing a prestack depth migration (PreSDM)
with these data yields a depth-migrated section with low SN ratio, which is rather difficult to interpret
compared to poststack depth migrated section (for more details, please refer to the WIT-report "Revisiting
the structural setting of the Glueckstadt Graben salt stock family, North German Basin" by Baykulov et
al., 2007). Prestack depth migrated common-reflection-point (CRP) gathers are only partially suited for
residual moveout analysis and control. Only the strongest reflectors at 2 km and 6 km depth can be seen in
Fig. 9(a) and at 1.2 km depth in Fig. 9(c).
The automatic search of CRS parameters was performed and the partial stacked CRS supergathers were
built. An example of CRS supergathers is shown in Fig. 8(d). A significantly larger number of traces
is present in the CRS supergather compared to the original CMP gather. The traces are well distributed,
filling the gaps visible in Fig. 8(a). Reflections are clearly visible at all times down to 4 s TWT. Also
some events at TWT = 4.5-5 s, offset = 1000-2000 m are observed. Compared to the binned CMP gathers
(Fig. 8(b), Fig. 8(c)), CRS supergather provide a better SN ratio and a better continuity of reflections at all
time levels. Partially CRS stacked data can be used for any conventional processing, e.g., for more robust
velocity analysis as well as for time and depth stacking and migration. Based on the depth migrated CRS
supergathers residual moveout analysis and velocity model update can be performed.
Prestack Kirchhoff depth migration was applied to both sets of CMP gathers and CRS supergathers.
The migration velocity model was obtained by the NIP-wave tomography inversion based on the CRS
parameters (see also the WIT-report "Revisiting the structural setting of the Glueckstadt Graben salt stock
family, North German Basin" by Baykulov et al., 2007). Because of the irregular geometry, the data were
first preprocessed to build the binned common-offset gathers. Offset bin spacing of 100 m was used for both
CMP gathers and CRS supergathers. Results of the PreSDM show a significantly improved depth migrated
section using the CRS supergathers (compare Fig. 10 and Fig. 11). Horizons are more continuous, and a
better SN ratio is obtained. PreSDM of CRS supergathers provided better depth migrated gathers compared
to the original depth migrated CRP gathers (see Fig. 9). Reflectors are clearly visible and can be easily
identified. The absence of residual moveouts in depth migrated CRS supergathers confirmed the accuracy
of the velocity model used for migration that was hardly possible using the conventional CRP gathers.
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(a) CMP gather

(b) CMP bin combined of 10 CMP gathers

(c) CMP bin combined of 20 CMP gathers

(d) CRS supergather

Figure 8: Real land data from Northern Germany. The CMP gather (a) has about 20 traces located irregularly and is not well suited for advanced seismic processing. No coherent reflection events can be observed.
Combining more CMP gathers into a new one (b, c) increased the coherence of events, but do not increase
the SN ratio. CRS supergathers provide an significantly increased SN ratio and increased reflection continuity, since the information about reflectors dips is incorporated in the partial stacks during the formation
of supergathers.
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(a) CRP 2140

(b) Super CRP 2140

(c) CRP 3100

(d) Super CRP 3100

Figure 9: Prestack depth migrated CRP gathers located to the left and right of the salt plug (Fig. 10 and
Fig. 11). Conventional CRP gathers display only the strongest reflectors at 2 km and 6 km depth for CRP
2140 (a) and at 1.2 km depth for CRP 3100 (c). The depth migrated CRS supergathers (b,d) have an
increased SN ratio, and reflectors at the levels down to 9-10 km depth are visible.
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Figure 10: PreSDM of CMP gathers. SN ratio is low. Reflectors are not continuous, the internal structure
of the salt plug and the reflectors below 7 km depth are hardly visible.

Figure 11: PreSDM of CRS supergathers. The image quality is significantly enhanced compared to Fig. 10.
Horizons are more continuous, the enhanced SN ratio is obvious. Internal salt reflectors between 3000 and
2500 CMP at 2-6 km depth are identified. Also the image of the deeper part of the section below 7 km is
improved.
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CONCLUSION

The presented results of the partial CRS stack method have demonstrated the potential of this procedure
to enhance the data quality and regularity. Despite the hyperbolic assumption of the method, the CRS
supergathers are better regularized and have enhanced SN ratio than the low fold CMP gathers even in
complex areas with presence of salt and strong dipping layers. The method was successfully implemented
on synthetic data and on real land data from Northern Germany. The prestack depth migrated CRS supergathers allowed quality control of the velocity model used by migration, which was not possible by
conventional processing. New depth migrated images provided an alternative view on the structural settings of the Glueckstadt Graben area, which is described in more details in the WIT-report "Revisiting the
structural setting of the Glueckstadt Graben salt stock family, North German Basin" by Baykulov et al.,
2007.
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ABSTRACT
The issue of seismic inversion/imaging can be generalized to find the velocity field and reflectivity
that provides the best explanation for seismic data. Theoretically, migration is the first iteration in the
inversion process, but not the solution that minimizes the difference between observed and modelpredicted wavefield. Full waveform tomography (FWT) seeks to find the true elastic parameter field
(seismic velocities, densities, attenuation) by directly solving the partial differential viscoelastic wave
equations. The full elastic wavefield is inverted in an iterative tomographic approach. All wave
phenomena like multiple reflections, refractions, mode converted waves (P-S) and surface waves can
be considered. The imaging principle is the same as in Kirchhoff pre-stack depth migration. The
resolution of FWT is in the order of the seismic wavelength and thus comparable to pre-stack depth
migration methods. The inversion strategy is an iterative linear approach. An adequate starting model
is required that can be obtained by conventional traveltime tomography or migration based velocity
analysis. The inversion requires the solution of two times as many forward calculations as there are
source locations in each iteration step. Although this is a big task, viscoelastic 2-D FWT is within the
capabilities of present day parallel clusters. First applications to synthetic and real data sets published
in recent years show the great potential of this method.

INTRODUCTION
Traditional seismic imaging methods treat the seismic velocity model and the seismic reflectivity image as
if they were two different represenations of the subsurface. The seismic velocity model generally is a very
smooth low resolution representation required for successful imaging, while the reflectivity image contains
the structural details with high resolution.
In order to combine these two views and to come to a consistent and an uniform image of the subsurface,
we must use inverse methods that are able to use the complete wavefield, i.e. every wiggle on every trace
from every shot gather in the survey. This is the goal of seismic waveform inverse methods. They are
seeking and analyse the class of models that fully explain the full wavefield, thereby combining aspects
of both the velocity model and the reflectivity image. They account for all wave types such as multiples,
mode converted P-S waves, and wide-angle reflections and refractions.
By full waveform tomography (FWT), we define the inverse methods that utilize the full waveform of
seismograms recorded over a broad range of frequencies and apertures. The basic idea of FWT is to use
the full information content of the seismic signals in a tomographic approach to derive 2-D and 3-D multiparameter images of the subsurface. For wide-aperture geometries, FWT allows for a mapping of very
large to small-scale structures where the latter can be smaller than the seismic wavelength, hence providing
a tremendous improvement of resolution compared with traveltime tomography.
FWT is generally a highly nonlinear inverse problem which requires the definition of a starting model.
This macromodel is often developed by traveltime tomography or migration-based velocity analysis. It is
thus important to note that FWT cannot replace traveltime tomography and/or pre-stack migration since
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the results from these methods must serve as starting models. In fact, FWT is a late step in the imaging
sequence that should be capable of imaging smaller structures at sub-wavelength scale and deriving additional parameters of the subsurface, e.g. densities, S-velocities, absorption, and anisotropy. An often
applied approach to derive such additional elastic parameters is the inversion of reflection amplitudes with
offset (AVO). FWT should be superior because it takes into account lateral heterogeneities of the reflector
and the overburden. In addition, it does not require the identification of distinct events, since it considers
all wave phenomena, such as multiple reflections or converted waves.
Although first implementations in the 1980’s were conducted in the time-domain, the frequency-domain
version of waveform tomography developed in the 1990’s (e.g. Pratt and Worthington (1990)) has now
emerged as an efficient imaging tool, capable of being used on a production basis for large-scale 2D problems. The main advantage of the frequency-domain approach is the possibility of starting the inversion at
low frequencies (large-scale structures) and then moving to higher frequency components (smaller scales),
hereby realizing a multi-scale approach. This frequency selection also helps to mitigate the non-linearity
of the inverse problem. However, the time-domain approach should not be neglected because it is much
better adapted to modern cluster type computers.
The routine application of FWT to 2-D subsurface models has just started in the recent years. Because
of the current rapid growth in the number of available seismic sensors in the research community, the
improving quality of seismic data, and the increasing computer power, we can anticipate a bright future of
full waveform tomography to analyze both active and passive seismic experiments.
WAVEFORM AND TRAVELTIME TOMOGRAPHY
In conventional tomography approaches the input consists of attributes extracted from specific events like
traveltime, amplitudes or other properties of the signal. As an example, first arrival traveltime tomography
utilises first arrivals only. Inverse scattering methods also use traveltimes of later arrivals. These methods
account for specific wavefield properties of distinct events (mostly P-wave events). They are termed as
traveltime tomography in the following. For the traveltime-based methods, the maximum resolution is
related to the width of the first Fresnel zone:
√
(W idth of f irst F resnel zone) = λL
(1)
where λ is the dominant seismic wavelength and L is the propagation distance. The resolution of full
waveform tomography is approximately λ. The resolution of FWT does not depend on the source receiver
distance L. The potential improvement in resolution, when using waveform inversion, can thus be estimated
as:
r
√
λL
L p
=
= Nλ
(2)
λ
λ
where Nλ is the number of dominant wavelengths between
√ source and receiver. Thus, waveform methods have a potential resolution limit that is approximately Nλ smaller than for traveltime methods. The
reasons for this improved resoltion are the following:
1. The input data consist of the seismic waveforms themselves and not of attributes like traveltime,
amplitudes, etc.
2. The underlying numerical method is adopted from the full wave equation and not from a ray or Born
approximation.
3. The calculation of residuals differs: in traveltime tomography the backprojection of traveltime residuals is calculated, whereas in waveform tomography the backpropagation of waveform residuals is
computed.
WORKING METHOD
The development and application of 2-D and 3-D FWT methods are currently the main goal of the research
team at TU BAF that has been established in 2006/2007. We implement new 2-D/3-D time-domain strategies in which we use the viscoelastic finite-difference method of Bohlen (2002) that is highly optimized
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Vp = 1700 m/s

Vp1 = 2000 m/s

Figure 1: A simple cross-well synthetic example to illustrate the full waveform tomography method. A
sperical low velocity inclusion is located in between the source line (left) and receiver line (right). The
right image shows the homogeneous starting model for FWT.
for modern cluster technology. In the following we illustrate the working method of FWT for a cross-well
acquisition geometry using a simple inclusion model and a heterogeneous random medium model.
Spherical inclusion
Let us first consider a cross-well acquisition geometry with a spherical low velocity zone (P-wave velocity
Vp = 1700 m/s) embedded in an homogeneous background medium (Vp = 2000 m/s) (Figure 1, left).
We chose a homogeneous medium with Vp = 2000 m/s as a starting model (Figure 1, right). As described for example in Tarantola (2005), the model parameter mn at iteration step n can be improved by
using a steepest-descent gradient method:
mn+1 = mn + µn dn ,

(3)

where dn denotes the steepest-descent direction of the misfit function and µn the step length. The
gradient dn can be effectively calculated by a zero-lag crosscorrelation between the forward modelled and
backpropagated residual wavefield and a summation over these cross-correlations of every shot (Figure
2). By multiplying the gradient with an optimal step length µn , the change in material parameters can
be calculated. After only five iterations the shape and velocity of the low velocity anomaly fit quite well
(compare left most images of Figures 1 and 2, respectively).
Random Medium Example
In the following example acoustic 2-D FWT is applied to reconstruct the P-wave velocity field of a heterogeneous medium. We use the same acquisition geometry as in the previous example (cross-well geometry).
The heterogenous medium between the source and receiver vertical lines is a self-similar random medium,
which was generated by using a van Karmann autocorrelation function (Figure 3, middle). The velocity
perturbations have a standard deviation of 8 per cent around a mean value of 2000 m/s. The starting model
(Figure 3, left) is a smoothed representation of the true model that corresponds to the result of a first arrival
travel time tomography. The result of FWT is shown on the right hand side of Figure 3. After 50 iterations,
the result of the time-domain FWT code shows a lot of small scale features, which can also be found in the
true model. Note also how well the seismic sections for a central shot are fitted by FWT (Figure 4). The
FWT is able to fit (scattering) events that arrive later than the direct P-wave.
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Figure 2: The working method of time domain full waveform tomography. The required calculations for
each iteration step are shown. From right to left: for each shot two wavefield simulations are performed.
One simulation propagates the wavefield forward in time, the second simulation back-propagates the data
residuals (misfit between model predicted wavefield and real data). A zero-lag cross-correlation between
these two wavefields is performed. The summation of all cross-correlations for all shots yields the gradient
(sensitivities) for the acquisition geometry. This gradient is used to update the actual model according to
equation 3.

True Model

TDFWI result after
50 iterations

Vp [m/s]

Starting Model

Figure 3: FWT applied to a random medium. The starting model (left), the true model (center) and the
time domain FWT result after 50 iterations.
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travel time tomography model (starting model)

true model

Result of FWT

Figure 4: Shot-gathers of the pressure field (from top to bottom) for the starting model (Figure 3, left), the
true model (Figure 3, middle), and FWT model (Figure 3, right).
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OUTLOOK

As mentioned, the recent developments and current computer power make the application of FWT feasible
for 2-D reflection seismic surveys. The application to real data and the comparison of FWT images with
(conventional) pre-stack depth migration results should thus be the main focus in the next years.
Major challenges for future methodological improvements of the method are
• the optimization of our 2-D and 3-D viscoelastic time domain implementations
• the comparison of the performance of frequency domain (Pratt and Worthington (1990)) and our
time domain FWT
• the joint-inversion of multi-parameter images, e.g. P-wave velocities, S-wave velocities, densities,
and attenuation from multi-component (geophone) data.
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ABSTRACT
Seismic imaging in depth is limited by the accuracy of velocity model estimation. Slope tomography
uses the slowness components and traveltimes of picked reflection or diffraction events for velocity model building. The unavoidable data incompleteness requires additional information to assure
stability to inversion. One natural constraint for ray based tomography is a smooth velocity model.
We propose a new, reflection-angle-based kind of smoothness constraint as regularization in slope
tomography and compare its effects to three other, more conventional constraints. The effect of these
constraints are evaluated through angle domain common image gathers, computed with wave-equation
migration using the estimated velocity model. We find the smoothness constraints to have a distinct
effect on the velocity model but a weaker effect on the migrated data. In numerical tests on synthetic
data, the new constraint leads to geologically more consistent models.

INTRODUCTION
The determination of a macrovelocity model is essential for time and depth imaging of seismic reflectors in
the earth. Among the many methods that try to to achieve this aim are so-called tomographic methods that
are based on the inversion of traveltimes of seismic reflection events. One of these is slope tomography,
which uses slowness vector components to improve and stabilize the traveltime inversion. Slope tomography was initially proposed by Billette and Lambaré (1998) as a robust tomographic method for estimating
velocity macro models from seismic reflection data. They had recognized the potential efficiency of traveltime tomography (Bishop et al., 1985; Farra and Madariaga, 1988) but also the difficulties associated with
a highly interpretative picking. The selected events have to be tracked over a large extent of the pre-stack
data cube, which is quite difficult for noisy or complex data. The idea is to use locally coherent events
characterized by their slopes in the pre-stack data volume. Such events can be interpreted as pairs of ray
segments and provide independent information about the velocity model.
However, the data for slope tomography are incomplete (Bishop et al., 1985). Therefore, stability and
convergence can only be achieved if additional information is prescribed. These additional information
contains desirable properties for the solution, reducing ambiguity (Menke, 1989). For ray based inversion,
smoothness is a requirement, because rough models cause the forward problem to break down during linear
iterations. The use of combined smoothness constraints enables an interpretation-oriented inversion while
keeping solutions consistent with the data.
We investigate the effect of different kinds of smoothness constraints in slope tomography. The Marmousoft data set (Billette et al., 2003) is used for this study. Lateral, vertical and isotropic smoothing constraints are prescribed in different combinations. Moreover, we propose a structurally motivated smoothing
constraint in the direction of a potential reflector. Angle domain common imaging gathers (ADCIG) are
used to evaluate the quality of the estimated velocity models.
Here, we use a finite-difference implementation, but the correction can also be incorporated into Fourierdomain implentations like the one of Tessmer (2003).
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METHOD

Slope tomography differs from conventional reflection tomography by the data that are used for the inversion (Billette et al., 2003). Firstly, the traveltimes are picked from locally coherent events that are
interpreted as primary reflections or diffractions. Secondly, in-line slowness-vector components of these
events, detected in common-shot or common-receiver gathers, are used in addition to source and receiver
positions and traveltimes. Thus, the data space is given by
d = [(xs , xr , ss , sr , T sr )n ]

(n = 1, . . . , N ) ,

(1)

where xs and xr are the source and receiver positions, T sr are the traveltimes, and ss and sr are the
slowness-vector projections into the receiver line. Moreover, N is the number of selected events.
Slope tomography also uses a different model parameterization than conventional reflection tomography. In 2D, the model to be estimated includes: the parameters describing the velocity model, p, the
scattering-point coordinates, X, the emergence angles, θs and θr , and the ray traveltimes, τ s e τ r . In other
words, the model vector is
m = {p, (X, θs , θr , τ s , τ r )n }

(n = 1, . . . , N ) .

(2)

To solve the inverse problem using linear iterations, an initial reference model must be given. In this model
m0 , ray tracing is performed to calculate the synthetic data corresponding to equation (1), denoted as dc .
The difference between the observed and calculated data, do − dc , defines the deviation δd.
This deviation is modeled in linear approximation as
δd = DF(m0 )δm ,

(3)

where DF denotes the approximate operator describing the direct problem under variation of the reference
model m0 . The operator DF(m0 ) is known as the Fréchet derivative (see, e.g., Menke, 1989). The solution
of the linear system in equation (3) determines a new reference model
mnew
= m0 + δm.
0

(4)

The process continues iteratively until the norm of the deviation kδdk is smaller than a given tolerance
value (in case of convergence) or until a maximum number of steps. In this work, we use the standard L2
norm (Menke, 1989).
In our implementation, we construct a model for the square of the medium velocity, which is represented
using the tensor product of third-order B-splines as
p(x1 , x3 )

=

N1 X
N2
X

pαβ Bα (x1 )Bβ (x3 ) ,

(5)

α=1 β=1

where the functions Bγ (xj ) are the base functions of the interpolator along xj . Moreover, Nj indicates the
number of B-spline nodes in that direction and pαβ are the interpolation coefficients. In other words, the
coefficients pαβ constitute the actual medium parameters that are to be estimated by slope tomography.
Regularization
Due to the incompleteness of the data, additional conditions that take desirable properties of the solution
into account, must be incorporated into the objective function. One necessary condition requires all modelparameter perturbations, computed in each linear iteration, to be small; other conditions are smoothness
constraints on the velocity model.
Weak constraints are used to enforce smoothness of the solution. These constraints are applied in a
least-squares sense at each node of the B-splines mesh, as indicate below. Several kinds of smoothness
exist, one for lateral homogeneity, one for vertical homogeneity, one for minimum curvature along each
Cartesian coordinate, and finally the minimum Laplacian, which minimizes the curvature of the velocity
model isotropically. The specification of these constraints requires the evaluation of first and second partial
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Figure 1: Position of a potential reflector.

derivatives of the velocity model with respect to the spatial coordinates. Denoting the spatial derivatives in
the x1 and x3 directions by D1 and D3 , these derivatives are computed in the form
D1n p(x1 , x3 )

=

N1 X
N2
X
α=1 β=1

pαβ

∂ n Bα (x1 )
Bβ (x3 ) ,
∂xn1

(6)

and correspondingly for the derivatives with respect to coordinate x3 .
Standard regularization of the derivatives along the coordinate directions can be improved by smoothing
along the reflectors. Sinoquet (1993) proposed to use a priori geological information for this purpose
in reflection tomography. In the same spirit, Clapp et al. (2004), who applied reflection tomography in
order to better flatten post-tomography common-image gathers, pointed out the shortcomings of standard
regularization strategies. To overcome these problems, they proposed to use a priori information about the
reflector dip from previous migrations to design smoothing operators along the reflectors. By smoothing
the velocity model along the reflectors, they were able to construct models that were more geologically
reasonable, improved reflector positioning, and led to better focused images.
Actually, the distribution of the scattering points in depth provides a more natural way to enforce a
geologically meaningful smoothing that does not rely on a priori information. Assuming that all events to
be used in the tomographic inversion are reflections, the angle between the normal to the potential reflector
and the vertical direction is (see Figure 1)
α=

θs + θr
,
2

(7)

which is available at each iteration of slope tomography. Using this information, we tried to constrain the
velocity model using the reflector geometry, requiring the model to be smooth along the tangent to the
reflector at each scattering point. Computing the velocity gradient at the scattering point, X, we add the
regularization constraint
n(α; X) × ∇p(X) = 0 .

(8)

This equation constrains the velocity gradient to be perpendicular to potential reflectors, thus smoothing
the velocity model along them. We denote this smoothing operator by Dr . In order to limit the increase
in the size of the problem, we apply this constraint to a fraction of the scattering points. The proposed dip
regularization is different from the approach of Clapp et al. (2004). In our approach, the dip information
is not obtained from a previously migrated image, but from ray-tracing in the reference model during the
inversion. Thus, the smoothing operator is updated at each iteration. The so-obtained dip information can
be used for a futher refinement of the velocity model through residual moveout inversion of common image
gathers.
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Combining these regularizations, we use the objective function
Φ(m; λi )

= kd − F(m)k22 + λ20 km − m0 k22
+λ21 kD21 + D23 pk22 + λ22 kD21 pk22 + λ23 kD23 pk22
+λ24 kD1 pk22 + λ25 kD3 pk22 + λ26 kDr pk22 ,

(9)

where the λi are Lagrangian multipliers that weight the contributions of regularization in the objective
function. At each iteration we need to solve the linear system




DF(m0 )
δd


 0 
λ0 I




 λ1 (D21 + D23 ) 
 0 





 0 

λ2 D21




(10)

 δm =  0  .
λ3 D23






 0 
λ4 D1





 0 

λ5 D3
0
λ6 Dr
The prescription of λ1 , λ2 , λ3 , λ4 and λ5 determines the weight of isotropic curvature smoothing, lateral
and vertical curvature smoothing, as well as lateral and vertical homogeneity, respectively. The value of λ6
controls the degree of smoothing along potential reflectors.
This objective function gives us the flexibility to permit different assumptions about the velocity model.
We test some of the possible choices and their effect on the estimated velocity models in the Numerical
Examples section below.
Angle domain common imaging gathers
We use angle domain common imaging gathers (ADCIGs) to measure the quality of the velocity models
estimated for seismic imaging. We compute ADCIGs using wide angle FFD migration with the complex
Padé approximation (Amazonas et al., 2007). Based on the works of Rickett and Sava (2002), Sava and
Fomel (2003), and Biondi (2006), we compute subsurface offset domain common image gathers (SODCIGs) using the imaging condition
X
Ps∗ (x − h, z; ω)Pr (x + h, z; ω) ,
(11)
I(ξ, h) =
ω

where Ps is the source wavefield at the imaging point ξ, Pr∗ is the downward continued receivers wavefield
at ξ, ω is the angular frequency, h is the subsurface offset and (∗ ) denotes complex conjugate. The ADCIGs
are then computed from the SODCIGs by the slant stack
Z
A(z, tan θ) = I(z + h tan θ, h) dh ,
(12)
where θ is the scattering angle at the imaging point.
NUMERICAL EXAMPLES
Model
We use the Marmousoft data (Billette et al., 2003) to evaluate the effect of regularization constraints in
slope tomography. These synthetic data are obtained by Born modeling in a smoothed version of the
original Marmousi model (see Figure 2). The smoothing is done using a Gaussian filter minimizing with
correlation-length τ = 240 m (Billette et al., 2003). A correspondingly smoothed model is depicted in
Figure 3. In these synthetic data, 5490 events were selected by an automated picking code (Billette et al.,
2003). Their traveltimes and local slopes constitute the input data for the stereotomographic inversion in
the numerical examples.
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Figure 2: Exact Marmousi velocity model.
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Inversion results
Below, we discuss the results of slope tomography using five kinds of regularization strategies, being (1)
isotropic smoothing of the curvature by minimizing the norm of the Laplacian of the velocity field; (2)
anisotropic smoothing of the curvature by minimizing curvature independently in the lateral and vertical
directions; (3) anisotropic smoothing of the heterogeneity by minimizing the velocity gradient independently in lateral and vertical directions; (4) structural smoothing of the heterogeneity by minimizing the
velocity gradient along the reflectors; (5) anisotropic and structural smoothing of the heterogeneity by
minimizing the velocity gradient both along the reflectors and laterally.
Our implementation of slope tomography uses the multigrid approach suggested by Billette et al.
(2003). The inversion is performed initially on a sparse B-spline mesh, with 13 × 11 nodes. The nodes are
spaced at 1 km laterally and 0.5 km vertically. The result of this inversion is the initial model for the final
inversion on a dense B-spline mesh, with 61 × 51 nodes. Now, the nodes are spaced at 0.2 km laterally and
0.1 km vertically. The damping parameter, λ0 is set to 0.025 for all inversions. We present the results after
30 linear iterations using the dense mesh.
In the first inversion, we only use the Laplacian operator, with λ1 = 0.005. All other λi in equation (10)
except for λ0 are set to zero. The resulting estimated velocity model is shown in Figure 4. In the second
inversion, the regularization minimizes the lateral and vertical curvatures independently, with λ1 = 0.050
and λ2 = 0.010. The estimated velocity model is shown in Figure 5. The third inversion minimizes
heterogeneity, with λ4 = 0.050 and λ5 = 0.010. The resulting velocity model is depicted in Figure 6.
The fourth inversion applies the proposed regularization, with λ6 = 0.050. The estimated velocity model
is shown in Figure 7. Our last inversion combines smoothing along the reflectors with a minimization of
lateral inhomogeneity, with λ4 = 0.005 and λ6 = 0.0025. The estimated velocity model is shown in
Figure 8.
The five estimated velocity models are quite different from the original smoothed Marmousi velocity
model of Figure 3. We can see that the smoothness constraints have a distinctive effect on the estimated
velocity models. The most obvious differences of the models occur in the bottom part where the data
coverage is poorer. The curvature regularizations (Figures 4 and 5) tend to concentrate the high-velocity
zone in the center of the model. The model in Figure 5 has more lateral smoothness than all the others.
The inversions using gradient constraints (Figures 6, 7, and 8) distribute the high velocity over the whole
model. They recover models that are more similar to the smoothed model of Figure 3 than the inversions
using curvature restraints. The inversions that try to incorporate structural information (Figures 7 and 8)
seem to best reconstruct some details of the smoothed model, like the higher velocity at x = 7.2 km and
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Figure 3: Smooth velocity model computed from the exact Marmousi model of Figure 2 by Gaussian
smoothing.

z = 1.6 km, the lower velocity at x = 6.8 km and z = 2.0 km, or even the slightly increased velocity at
x = 2.6 km and z = 1.6 km. Note that no inversion can be expected to recover the model below about
z = 2.2 km, because the ray coverage is too poor.

Prestack migration
As the next step, we compare the migrated sections obtained from depth migrating the Marmousoft data
using the velocity models estimated above. For comparison, we also show the migration result using the
smoothed velocity model (see Figure 9). For the purpose of depth migration, we sampled the velocity
models on a regular mesh with a grid spacing of 12.5 m. The resulting migrated images are depicted in
Figures 10 through 14.
The high quality of the upper part of all migrated images confirms the quality of velocity model inversion by slope tomography. Where high ray coverage is achieved, the recovered model is very good. In these
regions, the particular kind of regularization has not much influence on the inversion. On the other hand,
in regions of low ray coverage, different regularizations lead to different models and, thus, to differences
in the migrated images. The most dramatic difference between the images can be seen in the lower right
corner. Clearly, the failure of the curvature constraints to yield high velocity in that region leads to a major
pull-up of the reflectors (Figures 10 and 11). The migrated images obtained from the gradient constraints
(Figures 12, 13 and 14) look much better. The left salt intrusion is almost perfectly positioned by all three
of them. Even the right salt intrusion looks pretty similar to what it should be. Again, please note that at
the borders of the model, ray coverage is close to zero, so that independently of the chosen regularization,
there is no way for the inversion to recover correct velocities there.
Actually, the last three images present only very subtle differences in the continuity of some reflectors
like the anticlines in the center of the image or the horizontal reflector above the reservoir. The reservoir
itself seems positioned best in the two last images (Figures 13, and 14) that use the structural constraints.
The similarity of the images even in the lower part contrasts with the differences of the velocity models
estimated by slope tomography. This is a clear evidence of nonuniqueness in the inversion on one hand,
and of the tolerance of migration to perturbation in the velocity model on the other hand. It is in these
regions of nonuniqueness where regularization has its main effect.
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Figure 4: Velocity model estimated with λ1 = 0.005.
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Figure 5: Velocity model estimated with λ2 = 0.05 and λ3 = 0.010.

Angle gathers
For a more detailed analysis of the migration results, let us also compare the angle-domain common-image
gathers (ADCIGs) at selected positions of the model. For each (smoothed and estimated) velocity model,
we selected the ADCIGs at coordinates x = 4.0 km, x = 5.0 km, x = 6.0 km, x = 6.5 km, x = 7.0 km,
and x = 7.5 km for display. Figures 15 through 20 show these results. In all these figures, panel (a) is the
ADCIG calculated with the smoothed velocity model, (b) using the Laplacian constraint, (c) the curvature
constraint, (d) horizontal and vertical gradient constraint, (e) the proposed structurally motivated gradient
constraint, and (f) the structural plus horizontal gradient constraint. Note that due to the simulated sailing
direction from left to right, only negative opening angles are illuminated.
As with the migrated images, also the ADCIGs are rather similar. Particularly in the upper part, all
ADCIGs are almost identical and nicely flat, confirming again the high quality of slope tomography in
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Figure 6: Velocity model estimated with λ4 = 0.050 and λ5 = 0.010.

areas with high ray coverage. However, there are some differences visible in the ADCIGs.
All reflectors are reasonably flat in all ADCIGs of Figure 15. Some nonflatness can only be seen in the
deepest reflectors of panel (b). The main differences are in the depth position of the deeper reflectors. The
best positioning is achieved in panels (e) and (f).
The differences in Figure 16 are slightly stronger. In panels (b) and (d), we see already some continuity
problems with the shallow reflector at 0.4 km depth. Again, panels (e) and (f) are closest to panel (a), with
panel (c) achieving good quality down to about 2.0 km.
The panels in Figure 17 are quite similar to each other down to 1.5 km. Again, panels (b) and (d)
present the strongest nonflatness. At this image point, the ADCIGS (e) and (f) actually seem to provide a
better image of the deeper reflectors than the smoothed model in panel (a).
Again, the upper parts of the panels in Figure 18 are very similar. The most significant differences in
Figure 18 concern the reflectors below 2.0 km depth, which are reasonably flat only in panels (e) and (f).
In Figure 19, differences occur already at depths below 1.0 km. At this image point, panel (c) is not
much better than panels (b) and (d). Panel (f) shows the best image of all reflectors below 1.4 km.
Finally, in Figure 20, the mispositioning in depth is the strongest. This image point is already located in
the region where the tomographic inversion had the most problems because of the rather low ray coverage.
Non of the recovered models places the reflectors below 1.2 km at their correct depth. Again, flatness is
best in panels (e) and (f).

Evaluation
The detailed analysis of these and other ADCIGs in the model confirms our experiences from other numerical experiments with different values for the λi in equation (10). In the vast majority of test, a regularization with a simple Laplacian constraint leads already to reasonable models where the ray coverage is high.
However, any of the other tested regularization provides better results in regions with low ray coverage.
Independently minimizing both second derivatives was consistently better than minimizing the Laplacian.
Minimization of the horizontal and vertical velocity gradient is generally better than the Laplacian constraint but worse than independent curvature minimization. The best results in our numerical examples
were consistently achieved using the structurally motivated minimization of the gradient component in the
direction of a potentially present reflector. In many cases, it is helpful to simultaneously minimize also the
horizontal component.
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Figure 7: Velocity model estimated with λ6 = 0.050.

9

4.5

Velocity Model
0

Depth (km)

0.5
1
1.5
2
2.5
3

1.5

4

2

5
6
Distance (km)

7

8

9

2.5

3
3.5
4
4.5
km/s
Figure 8: Velocity model estimated with λ4 = 0.005 and λ6 = 0.0025.
CONCLUSIONS

In this paper, we have proposed a new smoothness constraint for slope tomography that minimizes the
velocity gradient in the dip direction of a possibly present reflector at an image point. This potential dip
direction can be estimated as the normal to the half-angle direction between the ray branches that connect
sources and receivers to the image point.
To evaluate the quality of the proposed constraint, we have implemented and tested a set of different
types of smoothness constraints in slope tomography. The effect of these constraints on the estimated
velocity model and the corresponding seismic image was investigated with the help of numerical examples
using the Marmousoft data set.
We found a clear effect of the smoothness constraints in the estimated velocity model and a less distinctive effect on the seismic imaging and ADCIGs. In our numerical tests, pure curvature constraints produced
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Figure 9: Post-migration stack for the smoothed velocity model in Figure 3.
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Figure 10: Post-migration stack for the estimated velocity model in Figure 4.
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Figure 11: Post-migration stack for the estimated velocity model in Figure 5.
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Figure 12: Post-migration stack for the estimated velocity model in Figure 6.
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Figure 13: Post-migration stack for the estimated velocity model in Figure 7.
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Figure 14: Post-migration stack for the estimated velocity model in Figure 8.
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Figure 15: ADCIG computed using the velocity models in Figures 3 through 8 at coordinate x = 4.0 km.
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Figure 16: ADCIG computed using the velocity models in Figures 3 through 8 at coordinate x = 5.0 km.
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Figure 17: ADCIG computed using the velocity models in Figures 3 through 8 at coordinate x = 6.0 km.
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Figure 18: ADCIG computed using the velocity models in Figures 3 through 8 at coordinate x = 6.5 km.
0

Angle
-50

(degrees)
0
50

0

Angle
-50

(degrees)
0
50

0

Angle
-50

(degrees)
0
50

0

Angle
-50

(degrees)
0
50

0

Angle
-50

(degrees)
0
50

0

(km)

1.0

Depth

1.0
(km)

1.0

Depth

1.0

(km)

1.0

Depth

1.0

(km)

0.5

Depth

0.5

(km)

0.5

Depth

0.5

(km)

0.5

Depth

0.5

1.5

1.5

1.5

1.5

1.5

2.0

2.0

2.0

2.0

2.0

2.5

2.5

2.5

2.5

2.5

2.5

(b)

(c)

(d)

(degrees)
0
50

1.5

2.0

(a)

Angle
-50

(e)

(f)

Figure 19: ADCIG computed using the velocity models in Figures 3 through 8 at coordinate x = 7.0 km.
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Figure 20: ADCIG computed using the velocity models in Figures 3 through 8 at coordinate x = 7.5 km.
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worse velocity models than gradient constraints. The proposed gradient constraint in the reflector-dip direction showed a desirable behaviour. On its own or in combination with other gradient constraints, it
helped to improve the obtained velocity model in areas of reduced ray coverage.
Our numerical results also indicate that the final depth-migrated images using these models may be less
sensitive to the smoothness constraints than the models themselves. Not all the differences in the models
actually led to differences in the final depth-migrated images. The reason is that the lower the coverage
with reflection events, the stronger is the dependence of the quality of the inverted velocity model on the
chosen type of smoothness constraints used to stabilize the slope tomography. Therefore, the most visible
model differences will generally occur where few or no events need to be imaged. Moreover, since ray
coverage generally decreases with depth, the influence of regularization increases with depth. Therefore,
the final depth-migrated images will be more prone to show differences due to different regularizations at
greater depth.
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ABSTRACT
Multiple identification and attenuation are one of the most challenging tasks in the seismic data processing chain. We are presenting two approaches for identification of surface related multiples within
the CRS workflow, since that a complete workflow from time to depth imaging with the CRS technology is possible. One approach focusses on the multiple identification with CRS attributes (i.e.
the angle of incidence). The second one is based on the multiple prediction by autoconvolving each
stacked trace with itself (hybrid SRME-CRS approach). The implementation of both methods is done
with focus on automating the process. After the multiples are identified/predicted they are modelled
with the CRS attributes, adaptively filtered, and subtracted from the prestack data. Initial tests are
performed on two synthetic data sets. For both methods the results are quite promising. The identified/predicted multiples could be successfully removed from the data sets. The identification of
multiples with CRS attributes has the potential to handle also quite noisy data and can also be extended to internal multiples. The prediction with the autoconvolution is simple and robust, but also
produces some prediction errors due to theoretical assumptions involved in this concept.

INTRODUCTION
With the help of the CRS technology (Mann, 2002; Duveneck and Hubral, 2002) a complete workflow for
imaging seismic data is possible. With the necessary preprocessing applied, we can directly go from time
to depth imaging with the help of the CRS stack, the NIP-wave tomography and a corresponding prestack
depth migration algorithm. This workflow is also called the ’CRS-workflow’ (Hertweck et al., 2003). One
of the aspects that reduces the applicability of this workflow are multiple reflections present in the data,
since they provide information of the subsurface that can not be used directly in the above mentioned technologies (i.e. most migration methods rely on primaries only). The multiples have to be removed in one of
the preprocessing steps. This is a quite challenging task, since the success of the removal strongly depends
on the methods and the geological situation that has to be dealt with.
The most prominent methods available are Surface Related Multiple Elimination (SRME) after Verschuur
et al. (1992), the inverse scattering series after Wegelein et al. (1997), and the hyperbolic radon transform,
see for example Ryo (1982). For shallow water environments the predictive deconvoluton is also widely
used. All of these methods have theirs advantages and disadvantages, for several reason (data density, regularization of the data, wavelet knowledge, computational efforts, etc.).
In the frame of this paper we will discuss, some ideas to incorporate multiple suppression within the CRS
workflow. For this reason we will present results of two implementations for identifying multiple reflections in stacked data and removing them with the help of CRS attributes.
The first concept follows basically the work of Zaske et al. (1999) and is based on the general assumption
that multiple reflections can be constructed from primary reflections. For surface related multiples, the
point where both primaries are connected has to fulfill Snell’s law. This means that the angles of incidence
and emergence have to be equal at this point. The angle of incidence for the ZO situation is directly determined by the CRS stack and can be calculated with respect to the offset cordinate. This can be used to
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detect a possible multiple ray-paths.
The second approach is based on the work from Kelamis and Verschuur (1996). The basic idea is that the
autoconvolution of a seismic trace with itself predicts multiple reflections. This concept is applied in the
poststack data domain and provides a direct prediction of the ZO traveltimes of the multiples.
After detecting the possible multiple reflections, for both methods prestack spike seismograms are calculated with the help of the corresponding CRS attributes. These seismograms are then adaptively filtered, so
that the wavelet is matched to the original data. Afterwards the shaped seismograms are subtracted from
the original data, to obtain multiple attenuated data sets.
THEORY
In this chapter both above mentioned methods will be discussed in detail. For the initial tests only surface
related multiples will be addressed. Due to the limitations of each method, both could be used complementary in the future, but for now each approach is used on its own.
The methods first identify/predict the multiple reflection and afterwards model the corresponding prestack
seismograms with the help of the CRS attributes. Then the modeled seismograms are adaptively subtracted
from the original prestack data to obtain multiple attenuated data sets.
A full CRS stack needs to be performed on the data and also the multiple reflections are stacked during this
procedure. We need the kinematic wavefield attributes of these reflections to remove them later on. We
also have to identify the possible multiple generating horizons in the data set. This is done by an automatic
picking procedure, similar to the one presented in Müller (2007). An initial seed pick has to be given
and the algorithms performs an automated picking basically on the second order hyperbolic ZO traveltime
formula and the corresponding coherency section of the CRS stack. This works quite well for shallow
horizons (i.e. the water bottom) because they yield high coherency values. After picking we have a spike
ZO section of the main multiple generating horizons.
Identification with CRS attributes
To identify multiple reflection with the help of CRS attributes we are basically following an approach suggested by Zaske et al. (1999), who used this concept in the frame of the homeomorphic-imaging method
(Gelchinsky, 1989). The general idea is that every multiple reflection can be constructed from two primary
reflections, thus we are searching for so called multiple reflection constructing primaries (multiple constructors).
In the case of a surface related multiple reflection, the ray of the multiple is at least once reflected at a
surface point BP (see Fig. 1). Following Snell’s law the angle of incidence α1 is equal to the angle of
emergence α2 . Due to the reciprocity of the ray path the multiple can be constructed from a primary reflection originating at the source (orange ray in Fig. 1) and a second ray that originates at the receiver (red
ray in Fig. 1). Both coincide at point BP, where the multiple is reflected at the surface. In this way the
complete multiple traveltime can be identified, by finding the corresponding rays, that fulfill Snell’s law at
the surface. Afterwards the multiple traveltime can be calculated with tm (hm ) = t1 (h1 ) + t2 (h2 ). This
concept can also be extended for internal multiples, i.e. multiples that are not reflected at the surface. For
further details see Zaske et al. (1999). The transformation of this approach to the CRS case is straight
forward. To identify the possible multiple constructors in the data all possible angles of incidence have
to be compared with all possible angles of emergence. Since we determine the angle of incidence for the
ZO case during the CRS processing, we can also calculate the angle of incidence for a certain offset with
the help of the following expression, which follows from simple geometrical considerations and a locally
spherical wavefront assumption.
sin β(h) = p

h + RN IP 0 sin α0
2
RN
IP 0

+ 2RN IP 0 h sin α0 + h2

(1)

Here β(h) is the angle of incidence for a certain offset, RN IP 0 and α0 are the radius of the NIP-wave and
the ZO incidence angle. h represents the half offset cordinate.
This is done for every shot position in the data, so a complete data set of angle variations is available. To
obtain the angles of emergence we simply make use of the reciprocity of the ray path.

84

Annual WIT report 2007

Figure 1: Ray path of a surface related multiple. It can be constructed from two primary reflections (after
Zaske et al. (1999)). Following Snell’s law the angle of incidence and emergence at point BP have to be
the same.

The implemented procedure works as follows: For the considered shot position all angles with offset are
compared to the angle variation with offset of all corresponding receivers within the aperture. If a possible
multiple constructor is found, the corresponding multiple traveltime is calculated and stored together with
the considered offset (see Fig. 2). This procedure is repeated for all shot positions. Afterwards the higher
order water bottom reverberations are constructed from the detected first order reverberations by combining
their raypaths. This means a second order water reverberation can be constructed from two first order ones,
if the source of the second multiple coincides with the connecting point of the first one and the connecting
point of the second coincides with the receiver of the first. This can be done up to n-th order of the water
reverberations.
To determine the corresponding CRS attributes (i.e. ZO attributes), we have to determine the t0 traveltimes

Figure 2: Comparison scheme: Each angle of incidence/emergence is varied over a certain offset range
and compared to the corresponding angle variations of each receiver position within the aperture.
of the multiple reflections. At the moment only multiple traveltimes at a certain offset t(h) are determined.
To obtain the ZO traveltimes and thus the CRS attributes of the multiples, a minimum energy fit of all
stacking operators found during the CRS stack and the detected multiple traveltimes is perfomed. The
determined traveltimes of the multiple reflection are compared with the traveltime predicted by the CRS
stacking operators, and thus also to the stacking operator of the considered multiple reflections. The t0 of
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the multiple reflection is determined by the best fitting stacking operator:
E = Σi (tDET ECi − tCRSi )2 −→ M in

(2)

Afterwards all CRS attributes (idicated by the ZO traveltime) of the multiple reflection are determined and
we can model prestack spike seismograms for the multiple reflections. These will be adaptively shaped and
subtracted from the original prestack data set.
Prediction with PSRME
The multiple prediction with poststack SRME (PSRME) is based on the work of Verschuur et al. (1992) and
the ideas presented in Kelamis and Verschuur (1996). Here the SRME process is simplified to the case that
it can be applied to a single trace (i.e. 1-D earth model) or stacked data. In this approach the assumption is
made that the stacked data can be considered as plane waves and a local homogenous medium is assumed.
This is not fulfilled in reality and results in prediction errors, but for moderate inhomogenous media the
PSRME process can still predict multiples quite well.
The idea is that an autocovolution of a seismic trace x(t) with itself results in a first order surface related
multiple prediction M1 (t) (after Verschuur (2006)):
M1 (t) = x(t) ∗ x(t)

(3)

Next the first order multiples can serve as a source for the second order multiples:
M2 (t) = M1 (t) ∗ x(t) = x(t) ∗ x(t) ∗ x(t)

(4)

This can be repeated until n-th order (see Fig. 3). This is all we need from the actual SRME process, since
we have a ZO spike seismogram from the automated picking algorithm, there is no need for us to care
about the wavelet of the multiples. We just autoconvolve the ZO spike section with itself and repeat this
until we reach the desired order of multiples. We than have a ZO traveltime prediction of our multiples and
thus determined the corresponding CRS attributes. Afterwards we can directly model the multiple prestack
spike seismograms from the CRS attributes and again apply the adaptive filtering process which will be
discussed in the next chapter.

Figure 3: Basic principle of poststack SRME. The upper figure shows all reflections including the multiples, the image in the middle displays the autopicked horizons and the last figure presents the predicted
multipes. Note that the amplitude of the prediction is not taken into considerations.
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Subtraction of multiples
The subtraction of the modeled multiple prestack data sets from the original data set is done by adaptively
filtering the spike data set. The adaptive filtering part in this work uses the implementation of Gamboa
et al. (2003). The spike seismograms are shaped to match the source wavelet of the original data set.
In the implementation a Wiener optimum filter is used to fit the input seismograms to the desired original
data, during this a linear set of equations is solved. It contains a Toeplitz matrice with the autocorrelations
of the input signal as elements, the desired filter coefficients and the autocorrelations of the output signals
(see Yilmaz (2001) for further details). The systems is solved and the best filter coefficients are determined
to fit the input data to the desired output. After the adaptive filtering process the shaped seismograms are
subtracted form the original data to obtain the multiple attenuated data set.
SYNTHETIC DATA EXAMPLE
In this section the first results of the above mentioned implementations will be presented. The multiple
suppression was performed on two synthetic data sets, where the first one (MulMod) is less complex than
the second one (Bastard). Currently both methods address surface related multiples. In the case of the
identification with CRS attributes only water column reverberation are considered, in the second case of
PSRME all kinds of surface realted multiples can be addressed.

MulMod data set
The MulMod data set consists of 201 CMPs and two primary reflections, all other reflections are multiples.
Two are internal multiples and will remain after the multiple subtraction since they are not considered. The
data set was processed by means of a CRS stack, where all multiple reflections were also stacked, in Fig.
4(a) and Fig. 4(b) we can see the stack result and the corresponding coherency section, respectively.

(a) CRS stack.

(b) Corresponding coherency section.

Figure 4: The result of the CRS stack applied to the MulMod data set. In the left figure the stacking
result is shown and in the right figure the corresponding coherency section is presented. Only the first two
reflections are primaries.
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Identification with CRS attributes The first step in the application of this method is to trace the multiple
generating horizons. In this case it can be done quite easily, since only the first two reflections are primaries.
Given two initial seed picks the algorithm automatically traces the horizon along the coherency section and
produces a ZO spike section of the primaries (Fig. 5(a)) and a section in which all angle of incidence
variations according to equation (1) are stored (Fig. 5(b)). Since the implementation of this approach can
only handle ocean floor reverberations at the moment, only the first picked reflection is taken into account.
Next all angle variations with offset are compared with all other angle variation from receivers within the

(a) Autopicked primary reflections

(b) Variation of angle of incidence

Figure 5: Autopicked multiple generating horizons (left) and angle of incidence variations with offset
(right). The vertical axis is the offset and on the horizontal axis is CMP location.
aperture. If the angles are equal a possible multiple constructor is found and the corresponding traveltime
and offset are stored. Then the corresponding t0 traveltime is determined by the best fitting stacking
operator (as described in the theory section).
In Fig. 6(a) the resulting multiple prediction for the ZO case is imaged. We see that the first, second, and
third order water column reverberations are quite good estimated. In the second one, we see some problems
with the conflicting dip situation. Here we have low coherency values, thus also the CRS attributes are not
reliable and the identification fails. This is still an unsolved issue and has to be considered in the future
work. For the fourth order reverberation we see a gap in the prediction. This is due to the fact that we need
a certain offset to predict the fourth order reverberation in the data. But since the acquisition of this data
set was performed in a ’moving source’ geometry, we do not have sufficient offset in the middle parts of
the model to detect the multiple.
Now the CRS attributes related to the multiple reflection are detected and the multiple prestack spike data
set can be calculated. These are adaptively filtered and subtracted from the original data. In Fig. 6(b) the
resulting CRS stack after multiple attenuation is imaged. It is clearly visible that the first, second, and third
order ocean floor reverberations are removed fairly well, the fourth one shows some residuals, especially
in the middle part of the section, where no prediction was available. We also see a little residual for the
second order reverberation in the conflicting dip situation. This is again related to an imperfect prediction
in that area.
Generally the initial tests are quite successful in suppressing the ocean floor reverberation for this synthetic
data set. There are still some problems in conflicting dip situations, but generally the multiples are identified
and attenuated well. Further implementation work has to be done to implement more ray-paths for other

88

Annual WIT report 2007

(a) Predicted multiple reflections

(b) Resulting CRS stack after multiple suppression

Figure 6: Predicted ZO traveltimes of the multiple reflections (left) and the CRS stacked section after the
removal of the water column reverberations (right).
kinds of multiples (i.e. peg-leg multiples).
Prediction with PSRME To apply the poststack SRME prediction to the data set, we used the same
ZO spike section as before (see Fig. 5(a), this time all picked reflections can be taken into account) and
afterwards applied the trace by trace autoconvolution to obtain a prediction for all kind of surface related
multiples. The result of the prediction is imaged in Fig. 7(a). We see that much more multiples were
predicted than before. We applied the prediction up to fourth order. The prediction errors resulting from
the assumptions made to derive this method, are moderate. We can immediately use this prediction to
model the prestack data with the help of the corresponding CRS attributes.
The CRS stacked results after the multiple attenuation process is shown in Fig. 7(b). We observe that all
multiples that were predicted are fairly well attenuated, except the fourth order water bottom reverberation.
At the moment we do not know why the shaping filter fails to form the wavelet correctly. We see some
residuals at the conflicting dip situation, but again this is related to the low coherency values in that area.
Coherency values below a certain threshold are automatically rejected from the modeling. Still two dipping
multiple reflections are present with a lower amplitude than in the result (Fig. 6(b)) before. Here the surface
related multiples were removed but some internal remain. They are not processed by the method. In these
cases the surface and internal multiples have almost the same ZO traveltime.
Generally we can say that the prediction and attenuation works quite good, for this data set. There are still
problems in conflicting dip situations and shaping the fourth order water reverberation.
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(a) Predicted multiple reflections
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(b) Resulting CRS stack after multiple suppression

Figure 7: Predicted ZO traveltimes by PSRME of the multiple reflections (left) and the CRS stacked
section after the removal of all surface related multiples (right). Only a residual multiple event from the
conflicting dip situation and two internal multiples are visible.
Bastard data set
The Bastard data set consists of 301 CMPs. Four primary reflections and all kinds of multiple reflections
are present. First a CRS stack was applied on the data set to obtain all necessary parameter for the multiple
reflections. The CRS stack result and the corresponding coherency section are imaged in Fig. 8(a) and
Fig. 8(b). In the coherency section we see that low coherency values occur in conflicting dips situation,
so we expect that the algorithms will not perform well in these areas. We can also observe in the stacked
section, that the primary reflections are overlying the multiples without a convolution of the wavelets (the
multiple reflection seems to be interrupted), so we also expect some problems in applying the adaptive
filtering routine.
Identification with CRS attributes To identify the multiple reflections by comparing the CRS attributes,
we perform the automated picking algorithm. Only the ocean floor reflection is considered as a possible
multiple generator, since the only visible ocean floor reverberation in this data set is the multiple of first
order. The angle of incidence was varied for every identified event, to obtain the data for the comparison.
Afterwards we identified the ZO traveltimes of the ocean floor reverberation (see Fig. 9(a)). Again we
observe prediction errors next to conflicting dip situations. But we can also see from the stacked section
in Fig. 8(a) that in the conflicting dip situations the identification has to stop since only the primary is left
there i.e., the algorithm performs right to stop the identification in these areas.
After prediction we modelled the prestack data set with the corresponding CRS attributes, shaped them
adaptively and subtracted the result form the original prestack data set. In the modelling process, we
applied a small shift of the spikes towards the coherency maximum next to the spike location, to model
with the best CRS attributes. This has to be applied very carefully, since we do not want to shift the spikes
into an other reflection.
The resulting CRS stack section is shown in Fig. 9(b). We can observe that most of the ocean floor
reverberation is removed and also that some of the conflicting dip situations are resolved quite well. But
we can also see that some of the other multiples are attenuated unintentional. We have to further investigate
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(a) CRS stacked section

(b) Corresponding coherency section

Figure 8: CRS stacked section of the Bastard data set (left) and the corresponding coherency section
(right). Low coherency values occur at conflicting dip situations.
the identification of the multiple events in conflicting dip situations, but in general a quite promising first
result is obtained.
Prediction with PSRME To predict the surface related multiples with PSRME, we autoconvolved the
autopicked ZO section with itself. This time we applied the automatic picking algorithm to the first three
horizons. The resulting prediction shows quite big errors in the area of the syncline structures and their
related multiples, also for the steep dipping reflections we can observe some errors. Nevertheless, the estimate for the ocean floor multiples and some peg-leg multiples are quite good (see Fig. 10(a)).
To optimize the prediction, we also applied a small shift of all prediction to the next coherency maximum,
this step has to be applied with care, so that the prediction will not get worse. We only used this within
some samples, so large timing errors will not be corrected by this refinement.
The result after multiple subtraction and CRS stacking is displayed in Fig 10(b). The first ocean floor reverberation is removed quite well, also some of the peg-leg multiples are fairly well attenuated, but we also
see that we got some problems in conflicting dip areas, where the subtraction also attenuated the primaries,
or other multiple events that are crossing the considered event. Again this is not surprising, since we have
no conflicting dip handling here and the time prediction of the multiples also affects other events in these
situations.
Generally we can say that the initial tests with this method are promising, but especially in complex geological situations, we have to add some correction to the prediction of the multiples. Also the conflicting
dip handling has to be improved, to not remove primary information from the data.
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(a) Predicted ZO multiple times

(b) CRS stack of the multiple removed data set

Figure 9: Predicted ocean floor reverberation (left) and the corresponding CRS stacked section (right).
The conflicting dip situations are partly resolved.
SUMMARY AND CONCLUSIONS
We have presented two implementations of multiple prediction approaches, that could be used complementary in the future within the CRS workflow. So far we could only present initial test results, but these
show the potential of these methods used within the CRS frame work. Both methods are not dependent on
the regularity of the data. Since they are both applied in the poststack data domain they can also handle
sparse data, if the CRS stacking result is of sufficient quality. A disadvantage of both approaches is the
dependency on the automated picking procedure and the related picking problems at fault zones.
The identification with CRS attributes has the potential to handle all kinds of multiple reflections, no velocity discrimination between multiples and primaries is necessary and it can also handle quite noisy data,
because it is based on the good quality of the CRS attributes. The disadvantages of this approach are the
huge implementation work for handling all kinds of multiples, the strong dependency on the quality of the
CRS attributes and the identification errors in conflicting dip situations.
The prediction with the poststack SRME process is restricted to surface related multiples, but convinces
with its robustness and simplicity. It is easy to implement and instantaneously predicts all surface related
multiple reflections. The disadvantages are the assumption made to derive this approach and the related
prediction errors. Again conflicting dip situations are a problem to be taken care of. The combination of
both methods would be desirable to overcome some of the issues mentioned above.
The modelling and adative filtering process could also be optimised. With the help of the CRS attributes
found for the multiples reflections we are also able to introduce some dynamics into the adaptive filtering
problem. For example we could directly predict the amplitude of the multiple reflection from the CRS
attributes. This would lead us closer to a solution of the wavelet shaping problem.
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(a) PSRME multiple prediction

(b) CRS stack of multiple attenuated data

Figure 10: The PSRME prediction (left) and the corresponding CRS stacked section (right). Some events
are attenuated unintentional.
ACKNOWLEDGMENTS
The authors would like to thank:
• Eric Verschuur for kindly providing the MulMod data set and the fruitful discussion
• Paolo Marchetti for kindly providing the Bastard data set and the fruitful discussion
• The Wave Inversion Technology consortium (WIT) for the finacial support
• The Deutsche Forschungsgemeinschaft (DFG), the Integrated Ocean Drilling Project Germany (IODP)
and the Wave Inversion Technology consortium (WIT) for the financial support
REFERENCES
Duveneck, E. and Hubral, P. (2002). Tomographic velocity model inversion using kinematic wave-field
attributes. SEG Technical Program Expanded Abstracts, pages 862–865.
Gamboa, F., Filpo, E., and Tygel, M. (2003). Multiple attenuation using common-reflection-surface attributes. Wave Inversion Technology Annual report 2003, pages 92–100.
Gelchinsky, B. (1989). Homeomorphic imaging in processing and interpretation of seismic data (fundamentals and schemes). Expanded abstracts. 59th SEG Meeting, Dallas, pages 983–988.
Hertweck, T., Mann, J., Duveneck, E., and Jäger, C. (2003). Crs-stack-based imaging workflow - theory
and synthetic data example. Wave Inversion Technology Annual report 2003, pages 140–149.
Kelamis, P. and Verschuur, D. (1996). Multiple elimination strategies for land data. 58th Meeting, EAGE,
Expanded abstracts, page B001.
Mann, J. (2002). Extensions and Applications of the Common-Reflection-Surface Stack Method. Ph. D.
thesis, University of Karlsruhe.

Annual WIT report 2007

93

Müller, N. (2007). Determination of interval velocities by inversion of kinematic 3D wavefield attributes.
Ph. D. thesis, University of Karlsruhe.
Ryo, J. (1982). Decomposition (decom) approach applied to wave-field analysis with seismic reflection
records. Geophysics, pages 869–883.
Verschuur, D. (2006). Seismic multiple removal techniques. EAGE Publications.
Verschuur, D., Berkhout, A., and Wapenaar, C. (1992). Adaptive surface-related multiple elimination.
Geophysics, pages 1166–1177.
Wegelein, A., Gasparotto, F., Carvalho, P., and Stolt, R. (1997). An inverse-scattering series method for
attenuating multiple reflections in seismic data. Geophysics, pages 1975–1989.
Yilmaz, O. (2001). Seismic data analyses. Society of Exploration Geophysicists, Tulsa.
Zaske, J., Keydar, S., and Landa, E. (1999). Estimation of kinmatic wavefield characteristics and their use
for multiple attenuation. Journal of applied Geophysics, pages 333–346.

94

IMPROVING SEISMIC VERTICAL RESOLUTION BY MEANS
OF THE COMMON-REFLECTION-SURFACE (CRS) METHOD
F. Gamboa, A. L. Farias, L. Freitas and M. Tygel
email: mtygel@gmail.com
keywords: Vertical resolution, CRS, Spectral whitening

ABSTRACT
We examine the gain in vertical resolution through the application of the Common Reflection Surface (CRS) method. Using simple synthetic data, as well as the CREWES 3C-3D Seismic Data Set,
we examined the application of the CRS method with different apertures and studied its effect in the
signal-to-noise ratio and compared with the corresponding results of conventional common-midpoint
(CMP) processing. We show that the significant improvement in signal-to noise ratio allows a successful application of spectral whitening to enhance the range of high-frequency recovered in the sections.
As a consequence, also a significant gain in vertical resolution is also provided by the use of the CRS
method.

INTRODUCTION
In very simple terms, resolution is defined as the ability to separate two adjacent signals and basically
depends of the size of heterogeneities of the medium as a function of the wavelength or frequency, emitted
by the source. Vertical resolution indicates the minimum thickness of a bed such that top and base can be
distinguished. Lateral resolution indicates the minimum horizontal distance between two points such that
they can be individually recognized. An excellent and short introduction to seismic resolution is provided
in Sheriff (2001).
Vertical resolution is most influenced by the frequency content of the seismic data. The most well
adopted vertical-resolution measure is the so-called Rayleigh criterion, namely one-fourth of the dominant
frequency of the signal emitted by the source. As the seismic signal looses its high-frequency content as
it progresses in depth, a corresponding decrease of vertical resolution is also to be seen with increasing
depth. A well-know conclusion from the above considerations is that vertical resolution can be improved
if the high-frequency components of the seismic signal are recovered, for example, by means of seismic
processing.
The spectral whitening (SW), e.g., Claerbout (1975), Khanna (1975) and Claerbout (1983), is one of the
most widely used techniques to enhance the high-frequency content of a seismic section. Spectral whitening tries to revert the effect of frequency attenuation, which for seismic wave propagation, is typically
increasing with depth. This process aims in having the amplitude spectrum of the data approximately flat.
In reality, what is applied is some kind of spectral “coloring”, because the maximum frequency recovery
depends on the random noise in the data. As high frequencies have low (coherent) amplitudes, they tend to
remain undetected in the presence of (generally non-coherent) noise.
As discussed above, during depth propagation, the seismic signal suffers considerable losses in in its
high-frequency spectrum. One can say that the Earth works as a low-pass filter. However, random noise
is present in all frequencies and is always added to the signal. It follows that, for increasing depth, the
high-frequency components of the signal are to be more contaminated with noise. In order to recover these
components, it is very desirable, as a first step, to eliminate or attenuate random noise.
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The Common-Reflection-Surface (CRS) method is seen to produce “cleaner”, namely, with a high
signal-to-noise (S/N) ratio, stacked 3D volumes or 2D sections (see, e.g., Zamboni et al., 2005; Marchetti
et al., 2005; Pruessmann et al., 2004; Marchetti et al., 2002). The low noise content in CRS stacked volume
is very adequate for enhancing high-frequency signals while keeping high-frequency noise small.
As a powerful noise attenuation technique, the CRS method provides an ideal starting point for the
application of the spectral whitening process, with the aim of recovering the signal spectrum up to its
Nyquist frequency. First results on the SEG 3D model, CREWES 3C-3D Seismic Data Set confirm our
expectations and open the way for important applications, such that detection of thin reservoirs.
CRS METHOD
In its simplest form, the CRS method aims in obtaining stacked (simulated zero-offset) images of superior quality, as well as extracting several wave-propagation parameters of the medium. CRS uses multiparameter coherence analysis (semblance) applied on “supergathers” of source-receiver pairs arbitrarily
located around a central point. The coherence analysis is carried out using a multi-parametric traveltimes
moveout performed for all traces and samples of the output (simulated) stacked volume. The elimination
of the restriction to CMP gathers in the CRS stack allows for the full use of all available seismic data. This
results in a substantial enhancement of S/N ratio. Moreover, the increased number of parameters obtained
by the CRS method enables extraction of more information about the subsurface medium, which can be
useful for a variety of other processing tasks, such as seismic imaging and inversion.
CRS uses the general hyperbolic traveltime equation, which is a natural expansion of the traveltime
equation used in the CMP method.
The general hyperbolic moveout allows the use of traces of non-symmetric source-receiver pairs, so
that significantly higher number of traces can be employed to produces the same stacked trace.
Differently from the CMP method, that uses the normal moveout (NMO) applied on CMP gathers, CRS
uses a multi-parametric moveout equation, the general hyperbolic traveltime (see, e.g. Ursin, 1982), valid
for arbitrary configurations of source-receiver pairs in a neighborhood of a reference trace location, m0 ,
called central point. In the majority of the cases, the central point is simply a CMP position. Due to the use
of source-receiver pairs with arbitrary localizations, relatively to the central point, the CRS method is able
to stack significantly more traces than the CMP method to simulate each ZO trace. This explains the better
definition and cleaner images displayed in the CRS sections.
3D General Hyperbolic Traveltime: We assume, for simplicity that the measurement surface is a horizontal plane, supposed to be the x − y-plane of a fixed 3D-Cartesian coordinate system. The z-axis
points to the normal of the measurement plane. Within this system, we consider an ensemble of traces, of
source-receiver pairs, (xs , xr ), around a given zero-offset location, m0 . For a fixed target (for simplicity
a non-converted) reflection, the general hyperbolic stacking operator can be written in the form (see, e.g.,
Ursin, 1982, with a different notation)
t2 (m, h) = (t0 + 2pT0 m)2 + mT Bm + hT Ch ,

(1)

where
m = (xs + xr )/2 − m0

and h = (xr − xs )/2

(2)

are the (relative) midpoint and half-offset coordinates of the given source-receiver pair on the measurement
surface. Moreover, p0 is the linear parameter, namely a 2D vector,


∂t
∂t
T
=
, (i = 1, 2) ,
(3)
p0 =
∂m
∂mi
and B and C, the quadratic parameters, namely 2 × 2 symmetric matrices, given by


∂2t
∂2t
B=
=
,
∂m2
∂mi ∂mj
(i, j = 1, 2)


∂2t
∂2t
=
,
C=
∂h2
∂hi ∂hj

(4)
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all these derivatives being evaluated at m = h = 0. These quantities, which comprise eight independent
unknowns (namely, two unknowns for p0 and three unknowns for each B and C), are referred to as the
CRS parameters of the traveltime moveout. The CRS vector parameter, p0 represents the projection on the
measurement plane of the slowness vector of the ZO ray at irs emergence point, m0 . It is given by
pT0 = (sin β cos λ, sin β cos λ)/v0 ,

(5)

where β and λ are the angles the ZO ray makes with the z-axis (the normal to the measurement plane) and
the x-axis (the azimuth angle) of the given, fixed 3D Cartesian coordinate system. The matrix parameters,
B and C relate to the normal- and NIP-wave curvature matrices, as introduced in Hubral (1983).
CRS parameter search: The 3D ZO CRS method uses eight parameters or attributes, which are estimated upon a direct application of traveltime coherence analysis (semblance) on the multi-coverage seismic data. As described in, e.g., Müller (2003), the parameter search strategy, consists of separate searches
of up to three parameters, applied on suitable subsets of the data. This strategy is a natural extension of
the original implementation of the 2D ZO CRS stack, as proposed by Müller (1999); Mann (2002), which
employed a split search strategy of three one-parametric searches.
Hyperbolic CMP stack: Considering CMP gathers only (i.e., m = 0), equation (1) reduces to
t2CM P (h) = t20 + hT Ch .

(6)

The above traveltime, which coincides with the familiar CMP normal moveout (NMO), is used for
a three-parameter search for the CRS quadratic matrix parameter C. After estimation of C, the
CMP data is stacked so as to obtain a simulated ZO volume. In this volume, the original reflection
traveltime 1 reduces to its corresponding ZO traveltime
t2ZO (h) = (t0 + 2pT0 m)2 + mT Bm .

(7)

Equation 7 is obtained by setting h = 0 in equation 1.
Linear and Hyperbolic ZO stacks:
With the help of the equation 7, the linear parameter vector, p0 , and the quadratic matrix parameter,
B, will be estimated. The first of these searches, the linear ZO search, is performed under the
assumption that B = 0, i. e., the reflection events are parameterized by a first order approximation.
In this situation, we have
T
tlin
ZO (m) = t0 + 2p0 m .

(8)

Based on equation (8), a two-parametric search for p0 is carried out. Setting the obtained linear
parameter vector, p0 , in equation 7, we next perform a three-parameter search for the estimation of
the CRS matrix parameter, B.
CRS initial stack: Once the eight CRS parameters, as given by p0 , B and C, are known, a stack
over the full data set can be performed using the operator (1). In addition to the stacked volume, also
eight parameter volumes with corresponding coherence volumes, as well as a coherence volume for
the CRS stack are obtained.
Optimized CRS stack:
As proposed by Mann (2002), in the 2D ZO CRS stack, a further step, called the Optimized CRS
stack, is additionally done. This procedure is to assume the previously obtained CRS parameters as
“initial values” and to apply a new optimization technique as a refinement operation. For the 3D ZO
CRS stack, this step will be much more expensive than its 2D counterpart (in fact, one has to deal
with eight parameters instead of three). As a consequence, this further optimization procedure is, at
least in the present implementation, not carried out.
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INFLUENCE OF CRS APERTURES ON S/N RATIO
All the above-described search and stack operations are to be done for all time samples and all midpoints
(i.e., trace locations) of the ZO (stacked) volume to be simulated. For each given trace, the search and
stack are performed within user-specified neighborhoods (referred to as apertures) about the reference
trace (usually a given central point) and the reference time sample. In order to obtain best quality CRS
stacking volumes, not only accurate CRS parameters p0 , B and C, but also well-selected apertures, are
required. The two-dimensional apertures, (Amx , Amy ) (in midpoint) and (Ahx , Ahy ) (in offset), define
which traces will be stacked. A best-possible choice of apertures is, up to now, not an automatic procedure,
depending on the user’s experience. It is out of the scope of the present paper to go into this matter, but we
believe that, as a result of wide application and investigation, the problem of aperture selection tends to be
better understood.

Figure 1: Normalized mean square error between a fixed, original trace with no random noise, and recovered traces obtained after processing with CRS method with different apertures. The traces used as input
to the CRS method were subjected to random noise.
√
As shown in Mayne (1962), the S/N ratio is proportional to N , where N is the number of stacked
traces. To evaluate the increase in S/N ratio in the CRS stack as a function of the number of traces, we
consider the following experiment: for a given (random) reflectivity trace with no noise, many copies of
that trace were produced and, to each of them random noise has been added. For this simple data set,
we carried out CRS with several apertures. Figure 1 illustrates the enhancement in S/N ratio by CRS
stacking as a function of the considered number of traces. Such enhancement has been measured using
the Normalized Mean Square Error. Figure 1 clearly shows that the aperture choice for CRS has a strong
impact on the increase of S/N ration. However, the most significant increase can be found at the initial
part of the curve. Namely, the influence of the amount of traces diminishes rather rapidly. This leads to
the conclusion that it is better to stay with smaller apertures, as long as the number of traces is sufficiently
large. In particular, it is also important to keep the aperture in midpoint, (Amx , Amy ) rather low because
it may harm the horizontal resolution. We found that such strategy is feasible in 3D, but has problems in
2D (because of overall lack of traces). A discussion in these matters is, however, out of the scope of the
present paper and will not be considered.
SPECTRAL WHITENING
One of the most widely used tool for improving vertical resolution is the Time-Variant Spectral Whitening
(TVSW) (Yilmaz (2000)). Its main goal is to broaden the spectra by performing an amplitude balancing.
TVSW decomposes a seismic trace into frequency sub-bands and separately scales these frequency-sliced
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traces in a time-variant fashion to a fixed amplitude level. The final output from TVSW is the summation
of these scaled sub-band traces. For more information on TVSW, the reader is referred to Yilmaz (2000),
section 2.8.1. Here, TVSW was performed using the P roM AX c package.
The resulting spectral width strongly depends on the amount of noise, or more specifically, the S/N ratio
within the data. Given such amount of noise, there is a maximum frequency until which TVSW can be
performed. Balancing amplitudes beyond such limit boosts too much high-frequency noise, thus making
the section noisier. The efficiency of TVSW is greatly increased when it is applied to data with a minimum
amount of noise. In this situation, the TVSW frequency limit can be very much increased.
To justify the above considerations, we prepared two experiments designed to show the ability of TVSW
to recover high-frequency signals. Both experiments will make use of a fixed attenuated seismic trace
constructed as follows: For a given (random) reflectivity trace, we create a seismic trace by convolving it
with a 125 Hz Klauder wavelet. Our desired attenuated trace is next produced by the application of a Qfilter with Q=100. Our first experiment aims to recover the non-attenuated trace by means of an application
of TVSW on its corresponding attenuated one. A flow chart of the procedure is shown in Figure 2.

Figure 2: Flow chart for the first experiment.
The second experiment is designed to evaluate the ability of TVSW to recover high frequencies within
the low-noise environment such as a CRS stacked data. Starting from the previous attenuated trace, we
produce several copies of that trace, each of them with random noise added. These traces are then added to
produce a single stacked trace on which TSVW is applied. The resulting trace is finally compared with the
(non-noise) TSVW recovered trace obtained in the previous experiment. The flow chart of this procedure
is shown in Figure 3. In both experiments, TVSW has been applied up to 125 Hz, which is the Nyquist
frequency for the sampling rate under consideration.

Figure 3: Flow chart for the second experiment.
The results of both experiments within the last 1000 ms (for which we find the most significant differences) are shown in Figures 4(a)- 4(b), respectively. We can see that, in both situations, TVSW was able to
recover the signal rather well.
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(a)

(b)

Figure 4: Results of experiments (last 1000 ms) (a) First experiment: original trace in blue, attenuated
trace in black and recovered trace in red; (b) Second experiment: original trace in red, CRS-recovered trace
in blue;
REAL DATA EXAMPLE
In this example, we used the CREWES 3C-3D Seismic Data Set available from the SEG. Only the Pwave vertical component has been considered. As a first step, a careful conventional processing (using the
software package P roM AX c ), has been carried out in order to: (1) obtain a good-quality stacked volume

100

Annual WIT report 2007

and (2) perform the pre-processing necessary to apply the CRS searches and stack.
As a next step the CRS method has been applied. For this application, also a careful selection of apertures in midpoint and offset has been considered. The results of the CMP- and CRS-stacks are displayed in
Figures 5(a) and 6(a), respectively. As a result of the increased number of traces used by the CRS method,
we see that a cleaner 3D ZO volume is obtained by CRS than the CMP method. More specifically, in CRS,
reflections are better defined and the noise level decreases.
We test the ability to recover high-frequencies from the two stacked volumes. To do this, we apply a
spectral whitening up to 80Hz to both 3D volumes. Figure 5(b), for the CMP method, and Figure 6(b), for
CRS, show the obtained high-frequency recovery for both volumes.
Figure 6(b) also shows an increased number of thin layers, which indicates a higher dominant frequency.
This property can play a significant role, for instance to detect top and base of thin reservoirs.
To confirm that spectral whitening (TVSW) is able to recover signal high-frequencies in the CRS
stacked volume while keeping noise in a low level, we adopt a purely practitioner point of view and make
use of a standard technique to, at least qualitatively, measure the signal and noise amplitude spectra from
a given data set. In P roM AX c , this tool is called Interative spectral analysis. Without entering into a
discussion on the specifics of such procedure, we simply compared its application on the CMP and CRS
stacked volumes. For more information on properties of signal and noise spectra, the reader can refer to
Dash and Obaidullah (1970).
Figures 7 shows the amplitude spectra of the total signal (red) and of random noise (black) of the CMP
and CRS stacked data volumes, before and after application of spectral whitening. Application of TVSW
was carried out up to 80 Hz. We clearly see that, CMP data volume, already noisy from the start, suffers
a significant loss of quality due to the enhancement of random noise that was present in the stacked data.
Note that there is a large value of random noise (black color) around 70Hz. The stacked volume obtained by
the CRS method has maintained its quality up to the full 80Hz spectral whitening. We can verify that, in all
frequencies, the random noise is consistently small. With the new dominant frequency of approximately
50 Hz (the previous one was approximately 30 Hz), an increasing number of thin layers, in the present
situation with half the previous thickness, could be identified.
CONCLUSIONS
The CRS method produces stacked volumes using significantly more traces than its counterpart conventional CMP method. Due to its larger redundancy, the random-noise reduction which is inherent to the
stacking process, is more pronounced in CRS, leading to stacked volumes with a high S/N ratio. CRS
cleaner are very adequate for recovering high-frequency signals using available spectral whitening processes, for example, time-variant spectral whitening (TVSW). By means of synthetic and a 3D field data
example, the CREWES 3C-3D Seismic Data Set, we have confirmed the ability of TVSW to effectively recover signal high frequencies on CRS stacked volumes. Corresponding procedures on CMP stacked data,
which exhibits a smaller S/N ratio, compares much more favorably to CRS. CRS select traces using offset
and midpoint apertures. We also observe that the key factor for S/N enhancement is the number of traces.
In this way, the larger the apertures, the better the vertical resolution will be. Care, however, must be taken
with the size of midpoint aperture, as it may lead to lateral resolution losses. In the case of 3D data, midpoint apertures can be kept small enough so as to avoid lateral resolution problems. In the 2D situation, the
problem tends to be more pronounced.
The good results in the enhancement of signal frequencies obtained by means the use of spectral whitening on CRS stacked volumes, open the way for very practical applications, among them, the detection of
thin reservoirs.
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(a)

(b)

Figure 5: CMP Method: 3D seismic data volume stacked (some inlines) (a) before and (b) after applying
the Spectral Whitening process, up to 80 Hz.
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(a)

(b)

Figure 6: CRS Method: 3D seismic data volume stacked (the same inlines shown in Figure 5) (a) before
and (b) after applying the spectral whitening process, up to 80 Hz.

Annual WIT report 2007

103

(a) CMP before TVSW

(b) CMP after TVSW

(c) CRS before TVSW

(d) CRS after TVSW

Figure 7: Amplitude spectra of CMP and CRS stacked volume before and after TVSW. Total spectra is in
red and random noise is in black.
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ABSTRACT
We extend the paper with the same title that composes the WIT Report 2006. The new material
includes an updated description of our depth-velocity determination algorithm and the incorporation
of a 3D synthetic example. Our results show that the method works well in the present 3D situation.

INTRODUCTION
This work is a continuation of our previous paper, Iversen and Tygel (2006), from now on referred to as
Paper I. Our objective is to present theory and numerical examples for a 3D image-ray tracing and depthvelocity estimation algorithm. As also indicated in Paper I, we rely on the analysis and many results of
the pioneering works of Cameron et al. (2006) in 2D and Cameron et al. (2007) in 3D. It differs, however,
in the algorithm of image-ray tracing and the construction of depth velocities. The algorithm presented in
Cameron et al. (2007) requires that the time-migrated velocity field is available for at least three different
directions along the measurement surface. Our algorithm uses requires only one direction for the timemigrated velocity field. As a consequence, the range of practical applications is extended. A discussion on
the actual differences between the two approaches is provided in Appendix A.
In order to have the paper self contained, we review the methodology and main results of Paper I. In
the process, we also update some of the explanations and expressions.
The new algorithm has been applied and discussed on a 3D synthetic example. Our overall impression
from this first test is that the errors generated by the developed image-ray transformation are smaller than
those of the classic vertical-ray transformation, in particular concerning lateral positioning.
NOMENCLATURE
In order to make the mathematical derivations easier to follow, lists of the most important symbols used in
the text are displayed in Table 1. Lower and upper case letters, i and I, used as subscripts may have the
values i = 1, 2, 3, and I = 1, 2, respectively. For three-component vectors we use standard notation, e.g.,
a, while for two-component vectors a bar is written above the symbol, e.g., ā. Vectors are equivalently
considered as column matrices. To distinguish between matrices of size 3 × 3 and 2 × 2, we use the
notations Â and A, respectively. The notation AT is used for the transpose of the matrix A, while A−T
T
is a shorthand notation for A−1 . In cases where ambiguity may arise, a superscript in the form (q) on
vectors/matrices serves as a label for the coordinate system under consideration. The 3 × 1 column vector
containing the first partial derivatives and the 3 × 3 matrix containing the second-order partial derivatives
of a scalar field W with respect to the variables, x = (xi ), are written in the forms

 2
T

∂W
∂W
∂2W
∂ W
=
and
=
.
(1)
∂x
∂xi
∂x2
∂xi ∂xj
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Symbol
x = (xi )
s̄, r̄, x̄ = (s̄ + r̄)/2, ȳ = (s̄ − r̄)/2
x̄M , a = x̄ − x̄M
t
TM
(x̄, t)
(x̄M , T M )
θ
ū = (cos θ, sin θ)T
M /2
γ = (γi ), γI = xM
I , γ3 = T = T
q = (qi )
(q̄, γ3 ), γ3 = T
V M (x̄M , T M )
M (γ)
vdix

v(x), v(q)
V (γ)
F (γ)
M̂(x)
x, p
x0 , p0 , v 0 , e01 , Π0 and γ 0
(x)

(q)

Q̂1 , Q̂1
Π
Q1 , P 1
Q2 , P 2

H = (e1 e2 e3 )

Meaning
Global Cartesian coordinates of the depth domain
Source/receiver and midpoint/half-offset coordinates
at measurement surface
Time-migration apex and aperture vectors at measurement surface
Time variable of the unmigrated time domain
Time variable of the migrated time domain
Unmigrated time domain coordinates
Migrated time domain coordinates
Migration azimuth
Unit vector in the migration azimuth direction
Ray coordinates for a field of image rays
Local Cartesian coordinates along the image ray
Ray-centered coordinates along the image ray
Time-migration velocity field
for a given migration azimuth
Time-migration interval velocity field
for a given migration azimuth
Depth-domain velocity field in global and local Cartesian coordinates
Depth-domain velocity field in ray coordinates
Velocity spreading factor
3 × 3 symmetric matrix corresponding to
azimuth-dependent migration velocity
Position and slowness vectors of image rays
Image-ray quantities at the initial point γ 0 = (xIM 0 , tM O = 0)
3 × 3 matrices (∂xi /∂γj ) and (∂qi /∂γj ),
in global and local Cartesian coordinates,
corresponding to plane-wave initial condition
Ray propagator matrix
First set of paraxial matrices,
corresponding to plane-wave initial condition
Second set of paraxial matrices,
corresponding to point-source initial condition
3 × 3 transformation matrix with columns ei ,
the i-th unit vector of the local Cartesian
coordinate system along the image ray

Table 1: Table of most important symbols used in the text.

THEORY
In this section, we explain how we can trace image rays into depth and simultaneously estimate the velocity
along them from the knowledge of a 3D time-migration velocity field in an arbitrary single direction along
the measurement surface. We observe that the required single-direction velocities are extracted from an
underlying full 3D time-migration velocity field.
Coordinate systems: The construction of image rays, as envisaged by our methodology, mainly relies
on the concepts and results of standard kinematic and dynamic ray tracing, as described, e.g. in Červený
(2001). In this way, it is instrumental to introduce, besides a global depth-domain Cartesian coordinate
system, x = (xi ), also additional coordinate systems that will be associated to the image rays. The
first of these to be mentioned here is the coordinate system associated with the time-migration domain,
M
M
(xM
1 , x2 , T ). Closely connected to the latter is the ray coordinate system, γ = (γi ), which defines the
image rays issued from all trace locations of the time-migrated seismic data set. This means that that the
M
first two coordinates are defined as γ1 = xM
1 , γ2 = x2 . For the variable along the ray, γ3 , we shall use
the one-way traveltime, denoted by the symbol T . In other words, we have γ3 = T = T M /2. The threedimensional curvilinear space formed by the ray coordinates is referred to as the ray domain. Finally, we
shall need also the ray-centered coordinate system, (q1 , q2 , γ3 ), introduced by Popov and Pšenčík (1978)
and a corresponding local Cartesian coordinate system, q = (qi ), which is attached to each individual point
on the image ray. The vectorial function x(γ) describes a mapping of a point γ in the ray coordinate system
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onto a point x in the global Cartesian coordinate system. Since this mapping is based on the construction
of image rays, we refer to it as the image-ray transformation.
Input data: For the combined image-ray tracing and depth-domain velocity estimation, we assume the
knowledge of a single-direction time-migration velocity function, V M = V M (x̄M , T M , θ), extracted from
M T
a full 3D time-migration velocity field. Here, x̄M = (xM
1 , x2 ) specifies a trace in the time-migrated data
M
set, T denotes the (two-way) migration time and θ is the angle specifying the direction along which the
migration velocity is given. This angle is referred to in the following as the migration azimuth or, in brief,
just as azimuth.
Prior to applying our ray-tracing method, it is practical to convert the time-migration velocity by Dix’s
method to the so-called time-migration interval velocity,
1/2 
1/2

d
d
M
M
M 2
M 2
=
.
(2)
vdix
(γ) =
[T
(V
)
]
[T
(V
)
]
dT M
dT
M
The function vdix
must possess only weak variations with respect to the (lateral) coordinates γ1 and γ2 . In
M
M
addition, it is essential for the stability of the ray-tracing procedure that vdix
and its derivatives ∂vdix
/∂γi
2 M
and ∂ vdix /(∂γI ∂γJ ) are smooth functions of all three coordinates γi .

Kinematic ray tracing: A basis for kinematic ray tracing in 3D isotropic elastic media can be formulated
by the ordinary differential equations (see, e.g., Červený, 2001, Section 3.1.1)
dx
= v 2 (x)p,
dT

and

dp
∂v
= − v −1 (x) .
dT
∂x

(3)

Evaluation of the above kinematic ray-tracing equations requires the knowledge of the velocity, V (x) and
its gradient, ∂v/∂x, which we do not have directly access to. As shown below, however, we will overcome
this situation by a further analysis that involves the dynamic ray-tracing system.
Dynamic ray tracing: The dynamic ray-tracing system, also in 3D isotropic elastic media, is now formulated in ray-centered coordinates. For a fixed image ray, we consider the attached local Cartesian coordinate
system, q. For each coordinate, qi , we associate a corresponding unit basis vector, ei . These unit vectors
constitute the columns of an orthonormal transformation matrix,

Ĥ = e1 e2 e3 .
(4)
The matrix Ĥ can be computed in any point along the ray if we include within the system of ray differential
equations the following equation,
de1
dp
= − v 2 (e1 ·
)p ,
(5)
dT
dT
where dp/dT is given by the second relation in equation 3. Knowing the vector e3 = p/kpk and in
addition the vector e1 resulting from numerical integration including equation 5, the vector e2 is easily
obtained by the cross product
e2 = e3 × e1 .
(6)
In the following, we use the standard formulation of complete dynamic ray tracing in terms of 4 × 4
matrices in ray-centered coordinates,
dΠ
= SΠ ,
(7)
dT
with the initial condition


I 0
0
Π =
.
(8)
0 I
Here, Π is the ray propagator matrix with sub-matrices of size 2 × 2,


Q1 Q2
Π=
.
P1 P2

(9)
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As is well-known, the first and second set of paraxial matrices, (Q1 , P1 ) and (Q2 , P2 ), can be interpreted
as plane-wave (or telescopic) and point-source components of the propagator matrix, Π (see, e.g., Červený,
2001). Since image rays correspond to an initially plane wave, the relevant set of paraxial matrices is
(Q1 , P1 ). Matrix S in equation 7 has the definition


 2 
∂ v
0
v2 I
S=
, where V =
.
(10)
− v −1 V 0
∂qI ∂qJ
Relating time- and depth-domain velocity functions: In order to simplify the notation, we shall, in the
following, consider three velocity functions, all of them denoted by the letter, v, and distinguished solely by
their arguments: v(x), v(γ) and v(q). More specifically, v(x) and v(γ) will designate the depth-domain
velocity in global Cartesian coordinates and ray coordinates, respectively. In a standard forward ray-tracing
application, i.e., when image rays are computed from a known velocity field v(x), the velocity v(γ) can be
obtained for each ray (for which the first two components, γ̄ = (γ1 , γ2 )T are fixed) simply by assigning
the value v(x) at each position x on the ray to the corresponding coordinate vector γ. Finally, for any
selected point on the ray, v(q) defines the velocity in the local Cartesian coordinate system.
As shown in Appendix B, the ray-domain velocity, V (γ), will be given by
M
(γ)F (γ),
V (γ) = vdix

(11)

where F , referred to as the velocity spreading factor, is given by
F (γ) = 

ūT Q2 −1 Q1 ū
−T
ūT Q−1
2 Q2 ū

1/2

.

(12)

In the 2D situation, the factor F reduces to the simple formula
F (γ) = Q1 ,

(13)

where Q1 is the scalar that corresponds, in 2D propagation, to the 2 × 2 transformation matrix, Q1 , which
refers to the 3D situation. Expression 13 coincides with the one given in Cameron et al. (2006, 2007).
M
We note that, although vdix
is directly available as input, the factor F depends on quantities belonging
to dynamic ray tracing along the image ray. This means that our image-ray construction must contemplate
a simultaneous solution of the kinematic and dynamic ray-tracing systems.
Derivatives of velocity functions: We now address the problem of determining the velocity derivatives
∂V /∂x and ∂ 2 v/∂ q̄2 that are needed in the kinematic and dynamic ray-tracing systems formulated above.
These will be given in terms of the ray-domain velocity derivatives, ∂v/∂γ and ∂ 2 v/∂ γ̄ 2 , respectively. The
latter derivatives are, in turn, closely related to the corresponding derivatives of our input time-migration
M
interval velocity field, vdix
.
For first-order derivatives, a simple application of the chain rule of advanced calculus yields
∂xk ∂v
∂V
=
,
∂γi
∂γi ∂xk
and also introduces the matrix
(x)

Q̂1


=

∂xi
∂γj

(14)


(15)

of the transformation between ray coordinates (γi ) and global Cartesian coordinates (xk ). Furthermore,
(x)
(q)
one can relate matrix Q̂1 to its counterpart, Q̂1 = (∂qi /∂γj ), in local Cartesian coordinates by the
transformation


0
Q1
(x)
(q)
(q)
0  .
Q̂1 = ĤQ̂1 , where Q̂1 = 
(16)
0 0
v
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We recall that Ĥ is the 3 × 3 matrix given by equation 4 and Q1 is the 2 × 2 upper left submatrix of the
4 × 4 ray-centered propagator matrix, Π, of equation 9. Under the assumption that the inverse matrix,
(x)
(Q̂1 )−1 = (∂γi /∂xj ), exists (or equivalently, that det Q̂(x) 6= 0), equation 14 can be recast as
∂v
∂V
(x)
= (Q̂1 )−T
.
∂x
∂γ

(17)

(x)

The existence of the inverse matrix (Q̂1 )−1 for all considered values of the ray-coordinate vector γ
ensures a one-to-one correspondence between ray coordinates and depth-domain coordinates, x = x(γ)
and γ = γ(x). Thus, in this particular situation each point in the depth domain is connected to the
measurement surface by at most one image ray only, and the image-ray field does not contain caustic
(x)
points. We remark, in passing, that the condition det Q̂1 6= 0 has to be fulfilled in any implementation
of the image-ray construction considered here. To obtain the relationship between the second derivatives
of velocity in ray coordinates and local Cartesian coordinates, the chain rule needs to be applied twice. As
shown in Appendix C, we have
 2

∂ V
∂V
∂γI ∂γJ
∂ 2 qK ∂V
∂2V
=
−
+ MN M
,
(18)
∂qN ∂qM
∂qN ∂qM ∂γI ∂γJ
∂γI ∂γJ ∂qK
∂T
where MN M = ∂ 2 T /∂qN ∂qM . At this point, it is essential to emphasize that conventional dynamic ray
tracing for a single ray does not allow computation of derivatives of qK of order two and higher. Hence,
we can conclude that if the procedure is to be based on computations along a single ray only, we have to
make the assumption that such derivatives have negligible values. Given that this assumption is satisfied,
equation 18 can be approximated by the simpler matrix expression
2
∂2V
∂V
−T ∂ V
=
Q
,
Q−1 + M1
1
∂ q̄2
∂ γ̄ 2 1
∂T

(19)

where M1 = ∂ 2 T /∂ q̄2 = P1 Q−1
1 . Equations 17 and 18 (or equation 19) provide the link between
the first and second derivatives of velocity with respect to ray coordinates and the corresponding velocity
derivatives with respect to global Cartesian coordinates and ray-centered coordinates, respectively. As seen
in the next section, this link will be crucial for the image-ray tracing and velocity estimation algorithm that
is proposed here.
Numerical integration along the image ray: Collecting results, the complete set of ordinary differential
equations integrated to obtain the image ray is specified by equations 3, 5, and 7. As input to the evaluation
of the right-hand side of the differential equations, we have the independent variable along the ray, T ,
and the set of dependent variables, x, p, e1 , and Π. We also need as input the horizontal coordinates
0
of the starting point of the image ray, xM
I , the unit vector corresponding to the migration azimuth, ū,
M
and the time-migration interval velocity field, vdix
(γ). An important part of the procedure is on-the-fly
transformation of function values, first derivatives, and second derivatives belonging to the time-migration
M
interval velocity field, vdix
(γ), to corresponding quantities in the ray-domain velocity field, V (γ). For
a better appreciation of the numerical integration scheme that is central to our time-to-depth conversion
algorithm, we have specified in Table 2 the sequence of computational operations involved in the evaluation
of the differential equations. It has been assumed that derivatives along a ray of ray-centered coordinates,
qK , of higher order than one in the ray parameters, γI , can be neglected. For the isotropic conditions under
consideration, the ray-domain velocity can be obtained, besides from equation 11, as the inverse length of
the slowness vector, V = kpk−1 . This provides a possibility of checking the numerical accuracy during
integration of the differential equations. For details concerning computation of velocity derivatives along
the image ray, see Appendix D.
Initial conditions for tracing the image ray: In order solve the kinematic and dynamic ray-tracing
systems, initial conditions have to be provided. These consist of initial values, x0 , p0 , e1 0 , and Π0 , given
for the initial ray coordinate vector γ 0 = (γ10 , γ20 , γ30 )T . Assuming, for simplicity, a planar horizontal
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Step #
1
2
3

4
5

6

7
8

9

10
11

12

13

Description
Form the vector γ = (γ1 , γ2 , T )T , where γ1 = x1M 0 and γ2 = x2M 0
are fixed for all computations along the ray.
M , and its derivatives,
Evaluate the time-migration interval velocity, vdix
2
M
M
∂vdix /∂γI and ∂ vdix /∂γI ∂γJ .
Calculate the factors A, B, and F :
T −1 −T
A = ūT Q−1
2 Q1 ū and B = ū Q2 Q2 ū ,
F = A/B 1/2 .
M F .
Establish the depth-domain velocity, V = vdix
Evaluate the differential equations
dx/dT = v 2 p ,
dQI /dT = v 2 PI .
Find the two remaining basis vectors of the local Cartesian coordinate system, using
e3 = p/kpk and e2 = e3 × e1 .
This yields the transformation matrix Ĥ = (e1 e2 e3 ) .
Use the transformation
Q̂(x) = ĤQ̂(q) .
Find derivatives of the factors A, B, and F , using the equations
∂A/∂T = − V 2 ūT Q2 −1 Q2 −T ū = − V 2 B
∂B/∂T = − 2V 2 ūT Q2 −1 P2 Q2 −1 Q2 −T ū .
∂F/∂T = (∂A/∂T ) B 1/2 − (∂B/∂T ) (A/2)B −3/2 .
Apply approximations for derivatives of factor F along the ray,
which yields
M /∂γ F
M /∂T F + v M ∂F /∂T .
∂V /∂γI = ∂vdix
and ∂V /∂T = ∂vdix
I
dix
Obtain the velocity gradient in depth-domain Cartesian coordinates by
∂v/∂x = (Q̂(x) )−T ∂V /∂γ .
Evaluate the differential equations for the vectors p and e1 ,
dp/dT = −v −1 ∂v/∂x ,
de1 /dT = −v 2 (e1 · dp/dT ) p .
Find the approximate second derivatives
M /∂γ ∂γ ) F ,
∂ 2 V /∂γI ∂γJ = (∂ 2 vdix
I
J
and apply the transformation
−1
−1
2
2
∂ 2 V /∂ q̄2 = Q−T
1 (∂ V /∂ γ̄ )Q1 + M1 (∂V /dT ), with M1 = P1 Q1 .
As a final step, evaluate the differential equations for matrices PI by
dPI /dT = −v −1 VQI .

Equation #

53
54
11
3
7, 9, 10
6
4
16
55
55
54

52
17
3
5
52
49
7, 9, 10

Table 2: Proposed sequence of computational steps involved in the evaluation of the right-hand side of the
system of ray differential equations.
0
0
M0
as the horizontal
datum surface, x3 = 0, for the time-migrated data, we set γ10 = xM
1 , γ1 = x2
M0
M0
coordinates of the starting point of the image ray. The given pair (x1 , x2 ), also specifies the trace
location in the time-migrated data set that corresponds to the image ray to be constructed. The initial
traveltime of the image ray is γ30 = T 0 = 0.
Since the initial slowness vector of an image ray, p0 , is always perpendicular to the measurement
surface, the two horizontal slowness vector components will both be zero, i.e., p01 = p02 = 0. The vertical
slowness vector component is given by the inverse ray-domain velocity, p03 = 1/V0 , at the trace location
0
M0
M0
(xM
= 2T 0 = 0. Furthermore, one can show (Appendix E) that
1 , x2 ) and zero migration time, t
the factor F in equation 12 has the limit one when the migration time approaches zero; hence, equation 11
yields the initial ray-domain velocity as
M
V 0 = vdix
(γ 0 ) .
(20)

Given the above specifications, the kinematic initial conditions for the image ray read
0
M0
T
x0 = (xM
1 , x2 , 0)

and p0 = (0, 0,

1 T
) .
V0

(21)

The initial unit vector e1 0 of the ray-centered coordinate system can be chosen quite freely within the
horizontal plane. One option is to align it with the migration azimuth direction, in other words, to specify
e1 0 = (cos θ, sin θ, 0)T . The initial ray propagator matrix, Π0 , is the 4 × 4 identity matrix given by
equation 8.
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Figure 1: Left: Depth-domain velocity used for generating input data for the tests. Top: Section x2 = 5
km. Middle: Section x1 = 7 km. Bottom: Depth slice x3 = 2 km
NUMERICAL EXAMPLES
In this section, we consider, as a first illustration of the method, examples based on a 3D model of the
subsurface. Three cross-sections through the P-wave velocity field of this model are shown in Figure I.
The velocity field contains mild lateral variations and is smooth throughout, i.e., it has no interfaces, discontinuities, or areas without data.
In order to obtain input data for the numerical tests, image rays were traced a one-way time T = 2 s
downward from a planar measurement surface, located at depth x3 = 0 km. Figure 2 (left) shows image
rays projected into the three global Cartesian coordinate directions. One can observe deviations of rays
from the vertical; still, the velocity variations responsible for these deviations do not introduce triplications
and caustics in the image-ray field. To facilitate display and comparisons of velocities, positions, and their
errors, we show, in the following, all results as functions of the coordinates of the time-migration domain.
As an introduction to this type of display, consider Figure 2 (right), which shows the "true" depth-domain
velocity posted along the generated image rays. By calculating the ray propagator matrix along the rays,
we obtained, as a by-product, the matrix of second derivatives of the one-way diffraction time, which
contains information about migration velocity for any azimuth, θ. Thereafter, we selected specifically the
migration velocity field corresponding to the azimuth θ = 0 degrees (Figure 3) (left) and converted it
to a time-migration interval velocity field (Figure 3) (right), using Dix’s method, see equation 2. The
reason for calculating the input data in this way was to attain control of errors resulting from the imageray transformation alone. We remark, in passing, that an equivalent approach to obtaining time-migration
interval velocities is to use equation 38.
The experiments were conducted with two transformations relating the time and depth domains. One
approach was established by neglecting all lateral variations of the time-migration interval velocity. Since
this action results in vertical image rays, we refer to it as the vertical-ray transformation. The other approach is based on the methodology for the image-ray transformation presented in this paper, but with the
underlying assumption that the derivatives of ray-centered coordinates along a ray, qK , of higher order than
one in the ray parameters, γI , can be neglected.
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Figure 2: Left: Projections of image rays in (top) x2 direction, (middle) x1 direction, and (bottom) x3
direction; Right: Depth-domain velocity as a function of time-domain coordinates. Top: Section x2 =
5 km. Middle: Section x1 = 7 km. Bottom: Time slice T M = 2 s
Considering first the vertical-ray transformation, Figure 4 (left) shows errors in the estimation of the
position (xi ) for a selected time slice, T M = 2 s. The corresponding errors resulting from the image-ray
transformation are shown in Figure 4 (right). The latter displays can be interpreted as estimated timeto-depth conversion errors for a virtual flat horizon in the time-migration domain. A possibility of direct
comparison between the vertical-ray and image-ray transformations is provided in Figure 5 (left). It can be
concluded that the errors arising from the applied image-ray transformation are smaller than those of the
vertical-ray transformation, in particular what regards the error in lateral positioning. From Figure 5 (right)
one can compare the accuracy of the depth-domain velocities obtained by the two approaches. Again, the
image-ray transformation generally yields smaller errors. We remark, however, that this approach is quite
sensitive to the smoothness of the first- and second-order derivatives of the time-migration interval velocity
field.
CONCLUSIONS
Starting from a given three-dimensional time-migration velocity field, available for a single migration azimuth, we have presented an efficient scheme to trace image rays and simultaneously estimate the velocity
along them. The obtained velocities can provide, after regularization, a depth-domain velocity field that
can be useful for many seismic applications. These include, e.g., the use of the estimated velocity field as a
macro-velocity model for depth migration or as an initial model for tomographic inversion. The proposed
scheme also provides the basis for time-to-depth conversion without the need for a priori information of
the depth-domain velocity model.
We have greatly benefited from recent investigations that establish the link between the time-migration
interval velocity and the corresponding velocity along the image ray. The resulting algorithm for 3D
image-ray tracing into depth uses a time-migration velocity field known in three different azimuths. In this
paper, besides reviewing the literature, we have introduced an alternative algorithm, which requires the
knowledge of the time-migration velocity field in a single azimuth only. As a consequence, we foresee that
our approach will be easier to use in practice. The new algorithm has been applied and discussed on a 3D
synthetic example. An overall impression from this first test is that the errors generated by the developed
image-ray transformation are smaller than those of the classic vertical-ray transformation, in particular
concerning lateral positioning.
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Figure 3: Left: Time-migration velocity as a function of time-domain coordinates. Top: Section xM
2 = 5
M
km. Middle: Section xM
=
7
km.
Bottom:
Time
slice
T
=
2s;
Right:
Time-migration
interval
velocity
1
M
as a function of time-domain coordinates. Top: Section xM
2 = 5 km. Middle: Section x1 = 7 km.
M
Bottom: Time slice T = 2 s.
The present scheme is bound to yield best results whenever time migration provides sufficient focusing
and also a reliable time-migration velocity field. As main advantage, it delivers a direct estimation of the
depth-domain velocity, with a minimum of user interaction/intervention. The method is very efficient, as
compared, for example, to full prestack depth migration and associated estimation of depth-domain velocity parameters. The constraints or limitations of the proposed procedure are the ones basically inherited
by the use of time migration, the ray method, and Dix’s type velocity inversions. For adequate ray-tracing
implementation, the time-migration interval velocity function, as well as its first-and second-order derivatives, all need to be “sufficiently smooth". Moreover, the resolution in the velocity estimation is expected to
be poor for deep and/or thin “layers". As an additional condition for effective implementation, care should
be taken such that the image-ray field has no triplications and caustics.
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Červený, V. (2001). Seismic Ray Theory, page 768. Cambridge University Press.
APPENDIX A
COMPARISON WITH THE APPROACH OF CAMERON ET AL. (2007)
The time-to-depth conversion procedure presented in this paper is based on the knowledge of migration
velocity, V M (x̄M , T M , θ), corresponding to a single azimuth, θ. Cameron et al. (2007) presented a different time-to-depth conversion approach, relying on the complete information of the variation of migration
velocity with azimuth. This information is contained in the matrix M(x) (x̄M , T M ). When matrix M(x) is
known for all relevant locations in the domain (x̄M , T M ), one can easily obtain the inverse matrix
N(x) = M(x)
as well as the derivatives
W=

−1

,

dN(x)
dN(x)
=2
.
dT
dT M

(22)

(23)
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Figure 5: Left: Vertical-ray vs. image-ray transformation approaches: Depth-domain position differences
for time slice T M = 2 s. Differences in coordinates (top) x1 , (middle) x2 , and (bottom) x3 ; Right: Comparisons of depth-domain velocities for time slice T M = 2 s. Error using (top) vertical-ray and (middle)
image-ray transformation. Bottom: Difference between the vertical-ray and image-ray transformations.
The velocity differences in the top, middle, and bottom sub-figures correspond, respectively, to the position
differences in Figures 7, 8, and 9.
Matrix W, constituting the input data for the time-to-depth conversion in the approach of Cameron et al.
(x)

(2007), is related to depth-domain velocity, V , and matrix Q↓1 by (see their equation 27)
−1

T
↓ (x)
↓ (x)
2
W=V
Q1
Q1
.

(24)

Introducing a unit azimuth direction vector, ū, and using the above equation, one can write
V 2 = ūT WEū ,
where matrix E is defined as
E = Q↓1

(x) T

Q↓1

(x)

(25)

.

(26)

Equation 25 can be compared to our result
M 2 2
V 2 = (vdix
) F .

(27)

Equations 25 and 27 represent two different bases for time-to-depth conversion and velocity estimation.
The approach based on equation 25, described by Cameron et al. (2007), uses as input the matrix W. The
dynamic ray tracing required for calculation of matrix E involves calculation of matrices Q↓1 and P↓1 , that
means, calculation of the second set of paraxial matrices is not required. The approach described in this
M
paper, which is based on equation 27, uses as input the time-migration interval velocity, vdix
, for a selected
azimuth direction, ū. The dynamic ray-tracing procedure needed for calculation of factor F , however,
requires calculation of both sets of paraxial matrices, (QI , PI ).
APPENDIX B
VELOCITY SPREADING FACTOR FOR THE IMAGE RAY
Derivations for velocity spreading along the image ray in the 2D and multi-azimuth 3D situations were
given in Cameron et al. (2006, 2007). In this appendix, we derive equation 12 for the velocity spreading
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factor, F , pertaining to the single-azimuth 3D case. Our starting point is the relationship between the
(azimuth-dependent) migration velocity, V M (x̄M , T M , θ), to the 2 × 2 matrix, M(x) (x̄M , T M ), of second
derivatives of one-way, upward, traveltime. Introducing the one-way, downward, migrated time T =
T M /2, it is given by
1
T [V M ]2 = T (x) ,
(28)
ū M ū
where ū is the direction vector for the migration azimuth used to obtain the migration velocity, V M . One
can relate matrix M(x) to the corresponding matrix M↑2 expressed in the ray-centered coordinates for the
upward direction of the image ray, as follows,
M(x) = I∗ M↑2 I∗ ,
where
I∗ =



−1
0

0
1

(29)


.

(30)

−1

Inserting M↑2 = P↑2 Q↑2 , and applying the relations for backward propagation of the ray propagator
matrix in Iversen (2006), we obtain


−1
T
−T
−1
T
T
M(x) = I∗ I∗ Q↓1 I∗ I∗ Q↓2 I∗
I∗ = Q↓1 Q↓2
= Q↓2 Q↓1 .

(31)

The last operation is a consequence of the fact that matrix M(x) is symmetric. Considering again equation
28, the migration velocity can therefore be calculated from the equation
T [V M ]2 =

1
−1
ūT Q↓2 Q↓1 ū

.

(32)

Substituting equation 32 into the Dix velocity equation 2, we obtain the important relation
d
M 2
(vdix
) =
dT

"

−1
d
ūT [Q↓2 Q↓1 ]ū
= − h dt
i2 .
−1
−1
ūT Q↓2 Q↓1 ū
ūT Q↓2 Q↓1 ū

#

1

(33)

To compute the derivative in the above equation, we observe that, for an isotropic medium, the differential
equation for paraxial matrix Q↓I , for I = 1, 2, is
dQ↓I
= v 2 P↓I
dT

−1

and also

dQ↓I
dT

= − v 2 Q↓I

−1

P↓I Q↓I

−1

.

(34)

The rightmost equation was obtained under the application of the generic formula
dA−1
dA −1
= − A−1
A ,
dT
dT

(35)

which results from differentiating both sides of the identity A−1 A = I, followed by the application of the
leftmost equation 34. Using the chain rule and also taking into account equations 34, we get
−1
d
[Q↓ Q↓1 ]
dT 2

i
h
−1
−1
−1
= V 2 −Q↓2 P↓2 Q↓2 Q↓1 + Q↓2 P↓1
i
h
−1
−1
−1
−1
−T
= − V 2 Q↓2
P↓2 Q↓2 − P↓1 Q↓1
Q↓1 = − V 2 Q↓2 Q↓2
,

(36)

where we have used the identity
P↓2 Q↓2

−1

− P↓1 Q↓1

−1

= Q↓2

−T

Q↓1

−1

,

(37)
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which is a property of the ray propagator matrix (see, e.g., Červený, 2001, equations 4.3.16). Substitution
into the Dix velocity formula 33 yields
−1

−T

ūT Q↓2 Q↓2 ū
M 2
(vdix
) =V2 h
i2 .
↓ −1 ↓
T
ū Q2 Q1 ū
from which

(38)

−1

[ūT Q↓2 Q↓1 ū]2
V2
.
F = M 2 =
−1
−T
(vdix )
ūT Q↓2 Q↓2 ū
2

(39)

Extracting the square root from both sides yields equation 12 given in the main text.
APPENDIX C
RELATING THE DERIVATIVES OF VELOCITY IN RAY COORDINATES AND LOCAL
CARTESIAN COORDINATES
As in the algorithm derived by Cameron et al. (2007), our scheme requires to connect the derivatives of
velocity in ray and local Cartesian coordinates. More specifically, we need relations between the derivatives
of the velocity functions V (γ1 , γ2 , γ3 ) and V (q1 , q2 , q3 ). First-order derivatives in the two coordinate
systems are connected by
∂qk ∂V
∂V
=
.
(40)
∂γi
∂γi ∂qk
Further differentiation yields
∂qk ∂ql ∂ 2 V
∂ 2 qk ∂V
∂2V
=
+
.
∂γi ∂γj
∂γi ∂γj ∂qk ∂ql
∂γi ∂γj ∂qk
We multiply both sides of equation 41 by the derivatives (∂γi /∂qn ) and (∂γj /∂qm ). The result is
 2

∂γi ∂γj
∂ V
∂ 2 qk ∂V
∂2V
=
−
.
∂qn ∂qm
∂qn ∂qm ∂γi ∂γj
∂γi ∂γj ∂qk

(41)

(42)

The derivatives needed specifically for dynamic ray tracing are ∂ 2 V /∂qN ∂qM . Utilizing that ∂γ3 /∂qN = 0
and that ∂V /∂q3 = V −1 ∂V /∂T , we obtain
 2

∂2V
∂γI ∂γJ
∂ V
∂ 2 qK ∂V
∂γI ∂γJ ∂ 2 q3 ∂V
=
−
− V −1
.
(43)
∂qN ∂qM
∂qN ∂qM ∂γI ∂γJ
∂γI ∂γJ ∂qK
∂qN ∂qM ∂γI ∂γJ ∂T
In a similar way as for velocity, V , one can relate derivatives of traveltime, T , in ray coordinates and
local Cartesian coordinates, as follows,
∂T
∂qk ∂T
=
,
(44)
∂γi
∂γi ∂qk
∂2T
∂qk ∂ql ∂ 2 T
∂ 2 qk ∂T
=
+
.
∂γi ∂γj
∂γi ∂γj ∂qk ∂ql
∂γi ∂γj ∂qk

(45)

In the following, we consider only the ray coordinates γI . Moreover, we utilize that traveltime T is constant
along a wavefront, which means that ∂T /∂qK = 0 and ∂ 2 T /∂γI ∂γJ = 0. Consequently, equation 45 can
be restated as
∂qK ∂qL ∂ 2 T
∂ 2 q3 ∂T
0=
+
.
(46)
∂γI ∂γJ ∂qK ∂qL
∂γI ∂γJ ∂q3
Applying the definition MKL = ∂ 2 T /∂qK ∂qL , and inserting ∂T /∂q3 = V −1 , we obtain,
∂ 2 q3
∂qK ∂qL
= −V
MKL .
∂γI ∂γJ
∂γI ∂γJ

(47)
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The last result is substituted into equation 43, which yields
 2

∂2V
∂ V
∂γI ∂γJ
∂ 2 qK ∂V
∂V
=
−
+ MN M
.
∂qN ∂qM
∂qN ∂qM ∂γI ∂γJ
∂γI ∂γJ ∂qK
∂T

(48)

Therefore, for a situation where the effect of the derivatives ∂ 2 qK /∂γI ∂γJ is negligible, we can use, in
matrix form, the approximation
2
∂2V
∂V
−T ∂ V
=
Q
Q−1 + M1
,
1
∂ q̄2
∂ γ̄ 2 1
∂T

(49)

where M1 = P1 Q−1
1 .
APPENDIX D
COMPUTATION OF VELOCITY DERIVATIVES ALONG THE IMAGE RAY
In this appendix, we describe an approach for computation of the first and second derivatives, ∂V /∂γ and
∂ 2 V /∂γ 2 at each ray coordinate vector, γ, that are required for our image-ray tracing scheme. Twice
differentiation of equation 11 yields

and

∂V
∂v M
M ∂F
= dix F + vdix
∂γi
∂γi
∂γi

(50)

 M

M
M
∂ 2 vdix
∂vdix ∂F
∂vdix
∂F
∂2F
∂2V
M
=
F+
+
+ vdix
.
∂γi ∂γj
∂γi ∂γj
∂γi ∂γj
∂γj ∂γi
∂γi ∂γj

(51)

M
Since vdix
and its derivatives are known, our problem reduces to finding the derivatives of the velocityspreading factor F , given by equation 12. The factor F depends on the matrices Q1 and Q2 of the dynamic
ray-tracing system. In view of the discussion related to equation 18, it is clear that for a time-to-depthconversion procedure based on tracing single image rays, one has to make the approximation that the
derivatives of factor F with respect to γI , along a given ray, are neglected. As a consequence, only the
derivatives in equations 50-51 of F with respect to T survive.
One can show, finally, that our integration procedure does not rely on the second derivatives ∂ 2 V /∂T 2 ,
which means that calculation of the second derivative ∂ 2 F /∂T 2 is not required. Equations 50-51 can
therefore be restated as

∂V
∂v M
= dix F ,
∂γI
∂γI

∂V
∂v M
M ∂F
= dix F + vdix
∂T
∂T
∂T

and

M
∂2V
∂ 2 vdix
=
F.
∂γI ∂γJ
∂γI ∂γJ

(52)

Given the above approximations, we are reduced, thus, to the calculation of ∂F/∂T . For that matter, it is
convenient to introduce the quantities
T −1 −T
A = ūT Q−1
2 Q1 ū and B = ū Q2 Q2 ū ,

(53)

from which we can write F and ∂F/∂T as (see equation 12)
F =

A
B 1/2

and

∂F
∂A 1/2
A ∂B
=
B
−
.
∂T
∂T
2B 3/2 ∂T

(54)

It remains to obtain ∂A/∂T and ∂B/∂T . Working similarly to the derivation of equation 36, we readily
find
∂A
= − V 2 ūT Q2 −1 Q2 −T ū = − V 2 B
∂T

and

∂B
= − 2V 2 ūT Q2 −1 P2 Q2 −1 Q2 −T ū .
∂T

(55)

It must be noted that the above formulas for factor F and its derivative ∂F/∂T cannot be used for zero
migration time, for which B = 0. We find, however, that a second-order approximation for the factor F in
the vicinity of T = 0 is given by
∂2V
1
ū ,
(56)
F = 1 − V T 2 ūT
2
∂ γ̄ 2
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which yields, at T = 0,
F =1,

∂F
=0.
∂T

(57)

In the 2D situation, we have
dQ1
∂F
=
= V 2 P1 ,
∂T
dT
which is reduced to equation 57 in the limit of zero time, since at that time Q1 = 1 and P1 = 0.
F = Q1 ,

(58)
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ABSTRACT
Semblance is the mostly used coherence measure for parameter estimation from geophysical data. The
best example is velocity analysis in which the normal-moveout velocity is extracted from commonmidpoint (CMP) gathers. In complete analogy to velocity analysis, semblance is also applied to estimate Common-Reflection-Surface (CRS) parameters by means of the hyperbolic traveltime applied to
multicoverage data. In statistics, semblance is related to the so-called second moment and in optimization theory, to the least-squares solution of maximum signal energy as a characterization of reflection
events. Extensions of the usual semblance can be defined by replacing second-order by higher-order
quantities. Here we found encouraging results by a natural extension of semblance to fourth order.
The introduced fourth-order semblance is applied to CRS parameter estimation. Numerical examples
show that the search using fourth-order semblance is more reliable for high noise levels.

INTRODUCTION
Since the famous work of Taner and Koehler (1969), semblance has been a reliable measure of coherence
in seismic processing. Many applications like stacking velocity analysis (Doherty and Claerbout, 1976;
Yilmaz, 1979), migration velocity analysis (Sattlegger, 1975; Dohr and Stiller, 1975; Al-Yahya, 1989;
Schleicher and Biloti, 2007), filter techniques (Reiter et al., 1993) or CRS stack (see, e.g., Höcht et al.,
1999) rely on semblance to detect the shape of reflection events in seismic data.
Semblance is known to depend in various degrees on operator size (aperture and window length) and
noise level (Douze and Laster, 1979). Moreover, it is based on the assumption of white noise. Therefore,
it sometimes shows unpredictable behaviour if the noise is actually coloured. For these reasons, many
attempts have been made to find a more stable measure of coherence that depends less on the kind of
noise in the data or the choice of the parameters used in the analysis. One of the most successful ones is
differential semblance (Symes and Carazzone, 1991; Symes and Kern, 1994).
Being a very robust and easy to calculate measure of coherence for a broad variety of situations, the
second-order coherence measure semblance has survived all these attempts. Nonetheless, there exist particular situations, where other coherency measures can be advantageous. In this paper, we compare its
behaviour to those of a first- and a fourth-order coherence measure. We show that while in conventional
velocity analysis, there is no gain in replacing semblance by one of the other measures, for the linear search
of the CRS stack (Müller, 1999), the fourth-order measure is less dependent on aperture and noise level,
thus resulting in reliable estimates of the local slope more often than when using conventional semblance.
INTERPRETATION OF SEMBLANCE IN STATISTICS
One important step in the CMP (or CRS) stacking process is to find pre-assigned curves or surfaces (e.g.,
hyperbolic curves) that fit the reflection traveltimes in some best possible way. Of paramount importance
is an accurate determination of the parameters that define the best-fit curves or surfaces, as these con-
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vey most relevant information to be extracted from the seismic data. Of course, due to the presence of
noise, these tasks can be very difficult. Therefore, it is necessary to have some measure to decide whether
some curve/surface fits the traveltimes. One possibility for such a measure is the degree of alignment or
coherence of the seismic traces along the trial curves/surfaces.
Semblance is a quantitative measure of coherence, typically used for event characterization in noisy
data sets, for example seismic data. In a certain sense, semblance represents the energy of the stacked trace
divided by the energy sum of all stacking traces within a given time window. Mathematically, semblance
is defined as
!2
w
N
X
X
ui (tk )
Se2 =

i=1

k=−w
w
X

N
X

N

!.

(1)

2

ui (tk )

i=1

k=−w

Here, the inner summation represents the traces (index i) along which the stack is performed; the outer
summation performs the stack for various time samples (index k), that fall in a given time window of
width 2w + 1. The window width should be related to the length of the signal wavelet of the event.
The summation enhances the signal-to-noise ratio of the resulting stack. In order to study semblance as
a statistical or optimization concept, it is convenient to disregard the time-window summation. In other
words, we shall, for the moment, define the local semblance as the simpler expression
N
X

S2 =

!2
ui

i=1
N
X

N

.

(2)

u2i

i=1

To describe the relationship between local semblance S2 and statistical quantities, it is convenient to
consider, for a given sample (u1 , u2 , . . . , uN ), the simple moment of order m, or simply m-moment, µm ,
defined by
N
1 X m
µm =
u , m = 0, 1, 2, . . . .
(3)
N i=1 i
We readily note that µ0 = 1 and µ1 is the standard mean or average. With the help of the above definitions,
the local semblance S2 of equation (2) can be recast as
S2 =

µ21
.
µ2

(4)

To generalize the local semblance to a corresponding higher-order quantity (namely in terms of higherorder moments), we introduce the central m-moments
σm =

N
1 X
(ui − µ1 )m ,
N i=1

m = 0, 1, 2, . . . ,

(5)

for which σ0 = 1 and σ1 = 0. In particular, σ2 is called the variance, which can be written as
σ2 = µ2 − µ21 .

(6)

The various quantities σm measure different dispersion attributes about the mean. Roughly speaking,
the variance carries information about the concentration of the sample in some interval around the mean.
A large value of the variance indicates a disperse distribution. A small variance means that the data is
clustered around the mean.
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For our purposes, we are only interested in moments of even order, in fact for definiteness, fourth
order. We observe that the local semblance S2 is naturally related to the second-order moments (simple
and central) by the relationship


µ2
σ2 = µ2 − µ21 = µ2 1 − 1 = µ2 (1 − S2 )
(7)
µ2
or, equivalently,
S2 = 1 −

σ2
.
µ2

(8)

Equation (8) is the key relation that enables us to extend the semblance concept to higher (even) orders.
Here, we only consider the fourth order. In analogy to equation (8), we define the fourth-order “local
semblance” S4 as

σ4
µ1
S4 = 1 −
=
4µ3 − 6µ1 µ2 + 3µ31 .
(9)
µ4
µ4
As our final expression for the fourth-order coherency measure, which will replace the usual (second-order)
semblance, we re-introduce the (external) time-window ummation of the original semblance definition in
equation (1). Thus, the final fourth-order semblance is defined as
!
!
! N
!
!3 
w
N
N
N
N
X
X
X
X
X
X
ui (tk ) 4N 2
ui (tk )3 − 6N
ui (tk )
ui (tk )2 + 3
ui (tk ) 
Se4 =

k=−w

i=1

i=1

i=1

N3

w
X

N
X

k=−w

i=1

i=1

i=1

!

.

4

ui (tk )

(10)
INTERPRETATION OF SEMBLANCE IN OPTIMIZATION THEORY
As mentioned earlier, semblance is used in the CMP or CRS stack as a measure of cohrerence along a
specified trial curve or surface through the seismic data. Let the vector u = (u1 , u2 , . . . , uN ) represent the
amplitudes along some curve/surface in the seismic section, for some limited aperture around the central
point that is being analysed. We may assume that these values must be reasonably constant if they are
perfectly coherent, i..e., if they are aligned along the correct traveltime curve/surface. Hence, we can find
the N -dimensional constant vector c = (x, x, . . . , x) that is “closest” to u and to use their “distance” as a
measure of the fit. There are many different ways to define the distance between N -dimensional vectors u
and c, some of the possibilities being analysed below.
The first possibility is to minimize the average of the absolute values of the differences of the xandu
components, |x − ui |, namely,
N
1 X
min R1 (x) ≡
|x − ui |.
(11)
x
N i=1
The residual R1 is known as the absolute residual and its value at the mean, R1 (µ1 ), is the well-known
absolute standard deviation. The solution to equation (11) is given by the median, x∗ = M, the value that
is above (or below) 50% of the values of u. Without loss of generality, we will assume that the elements of
u are in ascending (or descending) order. It is not difficult to see that the median can be computed as,

, N is odd,

 u(N +1)/2
(12)
M=

 uN/2 + uN/2+1 , N is even.
2
The minimal absolute residual is then given by
R1 (M) =

N
1 X
|ui − M|,
N i=1

(13)
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from which we can measure the fit by the expression,
S1 = 1 −

R1 (M)
.
R1 (0)

(14)

Clearly, S1 ≤ 1, and since R1 (M) is the minimal residual, we also have S1 ≥ 0. The less R1 (M) is, the
closer to one S1 will be. In particular, S1 = 0 for M = 0 and S1 = 1 if u is a constant vector. The main
drawback to work with the first-order “semblance” function S1 is that it is a nondifferentiable function.
Moreover, there is no closed form for S1 , in the sense that we need to first compute M and then compute
the residual.
Let us next analyse a second-order type semblance function. It is a well-known result that the mean,
x∗ = µ1 , is the solution of the quadratic (least-squares) optimization problem,
min R2 (x) ≡
x

N
1 X
(x − ui )2 .
N i=1

(15)

PN
To see this, observe that (dR2 /dx)(x) = 0 is equivalent to i=1 (x − ui ) = 0. Since (d2 R2 /dx2 )(x) =
2/N > 0, the zero of the derivative is the global p
minimizer. In other words, the mean is the value that
minimizes the root-mean-square (RMS) residual, R2 (x). Substituting x∗ = µ1 in the residual R2 we
find
N
1 X
(ui − µ1 )2 = σ2 ,
(16)
R2 (µ1 ) =
N i=1
i.e., the minimal quadratic residual equals the second central moment. As in the previous case, we can
define the relative measure of the fit as
S2 = 1 −

R2 (µ1 )
σ2
µ2
=1−
= 1.
R2 (0)
µ2
µ2

(17)

Note that this defines the “true” second-order semblance function in correspondence with equations (2),
(4), and (8). Observe that, as in the case of the absolute residual, 0 ≤ S2 ≤ 1, with S2 = 0 if µ1 = 0 and
S2 = 1 if u is a constant vector. The semblance function can also be interpreted as the square of the cosine
of the angle θ between the amplitude vector u and the constant vector c = (µ1 , µ1 , . . . , µ1 ),
N
X

ui µ1

i=1

2

cos θ =

!2

N
X

!
u2i

i=1

N
X

µ21

2
N µ21
µ21
= S2 .
=
!=
(N µ2 )(N µ21 )
µ2

(18)

i=1

Increasing the order of the residual to four, let us now consider the optimization problem,
min R4 (x) ≡
x

N
1 X
(x − ui )4 ,
N i=1

(19)

i.e., we are now attempting to minimize the fourth-order (quartic) residual. Although the above minimization problem is very similar to its second-order counterpart (15), an explicit optimal solution in this case
cannot be easily found. In fact, it involves the solution of the cubic polynomial equation,

dR4
4
(x) =
x3 − 3µ1 x2 + 3µ2 x − µ3 = 0.
dx
N

(20)

The unique real solution, x∗ = κ, can be computed using Cardano’s formula, but the final expression
cannot be easily manipulated. The same applies for the quartic residual function R4 and the corresponding
semblance function. This makes a fourth-order semblance function defined through the deviation of the
minimum residual hard to use.
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Figure 1: Random sample (top) and the residual functions R1 , R2 and R4 (bottom). The horizontal lines
in the top figure and the symbols in the bottom one indicate the values of the minimizers of the absolute
(R1 ), quadratic (R2 ) and quartic (R4 ) residuals:  = M,
= µ1 and F = κ, respectively.
However, there is another, computationally more appealing way of defining a fourth-order semblancelike function. For this purpose, we replace the optimal quartic residual,
R4 (κ) =

N
1 X
(ui − κ)4 ,
N i=1

(21)

by the quartic residual at the mean,
R4 (µ1 ) =

N
1 X
(ui − µ1 )4 = σ4 ,
N i=1

(22)

which is equal to the fourth-order central moment σ4 . Computing the relative quartic residual, as we have
done for the absolute and quadratic residuals, we obtain
S4 = 1 −


σ4
µ1
R4 (µ1 )
=1−
=
4µ3 − 6µ1 µ2 + 3µ31 ,
R4 (0)
µ4
µ4

(23)

which is the expression for the fourth-order semblance function, S4 . given by equation (9). As in the cases
of S1 and S2 , we also note that S4 ≤ 1. However, we cannot ensure that S4 ≥ 0, since R4 (µ1 ) is not the
minimal quartic residual. In any case, S4 = 1 only if u is a constant vector, as desirable, and S4 = 0 if
µ1 = 0 as before.
Figure 1 illustrates, for a random number distribution between zero and one, the behavior of the absolute, quadratic and quartic residuals and minimizers. The top part shows the random sample together
with its median (first-order minimizer), M, (cyan line), mean (second-order minimizer), µ1 (blue line),
and quartic minimizer κ (red line). The bottom part shows the residual functions R1 (cyan line), R2 (blue
line), and R4 (red line) as a function of x, together with their respective minima.
To examine the behavior of the various semblance functions (S1 , S2 and S4 ) in a noisy environment,
we calculated their values for the typical amplitude curve after adding different levels of noise. The results
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Figure 2: Behaviour of the semblance functions. From top to bottom: Uniform noisy sample with unit
amplitude (blue) [S1 = 0.01, S2 = 0.01, S4 = 0.01] and typical amplitude curve (red) [S1 = 0.41,
S2 = 0.68, S4 = 0.92]; Amplitude with 25% added noise [S1 = 0.34, S2 = 0.61, S4 = 0.88]; Amplitude
with 50% added noise [S1 = 0.24, S2 = 0.52, S4 = 0.82]; Amplitude with 100% added noise [S1 = 0.13,
S2 = 0.34, S4 = 0.67]; Amplitude with 150% added noise [S1 = 0.10, S2 = 0.24, S4 = 0.53].
are shown in Figure 2. While the uniform noisy sample itself has indistinguishable values of S1 , S2 and S4 ,
the amplitude function is more easily detected as representing a coherent event by the higher semblance
value of S4 . Moreover, while all semblance values decrease with increasing noise level, S4 has the least
decrease.
From Figures 1 and 2, we observe that the fourth-order semblance S4 has the capability of detecting
coherency even under a very strong noise. This points towards the potential of an S4 -based semblance
analysis to be more successful than standard S2 analysis in the presence of high levels of noise.
APPLICATION TO CRS STACK
The common reflection surface (CRS) method (see, e.g., Hubral et al., 1998) represents a natural extension
of the Commom Midpoint (CMP) method in two important aspects. Firstly, for each stacking trace location
(now called simply a central point), the CRS considers a supergather of source-receiver pairs, arbitrarily
located with respect to the central point. In other words, the gather is not restricted to the CMP condition.
Secondly, not only the stacking velocity, but also other additional parameters are extracted from the data. In
the 2D situation, three parameters are determined for each central point and all zero-offset (ZO) traveltime
samples. The procedure is performed for all traveltime samples.
To be able to stack traces from source-receiver pairs that do not conform to the CMP condition, the
CRS method utilizes the (generalized) hyperbolic moveout,
p
T (x, h) = [T0 + A (x − x0 )]2 + B (x − x0 )2 + C h2 ,
(24)
where x0 is the central point, x and h denote the midpoint and half-offset coordinates of the source and
receiver pair, and T0 is the ZO traveltime at the central point. As shown in Hubral et al. (1998), the
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parameters A, B and C are related to physical quantities referred to as the CRS parameters or attributes,
A=

2 sin β
,
v0

B=

2T0 cos2 β
KN ,
v0

and

C=

2T0 cos2 β
4
KN IP = 2 ,
v0
V

(25)

where β is the emergence angle of the ZO ray with respect to the surface normal, KN and KN IP are the
curvatures of the N- and NIP-waves, respectively (see Hubral (1983)), and V is the stacking velocity. All
these quantities are evaluated at the central point. Finally, v0 denotes the surface velocity, also at the central
point.
The search for the parameters A, B and C can be performed in three main steps. First, for each pair
(x0 , T0 ), we find the value of the parameter C that maximizes the semblance function (S1 , S2 or S4 ) for the
amplitudes along the hyperbolic traveltime within the respective CMP section at x0 . Denoting this CMP
section by φ(h, t), we can write that the vector, u = (ui ), is given by
q
ui = φ(hi , Ti ), with Ti = T (x0 , hi ) = T02 + C h2i , i = 1, 2, . . . , NC ,
(26)
where NC is the number of traces considered inside some aperture. After determination of all parameters,
C, the CMP data is stacked. The result of this first-step process is, then, a panel C(x0 , T0 ), as well as a
stacked section, ψ(x0 , T0 ).
The second step consists of the search for parameter A, performed within the stacked section ψ(x0 , T0 ).
For each pair, (x0 , T0 ), we maximize the semblance S1 . S2 or S4 of the amplitudes along the hyperbolic
traveltime (24) considering h = 0 and B = 0. In other words, the sample vector, u = (ui ), is now given
by
ui = ψ(x, Ti ), with Ti = T (x, 0) = T0 + A (x − x0 ), i = 1, 2, . . . , NA ,
(27)
where NA is again the number of traces considered inside some aperture, now taken in the stacked section.
Generally, NA will be different from NC . Typically, NA should be chosen smaller than NC .
In the third step, to find B, we repeat the search in the stacked section, using the estimated value of A.
For each (x0 , T0 ), we maximize the semblance for the amplitude vector, u = (ui ) given by
p
(28)
ui = ψ(x, Ti ), Ti = T (x, 0) = [T0 + A (x − x0 )]2 + B (x − x0 )2 , i = 1, 2, . . . , NC .
Here, the aperture NC in the stacked section must be larger than NA .
NUMERICAL EXPERIMENTS
To compare the behaviour of the different semblance functions in the estimation of CRS parameters and
stack, we have applied the procedure described in the previous section to a very simple synthetic data set.
The seismic model is depicted in Figure 3. It consists of a smooth reflector below a homogeneous acoustic
medium. We analyse the behaviour of the three semblance functions, S1 , S2 and S4 , for two different
central points and also using the correct value of the zero-offset (ZO) (or stacked) time. Also shown in
Figure 3 are the two ZO rays at the two central points. For each x0 we performed one thousand random
tests for each of five different sizes of the aperture (number of traces), 10, 20, 30, 50 and 70, and for each
of four noise levels, 30%, 50%, 100% and 150%, respectively. An estimate of any parameter A, B or C is
considered a success if the deviation from the true value is less than 10%.
Estimation of CRS parameters
The results of the search for parameter C were almost the same in all cases, with no significant advantage
of using any of the semblance functions. Parameter C was successfully determined at both points x0 in
over 90% of the tests, even for the highest noise level, with any of the three tested semblance functions.
This confirms the well-known robustness of the parameter C.
As opposed to the previous case, significant differences between the success rate for the different semblance functions are now observed in the search for parameter A. Again, we performed one thousand
random tests for each of five different sizes of the aperture (number of traces), 10, 20, 30, 50 and 70, and
for each of four noise levels, 30%, 50%, 100% and 150%, respectively, at two differerent central points x0

Annual WIT report 2007

127
Model

0

Depth (km)

0.5

1

1.5

−1.5

−1

−0.5

0
0.5
Distance (km)

1

1.5

Figure 3: Model and central points for the synthetic experiments.
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Figure 4: Zero-offset section for the model in Figure 3. Every 3rd trace is shown

in the modeled zero-offset section (see Figure 4). The sought-for results of parameter A at the two central
points are the dips of the straight lines tangent to the zero-offset reflection, as depicted in Figure 4.
Figures 5 and 6 depict the percentage of success for parameter A at x0 = 5 km and x0 = 0.0 km,
respectively. As can be observed, the search using S4 has a higher success rate in almost every setting.
The largest advantage of the fourth-order semblance function is observed, as expected, at the highest noise
level.
Another conclusion from Figures 5 and 6 is that the search for A is highly dependent on the chosen
aperture. While there is a high success rate for all aperture sizes at the central point x0 = 0 km, the same
is not true at the central point x0 = 0.5 km. The reason is the stronger curvature of the reflection event
at x0 = 0.5 km (see again Figure 4), which makes it harder to fit a linear traveltime curve over a larger
aperture. Interestingly enough, an aperture of about 20 traces seems to work best at both central points,
even though Figure 4 indicates that around x0 = 0.5 km, the traveltime function is approximately linear
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Figure 5: Percentage of success in finding parameter A in the ZO-section for x0 = 0.5 km: S1 (blue), S2
(green) and S4 (red). From top to bottom the number or traces within the aperture increases: 10, 20, 30, 50
and 70. The ratio aperture/depth also increases: 0.3, 0.5, 0.8, 1.0 and 1.5. In the horizontal axis is indicated
the level of the added noise: 30%, 50%, 100%, and 150%.
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Figure 6: Percentage of success in finding parameter A in the ZO-section for x0 = 0.0 km: S1 (blue), S2
(green) and S4 (red). From top to bottom the number or traces within the aperture increases: 10, 20, 30, 50
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the level of the added noise: 30%, 50%, 100%, and 150%.
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over a larger interval. For this example, the aperture of 20 traces is equivalent to about half the depth of the
reflection point.
The final step is the detection of B in the zero-offset section using the estimated values of A. Once
more, we performed one thousand random tests for each of five different sizes of the aperture (number of
traces), 10, 20, 30, 50 and 70, and for each of four noise levels, 30%, 50%, 100% and 150%, respectively,
in the modeled zero-offset section (see Figure 4). Since our interest was in the different performances of
the different semblance functions, we carried out the set of experiments using the exact value for A in the
search for B in order not to let the error in the estimation of A influence the estimation of B. As in the
search for C, we found no significant differences in success rate for B. However, while the search for C
was very robust, yielding high success rates for any of the semblance functions, the search for B is rather
unstable and the success rates are quite low, particularly for high noise levels. Instability of parameter B is
a well-known difficulty encountered by the CRS method.
Behaviour of stacked sections
The second experiment was devised to exemplify the different behaviour of the CRS stacked sections
obtained using the different semblance functions. Due to the rather poor performance of S1 in the statistical
tests, and since the standard procedure is to use S2 , we only compare the results using S2 and S4 . We
applied the CRS stacking technique to a complete synthetic dataset for a model with three homogeneous
layers separated by one curved and two horizontal interfaces. To study the behaviour of the semblance
functions we simulated two types of noise. In the first test, we added white noise of about 60% of the data
amplitude. For the second test, we used a lower noise level of about 30%, but convolved it with a Ricker
wavelet so as to simulate colored rather than white noise.
Figure 7 shows the CRS stacked sections for the first test data set. The left column shows the results
of using S2 and the right column those of S4 . In the top row, we see the stacked sections after the search
for C. Though the first reflector is slightly better visible in the S4 section, the overall impression is of
comparable quality. This is the expected result after the above statistical tests.
In the center row of Figure 7, we see the stacked sections after the search of A. This search is performed
in the sections shown in the top row. As expected from the statistical analysis, the search for A was much
more successful when using S4 . The second and third reflectors are much better visible in the right panel
than in the left one. As the next step, the B values are searched for individually in the center panels.
However, because of the small success rate of the B search, the stacked sections do not change much.
The bottom row of Figure 7 shows the final CRS stacked section after a simultaneous search for the best
triplet of values A, B, and C. The previously detected individual values of A, B, and C are used as initial
values for this search. The higher quality of the right panel is clearly visible. The main reason for the better
quality of the final stacked section are the better initial values for the simultaneous search, particularly
A. The search itself is rather independent of the choice of the semblance function. Simultaneous search
with S2 using the initial values from the S4 individual searches results in a stacked section of comparable
quality.
Figure 8 shows the corresponding results for the second test with colored noise. While the overall
observations remain very similar, we note that even the search for C seems to be more stable with the
fourth-order semblance. Apparently, the presence of colored noise in the data is more of a disturbance to a
standard S2 coherence analysis than to the one using S4 .
CONCLUSIONS
In this paper, we have introduced a new fourth-order semblance function. Moreover, we have evaluated
its behaviour in CRS parameter estimation and stack. We have seen that the new fourth-order semblance
function produces comparable results for the searches of the curvature parameters, but superior results for
the linear search. The fourth-order measure is less dependent on aperture and noise level, thus resulting in
reliable estimates of the local slope more often than when using conventional semblance. As a consequence,
the fourth-order-semblance based final CRS stack after the whole search procedure is of better quality than
the corresponding one based on second-order semblance stack.
Another conclusion from our analysis is that the linear search is highly dependent on the chosen aper-
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Figure 7: Stacked sections after the searches, with 60% white noise. Top: C. Center: A. Bottom:
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ture. Depending on the curvature of the reflection event in the stacked section, the success rate can decrease
dramatically with increasing aperture. For our examples, an aperture of about half the depth of the reflection point produced the best results.
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ABSTRACT
Velocity model determination during seismic data processing is crucial for any kind of depth imaging.
We compare two approaches of grid tomography: prestack stereotomography (PST) and NIP-wave
tomography (NIPT). Whereas NIPT is based on wavefield attributes obtained during the CRS stack,
and thus on the underlying hyperbolic second-order traveltime approximation, PST describes traveltimes by local slopes (i.e. linearly) in the prestack data domain. To analyze the impact of the different
traveltime approximations and the different input data domains on velocity model building we have
applied both techniques to two profiles of a real marine data-set from the Levantine Basin/ eastern
Mediterranean. Owing to the presence of a thick tabular mobile unit of the Messinian evaporites
strong vertical and lateral velocity contrasts have been expected. The obtained velocity models reveal
that the reconstruction of high velocity contrasts by grid tomographic methods is limited due to the
smooth description of the velocity distribution. The lateral resolution of velocities obtained from PST
appears to be better than those from NIPT which is related to the difference in the approximation of
traveltimes, the determination of input data, and the description of the velocity distribution. Other
differences are mainly caused by different implementations of the inversion schemes and outliers in
the input data. Nevertheless both algorithms provide suitable models for a further residual move-out
analysis.

INTRODUCTION
For the transformation of the recorded seismic data to the desired depth section, a correct migration velocity
model is always required. Different approaches for velocity model estimation were proposed in the past.
They can be mainly divided into two groups: migration-based methods and tomographic methods. Two of
these methods belonging to the second group are NIP-wave tomography by Duveneck (2004) and prestack
stereotomography by Billette and Lambaré (1998).
NIP-wave tomography depends on wavefield attributes resulting from the CRS stack e.g. Mann (2002),
and therefore based on a hyperbolic second-order traveltime approximation. The parameters used for
velocity model estimation are the second derivatives of the traveltime (wavefront curvatures), the angle of
emergence, the one-way traveltime, and the lateral positions picked from the CRS stack attribute sections.
Picking of these attributes is facilitated in the CRS domain/ poststack data domain with its high signal
to noise ratio. In NIP-wave tomography, the extracted wavefield parameters do not need to belong to a
consistent event.
In stereotomography, reflection traveltimes are approximated by local slopes which are directly linked
to the horizontal component of the slowness vector. These slopes, their related traveltimes and spatial
positions at the surface are used for the estimation of a smooth velocity model. They are obtained in
the prestack data domain by automated picking. Since only locally coherent events are considered no
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assumptions on the lateral heterogeneity of the velocity distribution nor the continuity of any interfaces are
made.
Both methods are based on a grid tomographic approach, therefore leading to a smooth velocity model.
Unlike in conventional horizon based schemes no interpretation of events is necessary; however, the vertical
resolution of structural boundaries is limited by the grid size and the description of the velocity model.
In this article, we compare the two presented methods to analyze the impact of the differences in their
formulation on velocity model building. We have applied both techniques to two profiles of a real marine
data-set from the Levantine Basin /eastern Mediterranean. Owing to the presence of thick tabular Messinian
evaporites strong vertical and lateral velocity contrasts (> 2000m/s) have been expected.
THEORETICAL BACKGROUND
NIP-wave tomography
NIP-wave tomography (Duveneck and Hubral, 2002; Duveneck, 2004) uses the concept of focusing a NIPwavefront back to its hypothetical sourceŠ (Hubral and Krey, 1980) which is related to the principle of
depth focusing analysis in the determination of migration velocities (MacKay and Abma, 1992).
The NIP-wave is a hypothetical wave which starts at the Normal Incidence Point (NIP) of a reflector in
depth and arrives with a certain angle at the corresponding Zero Offset position at the surface. Thus the
NIP-waves are linked to a certain points in the subsurface for a given velocity model. All NIP-waves focus
at zero time if the velocity model is consistent with the data.
The input data for NIP-wave tomography are obtained from the CRS stack and the accompanying attribute
sections (wavefield attributes). The CRS stack is a multiparameter stacking method based on a hyperbolic
second-order traveltime approximation in offset and CMP cordinates. The wavefield attributes are also
referred to as CRS parameters. They are used to estimate a smooth velocity distribution.
Since NIP-wave tomography is based on a second order approximation of the traveltimes the algorithm
is limited to regions with moderate lateral velocity variations. However, the advantage of estimating all
parameters in the CRS stacked sections with a high signal to noise ratio significantly simplifies the picking
of the attributes. Therefore, NIP-wave tomography is applicable to data with low signal to noise ratio.
The inversion problem for the 2D case can be formulated in the following way: the emerging NIPwavefront is characterized by four parameters, the traveltime of the normal ray τ the corresponding coordinate at the surface x, the horizontal slowness component p, and the second spatial derivative of the traveltime MN IP . Consequently, an emerging NIP-wave can be characterized by the data point (τ, MN IP , p, x).
The true subsurface locations (X, Z) and the local dips α, defining the normal ray direction, are initially
unknown. They are determined during the inversion process along with the smooth velocity distribution
which is described by B-splines in the order of four. This order is required, since the Fréchet derivatives
of the ray-tracing operator require continuous third derivatives of the velocity field. The subsurface model
description is given by (X, Z, vij ), where vij denotes the B-spline coefficients. The velocity distribution is
determined in the following way: dynamic ray tracing is performed starting at the considered grid point in
depth. By minimizing the misfit between the modeled data and the data points extracted from the CRS stack
in a least square sense, the algorithm determines the velocity model that fits the data best. The inversion
problem is solved by a conjugate gradient like scheme (LSQR) (Paige and Saunders, 1982).
Prestack stereotomography
Prestack stereotomography was proposed, developed, and applied by Billette and Lambaré (1998). It uses
additionally slope information to invert the data and is based on the concept of locally coherent events.
These are seismic events which have to be tracked only over a limited number of traces around a central
trace. In stereotomography, the attributes of these events are used for the estimation of a smooth velocity
macro-model.
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Seismic events are characterized by the position of their central trace, i.e. its associated source and
receiver position (S, R) by their central two-way traveltime TSR and by their local slopes (pR , pS ) i.e.,
the tangents on the traveltime curves at the central trace in a common-shot and a common-receiver-gather.
Since only locally-coherent events are considered, each set of parameters (S, R, pS , pR , TSR ) provides
information on the velocity model independently of all other events. Consequently, no assumptions on
interfaces nor on the velocity distribution are necessary.
As in all slope tomographic methods, in addition to traveltime information, the slopes constrain the velocity
model as they are directly linked to the horizontal component of the slowness vector. Each event corresponds to a pair of ray segments from a reflection/diffraction point X in the subsurface to either the source
or the receiver. Each ray segment is completely defined by its start and end point, its angle of emergence or
incidence (θS , θR ), and the associated one-way traveltime (TS , TR ) to the source and receiver, respectively.
In the case of a correct velocity model, both segments will satisfy the following boundary conditions: they
must join each other i.e., terminate at the same reflection/diffraction point in depth and they must explain
the positions, slopes and two-way traveltimes of the event at the surface.
If the velocity model is incorrect, these conditions cannot be satisfied by both ray segments simultaneously. This means that at least one of the boundary conditions has to be ŠrelaxedŠ. This principle is used
by stereotomography: the difference between the parameters describing the relaxed boundary condition
and the ideal situation (i.e. a pair of ray segments in the correct model) is used to constrain the velocity
model. Based on this, an inverse problem is constructed in which the model space is described by the
velocity field and a group of ray segment pairs.
In practice, the boundary condition at the surface is relaxed (become variable) and a cost function containing the misfits in source and receiver positions, associated slopes and traveltimes is evaluated. The data
measured at the surface are fitted in a least-square sense to data modeled by raytracing which is performed
in a smooth velocity model described by cardinal cubic B-splines. Thus, the model space in stereotomography is composed of a discrete description of the velocity field denoted by B-spline coefficients vij , a group
of reflecting/diffracting points, two angles of emergence and two one-way traveltimes. These parameters
are updated by a joint inversion until they explain each data point (S, R, pS , pR , TSR )n within prescribed
error margins. For inversion a conjugate gradient like method called LSQR (Paige and Saunders, 1982) is
used.
DATA EXAMPLES
Geological setting
The data set from the central Levantine Basin/ Eastern Mediterranean covers the basinal succession or
mobile unit (MU) of the Messinian Evaporites, the Pliocene-Quaternary overburden, and the upper preMessinian succession (Fig 1). 2D acquisition was performed, with a shot spacing of 25 m and a receiver
spacing of 12.5 m, with maximum offsets of 7325 m. According to the chronostratigraphic scheme of Clauzon et al. (1996) or Krijgsman et al. (1999) the precipitation of the MU started around 5.6Ma during the
Messinian Salinity Crisis (MSC). The end of the MU formation and the rapidity with which the Mediterranean basin was refilled at the end of the MSC - between a few thousand years (Clauzon et al., 1996) and
about 200000 years (Krijgsman et al., 1999) - are still a matter of debate. In the following and according to
Ryan et al. (1970), the base of the Pliocene-Quaternary succession will be called the M-reflection and the
base of the MU the N-reflection.
Recent publications showed a complex seismic stratigraphy of the MU in the Levantine Basin (Gradmann
et al., 2005; Netzeband et al., 2006a; Bertoni and Cartwright, 2006), which can be divided into six sequences (Hübscher et al., 2007; Hübscher and Netzeband, 2007). Sequences ME-I, II, IV are seismically
transparent and sequences ME-III and ME-V reveal several internal and subparallel reflections (Hübscher
and Netzeband, 2007). The absence of seismic reflections is typical of salt bodies (Mitchum et al., 1977)
and so the internal velocity is expected higher than 4km/s (Netzeband et al., 2006a). The internal reflections
habe been interpreted as intercalated (and presumably overpressurized) clastics by Garfunkel et al. (1979)
and Gradmann et al. (2005). However, 3D-seismic data analysis proved a high lateral continuity of seismic
reflection characters and identified polarity changes which are more indicative of chemical sedimentation
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processes (Bertoni and Cartwright, 2007).
The deformation pattern of the intra-evaporitic sequences include folds and thrust faulting, which gives
evidence for extensive salt tectonics and shortening, respectively, during the depositional phase. Both,
the identified evaporitic facies of the individual intra-evaporitic sequences and the driving forces for the
syn-depositional shortening remain unclear. Post-depositional gravity gliding caused salt rollers in the
extensional marginal domain, compressional folds, and faults within the Levante basin (Gradmann et al.,
2005; Hübscher and Netzeband, 2007).

Figure 1: Linedrawing of depth migrated seismic section from the Levantine Basin/Eastern Mediterranean
(after Hübscher and Netzeband (2007)). Up to 2km thick Messinian evaporites are covered by PlioceneQuaternary succession.
Velocity model building and depth-migration in salt bearing basins is a challenging task for several
reasons. The vertical velocity contrast between the MU and the overburden is bigger than 2 km/s, since
interval-velocities of 4.3 − 4.4 km/s were determined for the evaporites and 1.7 − 2.1 km/s for the overburden, respectively (Netzeband et al., 2006b). If the MU are folded, strong lateral velocity contrasts occur at
their top. Small thickness undulations of the MU cause apparent reflection undulations beneath (velocity
pull-ups/-downs), which may be spuriously interpreted as folds or faults. The intra-evaporitic reflections
reveal much weaker amplitudes than the top or base of the MU.
In the following we will present a comparison of the two tomographic methods on two data examples.
One is a distal profile part, with a basically horizontally layered geological setting, dominated by a strong
vertical velocity contrast between the sediments and the salt and a large fault structure in the salt. Here,
the focus of the comparison is on vertical resolution of the velocity models. The second data example is a
proximal profile part with a strong inhomogeneous geological setting. Typical salt roller structures occur
where the salt body pinches out against the shelf. The strong lateral velocity variations allows the comparison of the lateral velocity resolution of both methods. The first example is located in the distal part of the
profile from the coast and the second is located in the proximal part of the profile.
Distal data example
Description of the profile The first example covers 1000 CMP locations. The associated CRS stack
section is displayed in Fig 2. Up to 2.7 s TWT the post-messinian sediments can be observed. The MU
can be identified between 2.7 s and 3.5 s. The reflection at approximately 2.7 s corresponds to the top of
salt reflection (M) and the reflection at 3.5 s to the bottom of salt (N). The internal reflection pattern of the
MU can also be recognized. Below the N-reflection the pre-messinian sediments are visible. At position
122 km, a large fault structure can be identified, which pierces the sea floor. From the stacked section it
remains unclear, wether the fault terminates at the base of the salt or it continues in depth.
This profile example is particularly suitable for investigating the vertical resolution of both tomographic
methods. The methods have to deal with a strong velocity contrast between the sediments and the salt body.
Furthermore the applicability in the vicinity of a large fault structure can be compared. The comparison
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Figure 2: Distal data example. Between 2.7 s and 3.5 s the mobile unit (MU) of the Messinian evaporites can be identified. The Mu reveals six evaporitic sequences (Hübscher et al., 2007). The PlioceneQuaternary overburden is subdivided into a pre- and synkinematic sequence.
should be drawn with special emphasizes to the data domain (where the input data for the inversion is
generated) and the vertical resolution under equal initial conditions. The Common image gathers (CIGs)
are used to evaluate the results. The same prestack depth migration tool was used for both methods.
Application of NIP-wave tomography To process the data example 2 with NIP-wave tomography we
performed a CRS stack in order to acquire the necessary kinematic wavefield attributes. The CRS aperture
was optimized to obtain reliable wavefield attributes for the automatic picking algorithm, which produces
the input data of NIP-wave tomography. Furthermore an event consistent parameter smoothing (Hertweck
et al., 2005) was applied to the wavefield attributes, to remove unphysical fluctuations in the data. We used
an automatic picking tool for the input data extraction. This automatic picking tool identifies the events in
the CRS attribute sections mainly on semblance criteria. Depending on a pre-defined threshold only the
most reliable reflections are picked. After picking, quality control for the picks followed in order to remove
outliers from the data. This quality control was mainly based on stacking velocities computed from picked
CRS attributes and followed the practical aspects discussed in Duveneck (2004).
With the extracted and edited picks we performed NIP-wave tomography. We used the same initial velocity
model v(z) = 1500m/s + 0.4s−1 z as in prestack stereotomography. The initial B-spline spacing was
directly chosen to 125 m vertically and 500 m laterally. This choice was possible due to the fact that
NIP-wave tomography works in the poststack data domain i.e., less input data need to be inverted and the
inversion process is more stable from the beginning. But nevertheless the inversion had to be stabilized in
the water column and the corresponding B-spline nodes were fixed to water velocity. All input parameters
were weighted equally during the inversion and after ten joint inversion iterations the cost function reached
its minimum.
Fig 3(b) shows the result of NIP-wave tomography.The velocity distribution is displayed together with the
locations of the modeled NIPs related to every input event. The position of the seafloor is clearly marked
at a depth of 1700 m and a velocity increase to 3000 m/s represents the sedimentary overburden above
the top of salt at 2200 m. The subsequent high velocity body incorporating zones ranging up to 4500 m/s,
corresponds to the evaporites. The velocity inversion at a depth of about 3500 m describes the salt-sediment
transition. The velocity distribution indicates the geologic structures in the depth migrated image, but here
the data coverage was not satisfactory in the vicinity of the fault structure (122 km). As Fig 2 illustrates, in
this area no reflections were present in the CRS stacked section and hence the estimation of reliable input
parameters was not possible.
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The resulting prestack depth migrated image using a Kirchhoff first arrival-maximum energy approach, and
the corresponding CIGs are displayed in Figs 3(b) and 4, respectively. The quality of the depth migrated
image is good, all sediments are imaged well over their entire tickness of 500 m. The M-reflection is
imaged in a depth of 2200m. The salt body shows all internal features and the N-reflection is quite flat.
The fault structure shows some significant velocity pull-up effects and has to be considered as unreliable,
due to the poor input data illumination.
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Figure 3: The result of NIP-wave tomography. The depth converted input data picks associated with
the corresponding NIPs are imaged overlaid on the velocity distribution. On the right the corresponding
prestack depth migration result.
Fig 4 shows selected CIGs equally spaced over the whole profile. All reflections are flattened quite
good. Some residual move-out can be observed in the transition between the sediments and the salt body,
were the smooth velocity description could not handle the strong velocity contrast. Nevertheless, NIP-wave
tomography produced a velocity model consistent with the data.

Figure 4: Selected common image gathers over the whole profile example.

Application of prestack stereotomography In order to perform prestack stereotomography additional
preprocessing steps preceed the actual tomographic inversion. In the frame of this profile part the preprocessing consisted of multiple suppression via f-k filtering, a t3 -gain control to ensure the amplification of
later events, and of applying a so called stereotomographic mute, to focus the automatic input data selection
on the most relevant parts of the data and to avoid picking of refracted events.
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After preprocessing, the semblance coefficient was estimated every 50 m using 8 traces for local slant
stack calculation. The initial thresholds for a pick to be accepted were set to a minimum semblance of
0.6 in each common-shot and common-receiver gather, respectively, and events with an energy less than
−40 dB from the highest energy observed for the current central trace were skipped.
After application of the automatic picking algorithm (Podvin, 2001), we applied a first quality control sequence for the input picks. It consisted of an interactive selection of picks. Due to strong energy differences
in the data (i.e. reflections from the sediments and the salt) the input data was divided into three parts, discriminated by different traveltimes and energy thresholds. The first part mainly consisted of picks from the
sediments, the second one of picks from the sediments and the upper parts of the MU body, and the last part
mainly of picks from the MU. To further remove outliers in the data, each input data subset was inverted
and a global normalized misfit quality control scheme was applied during the inversion. The first two data
parts were inverted using a constant staring model of v(z) = 1500 m/s and the third one was inverted with
a starting model of v(z) = 1500 m/s + 0.4s1 z. For each input data part first localization steps, where only
the pairs of ray segments are optimized fixing the velocity model to its initial value, and afterwards joint
inversions were performed. Due to the energy decrease in the data and increasing complexity different
error thresholds and regularizations were used for this quality control.
After this quality control sequence, the inversion with the whole input data range was started again. This
time a initial velocity function of v(z) = 1500 m/s + 0.4s1 z was assumed and an initial B-spline grid of
500 m∗500 m was chosen. First, 10 localization steps preceded 10 joint inversion steps with a strong regularization, where already a significant decrease of the cost function could be observed. In order to increase
the vertical resolution of the model we redefined the node spacing to 125 m in depth. To resume another
20 joint inversions with a loose regularization were performed. However, velocity model estimation was
stopped after 17 iterations since no further decrease of the cost function was noted.
Fig 5(a) shows the result of prestack stereotomography. The high velocity area refers to the MU (starting
at a depth of 2250 m). The strong gradient from 1550 m/s to 3000 m/s on top of the MU represents the
post-messinian sediments. The depth converted input picks for the inversion are overlaid over the velocity distribution. In general a good data coverage could be achieved. Especially next to the fault structure
(around 122 km), with its complicated reflection pattern and low coherency values, sufficient picks are
available. No events from the pre-messinian sediments were estimated at the base and underneath the MU
and therefore no velocity inversion is present, but this was not the aim of the processing.
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Figure 5: The result of prestack stereotomograhy. On the left the velocity distribution. The depth converted
input picks are displayed overlaid on the velocity model. On the right the corresponding prestack depth
migration result.
On the right in Fig 5(b) the corresponding prestack depth migrated section is shown. A good image
quality like in the result of NIP-wave tomography was obtained. The upper sequence of sediments is clearly
imaged and the top of the evaporites is well-defined. The salt layer itself is about 1400 m thick and the
intra-evaporitic sequences can be traced easily since they are continuous over the section. Beneath the
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fault structure (position 122 km), the base of the evaporites is interrupted and downbended. However, this
area is not reliably imaged due to the lack of input information describing the lower boundary of the salt.
The derived velocities correlate quite well with the reflection characteristics of the particular Messinian
sequences. The seismically transparent sequences ME-I, II, IV and VI reveal the highest velocities of up
to 4.4km/s which corresponds to their interpretation as halite (Hübscher and Netzeband, 2007; Kearey and
Brooks, 1991). The sequences ME-III and V which reveal the sub-parallel reflections are characterized by
lower velocities which suggest the presence of, e.g., intercalacted clastics or evaporites facies with lower
velocities like Gypsum.
Fig 6 presents selected Common-Image gathers (CIGs) which are equally spaced over the whole section.
A maximum offset of 3500 m is shown. The good quality of the image is reflected in mainly flat gathers
throughout the whole section. However, at a depth of about 2100 m some negative residual moveout
remains. Here, the strong increase in velocity related to the sediment-salt transition cannot be described
correctly by the underlying assumption of a smooth velocity model. Nevertheless, the events at the base of
the evaporites are flattened quite well. We conclude that the estimation of a data consistent velocity model
leading to flat image gathers was possible by prestack stereotomography.

Figure 6: Selected common image gathers over the whole profile example.

Comparison of the results As demonstrated by this real data example, both tomographic approaches
provide an velocity model with a different vertical resolution, nevertheless leading to a clear image in
depth and mainly flat common-image gathers. However, despite of the high quality of the imaged sections,
pronounced differences occur in the underlying velocity distributions. Whereas the velocity model obtained by NIP-wave tomography shows a smoother lateral and vertical variation and causes slight residual
move-out in the vicinity of the fault system, the stereotomographic velocity distribution is more constrained
in this area and presents a better lateral resolution.The derived velocities are more consistent with the geometry of the resolved stratigraphic layers and correspond to the internal reflection characteristic. These
issues are directly linked to the approximation of the traveltime curves in the different approaches and the
description via B-splines of different orders. In prestack stereotomography the traveltime is approximated
by locally coherent events, i.e. linearly. In contrast to that, in NIP-wave tomography the traveltime curve
is described by the second order hyperbolic traveltime approximation, i.e. a more regional approach. Furthermore prestack stereotomography uses one order lower B-splines. These two facts and the different
regularization of the inverse problem explain the smoother image obtained by NIP-wave tomography.
The data coverage in prestack stereotomography is in general better than in NIP-wave tomography, especially near the fault system. This is due to fact that different data domains are used for input data generation.
The poststack data domain leads to a reduced data volume, but has disadvantages near fault systems, were
the coherency values of the CRS stack decrease significantly.
Generally higher average velocities are obtained by NIP-wave tomography over the whole profile part.
This fact can be explained by the different regularization of both methods. Whereas in NIP-wave tomography the smoothest solution is explicitly sought by employing a minimum curvature constraint, in prestack
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stereotomography the model vector is required to have a bound on its norm. Depending on the regularisation weight, this may influence the velocity distributions in terms of average velocities.
Proximal data example
Description of the profile The proximal profile example covers 1500 CMP locations. The associated
CRS stack section is displayed in Fig 7. As the time section shows, the M-reflection can be identified at
2.7 s two-way traveltime in the left part of the section and at approximately 2.4 s in the right part. The
subsequent layer of Messinian Evaporites covers only the seismically transparent sequences ME-I and III
and can be observed only between position 145 km and 161 km. Salt roller structures can be found in form
of triangular patterns. Again, below the N-reflection weaker reflections from pre-Messinian sediments can
be recognised.

sf
synkinematic
slump
prekinematic
M
ME-I & II
N

salt roller

preMessinian

Figure 7: Proximal profile example. The MU pinch out to the right hand side of the section where salt
rollers evolved. A slump subdivides the Pliocene-Quaternary overburden into a pre- and syn-kinematic
succession (Netzeband et al., 2006b).
This data example is especially suitable for comparing both methods in an area with strong lateral
velocity variations, which occur in the salt roller area. In this complex geologic setting the lateral resolution
of both methods will be investigated and compared. Additionally, the quality of the resulting depth migrated
images and the data domain for input data generation will be evaluated.
Application of NIP-wave tomography In order to obtain the necessary input data for NIP-wave tomography, we performed CRS stacking. The determination of the wavefield attributes had to be chosen
carefully to ensure the most reliable results. Before picking of the attributes, the same preprocessing steps
were performed as for the previous example. After application of the automated picking tool for extracting
the input data for the inversion, a quality control sequence was applied. As before, the main criteria were
stacking velocities and the position of picks.
To initialize the inversion we chose an initial B-spline node spacing of 500 m laterally and 125 m vertically
and created an initial velocity model of v(z) = 1500 m/s + 0.5s−1 z. During the inversion the B-spline
nodes in the water column were fixed to water velocity. All input data picks were weighted equally. The
inversion algorithm performed a total of 10 joint inversions, before it reached the minimum of the cost
function.
The resulting velocity distribution is shown in Fig 8(a). As illustrated, the velocity distribution is linked to
the structures in the model, but does not follow them explicitly. It is more smeared over the whole profile
part. In some areas, the pick coverage is quite coarse and in the region between 156 km and 164 km the
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N-reflection is not sufficiently described. The location of the seafloor is indicated by a smooth increase
in velocity at depth ranging from 1100 m to 1300 m. A subsequent rise up to 1900 m/s corresponds to
the layers above and the slump complex itself. In the following part, the velocity increases further quite
evenly throughout the whole section and in the non-constraint regions it reflects given initial values. A
large high-velocity zone between 145 km and 156 km comprising values up to 4000 m/s represents the
evaporites with their base located slightly deeper than 3000 m.
To investigate the quality of the velocity model obtained by NIP-wave tomography, we carried out prestack
depth migration, again. The resulting depth image is presented in Fig 8(b). A good image quality was
achieved. The overburden of sediments is clearly imaged and its thickness ranges from approximately
700 m to 1000 m. Extensional faults can be traced and some faults pierce the sea-floor. Beneath the overburden, the top of the evaporites is well-defined and triangular patterns represent the salt roller structures.
Maximum depth for the M reflection are 3000m. In the right part of the section the base of the evaporites is
several times interrupted and shifted in depth. In the area around 148 km to 150km the M reflection seems
continuous. Generally the image demonstrates smooth variations and continuous reflectors.
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Figure 8: The result of NIP-wave tomography. Overlaid over the velocity distribution the depth converted
input data picks are imaged. On the right the corresponding prestack depth migration result.
In Fig 9 selected CIGs which are equally spaced over the whole profile part are imaged. The overburden and the M-reflections are flattened quite reasonable. Some down-bended residual move-out can
be observed at the N-reflection for the reason mentioned above. Again an up-bending of the N-reflection
can be recognized, indicating a too low average migration velocity. In the last three CIGs almost all reflections from 2000 m in depth show some residual move-out, which indicates that the regional traveltime
approximation of NIP-wave tomography can hardly handle such a strong heterogeneous geological setting.
Nevertheless the residual move-out is still in an order for a further model refinement.
Application of prestack stereotomography As for the first data set, to apply prestack stereotomography,
the determination of the required input data had to precede the velocity model building. For this purpose,
we performed the same steps. As in all other cases, the picking was followed by a first interactive quality
control sequence. Since the same strong differences in the energy of the picks were observed in this
example, the data were again split into three parts. In contrast to the other data example, the extracted input
data already showed a good quality. Nevertheless, the same outlier removal based, on the global normalized
misfit, was repeated. After this the total data was taken into the inversion scheme, starting with an initial
model of v(z) = 1500 m/s + 0.5s−1 z and a B-spline grid spacing of 500 m laterally and 500 m vertically.
Again we added artificial picks in the water column to stabilize the inversion. Here, 10 localization steps
preceded 20 joint inversion steps with a strong regularisation where an important decrease of the cost
function occurred. The B-spline grid was then densified to 125 m vertically and further 11 joint inversion
iteration with a loose regularization led to the best result.
Fig 10(a) presents the result obtained by prestack stereotomography. Again, the depth converted input data
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Figure 9: Selected CIGs from the prestack depth migrated NIP-wave tomographic result, equally spaced
over the whole profile part.
picks are imaged overlaid on the velocity distribution. For this result the velocity distribution coincides with
the assumed geological structures. All features observed in the stacked section can be recognized again.
At a depth between 1100 m and 1300 m the location of the seafloor is characterized by a smooth increase
in velocity and in the subjacent part a further rise to 2600 m/s matches the structures of the sedimentary
overburden. In the following, the distinctive triangular pattern related to the salt rollers can be easily traced.
Between 145 km and 156 km, velocities ranging up to 3700 m/s represent the evaporites, whereas in the
neighboring part a slighter increase in velocity indicates their pinch-out. The input data coverage over the
whole profile part is quite satisfying. Underneath the MU hardly any picks are visible, but again this was
not the aim of this study.
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Figure 10: The result of prestack stereotomography, The depth converted input data picks are plotted
overlaid on the velocity model. On the right the corresponding prestack depth migration result.
Fig 10(b) represents the corresponding prestack depth migrated image. As before a good image quality
was achieved and all assumed geological features are visible. The overburden and the top of salt reflection are locate at almost the same positions as before. Also the base of the evaporites is clearly mapped
and reaches a maximum depth of about 3000 m. However, it shows distinctive interruptions and rough
variations in depth can be observed, especially in the region of the salt rollers. Generally the image seems
rougher and the structure are less continuous than in NIP-wave tomography.
The corresponding CIGs can are shown in Fig 11. They reflect the good image quality. The reflections
form the overburden are mostly flattened. The top of salt reflection shows some negative move-out for
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the same reason as in the first data example. Again the strong velocity contrast could not be described
properly by the smooth model. The first two gathers in the region of the salt body, show some positive
move-out, indicating a too low migration velocity. As a consequence, the depth of the N-reflection is not
reliable determined. In the last three CIGs some slight down-bending for the strong reflections at 2000 m
depth are observed, indicating a too high migration velocity. But generally the CIGs indicate a quite good
result. Despite the good lateral resolution the result of prestack stereotomography is not completely data
consistent, but serves as good starting model for a subsequent residual move-out analysis.

Figure 11: Selected CIGs equally spaced over the whole profile part.

Comparison of the results As shown by this real data example, both tomographic methods provide velocity models indicating major differences in the presence of strong lateral velocity contrasts. Whereas the
velocity distribution found by prestack stereotomography (Fig 10(a)) resolves all important lateral velocity
contrasts, the NIP-wave tomographic model (Fig 8(a)) features only smooth velocity variations and the
distribution is more smeared over the section. Again this is linked to the three major theoretical differences
of these methods, the traveltime approximations, the different order of B-splines, and the different regularizations of the inverse problem.
The data coverage was again better in prestack stereotomogarphy than in NIP-wave tomography. More
picks could be obtained and complicated geological regions are better constrained, but the quality control
and the preprocessing is much more challenging. This is due to the prestack data domain with its quite low
signal-to-noise ratio. NIP-wave tomography has some disadvantages in the data coverage, but generally
produces sufficient data to describe all important features.
The image quality of both prestack depth migration result is comparable, but some differences in the depth
location and structural details occur. NIP-wave tomography produces smoother, horizontally more aligned
events, while prestack stereotomography produces a rougher image. This is a direct consequence of the
corresponding velocity distributions.
Despite the good quality of the related imaged sections, some residual move-out remains in the area of the
salt body in both cases. The determination of a data consistent velocity model in terms of flat image gathers
was not completely satisfactory in that region.
CONCLUSIONS
We have shown a comparison between two grid-based tomographic approaches for velocity model determination under equal initial conditions. The resulting models obtain partly different velocity distributions,
but produce data consistent results in most areas in terms of flat common image gathers. The most striking
differences are the resolution in the velocity model, the description of the model near fault zones, and the
average velocities within the salt body. These three points are directly linked to theoretical differences of
the methods compared in this paper. Additionally the individual evaporite sequences have been characterized by seismic velocities for the very first time. The derived sequence velocities of the distal evaporites
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foster previously published interpretations of a vertical succession of alterning evaporite facies or intercalacted clastics.
The contrast in velocity resolution is directly linked to the underlying theory of both methods. Especially
for the lateral resolution, the approximation of the traveltime curves reveals a major contrast. Prestack
stereotomgraphy represents the traveltime curves by local slopes of locally coherent events. Only a part of
the traveltime curve is described by its tangent (local approach) and therefore complex shaped traveltime
curves may be accounted for. In NIP-wave tomography, over a large offset range, the traveltime curve
is approximated hyperbolical, hence its a regional approach. Seismic events are assumed to be hyperbolic, otherwise they can not be inverted correctly. Offset information that deviates from the hyperbolic
approximation is not considered during the inversion. This reduces the applicability of the method to moderate lateral inhomogeneous media (Klüver, 2006). Both resolutions, lateral and vertical, are influenced
by the second major difference, that NIP-wave tomography uses one order higher B-splines than prestack
stereotomography. This results in a velocity distribution which is smoother in the vertical and the lateral
direction.
The differences in the description near fault zones are mainly related to two points. First, the input data for
the tomographic approaches are determined in two different data domains. In prestack stereotomgraphy the
input data is obtained in the prestack data domain by an automated picking tool, based on local slant stack
panels. In contrast, in NIP-wave tomography the input data is picked in the poststack data domain using the
results of the CRS stack. The input data determination in the prestack data domain is more challenging and
the quality control has to be performed more carefully. But especially in regions with complex geological
features yielding a decrease in coherency, the determination in the prestack data domain leads to a better
data coverage. In NIP-wave tomography, the input data determination is simplified due to the high signal
to noise ratio in the poststack data domain. However, in areas referring to fault systems, it is challenging
to determine reliable attributes. The second reason for the differences occurring near fault systems is again
the different representations of the traveltime curves mentioned above.
The third major inequality is the average velocity within the salt body. Here NIP-wave tomography produces higher average velocities than prestack stereotomography. On the one hand this fact might be related
to the optimization of the processing for the comparison, that means that the obtained models are not
necessary the best models that could be achieved with both approaches. On the other hand the different
average velocities can be related to the different regularization of the approaches. Whereas in NIP-wave
tomography the smoothest solution is explicitly sought by employing a minimum curvature constraint, in
prestack stereotomography the model vector is required to have a bound on its norm. Depending on the
regularisation weight, this may influence the velocity distributions also in terms of average velocities.
As seen before the major differences in the inversion results are directly linked to the formulation of both
methods. The tomographic problems can be summarized as follows: in prestack stereotomography local slopes, their corresponding two-way traveltimes and spatial positions are used as input. In NIP-wave
tomography the zero-offset traveltime, the spatial position, the horizontal slowness component and the second order spatial derivatives of the traveltime are used. In both methods, the input data is fitted in a least
square sense to modeled data calculated by dynamic ray-tracing using a conjugate gradient like inversion
scheme and a smooth velocity model is obtained that serves as a good starting model for further RMO
analysis.
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ABSTRACT
The purpose of redatuming is to transform seismic data acquired at a certain measurement surface to
simulated data as if acquired at a different measurement surface. Based on the chaining of diffractionstack migration and isochron-stack demigration, we derive a 2.5D true-amplitude diffraction-stacktype redatuming operator and present its specific form for zero-offset data. The operator consists
of performing a single weighted stack along adequately chosen stacking lines. For simple types of
media, we derive analytic expressions for the stacking lines and weight functions and demonstrate its
functionality with numerical examples.

INTRODUCTION
The purpose of redatuming is to transform seismic data acquired at a certain measurement surface to simulated data as if acquired at a different measurement surface (Wapenaar et al., 1992). Generally, redatuming
is used to remove the influence of the surface topography from the data, simulating the acquisition at a planar surface, the so-called datum (Berryhill, 1979, 1984). However, in a general treatment of redatuming,
the restriction on the output measurement surface to be planar can be dropped.
Many different redatuming techniques have been discussed in the literature. Wiggins (1984) proposed
the so-called RKR method, based on the successive aplication of Kirchhoff integration, reciprocal interchange of sources and receivers, and a second Kirchhoff integration. Wapenaar (1993) proposed a recursive
one-way Kirchhoff-Helmholtz extrapolation as the basis for true amplitude redatuming in media consisting of homogeneous layers. Tegtmeier et al. (2004) propose a Kirchhoff redatuming that can be applied
to sparse data. Other contributions to the theory of wave-equation-based redatuming methods include the
works of Yilmaz and Lucas (1986), Bevc (1995), and Schneider et al. (1995). A comprehensive summary
about the state of the art in redatuming can be found in Schuster and Zhou (2006).
The correct transformation of the field amplitudes from the original measurement surface to the new datum level is of fundamental importance, if a true-amplitude migration (see, e.g., Schleicher et al., 1993) is
to be applied later in the processing sequence. As kinematically discussed in Hubral et al. (1996) and mathematically shown in Tygel et al. (1996), a true-amplitude configuration transform (of which redatuming is a
particular case) can be achieved by chaining weighted diffraction-stack migration and isochron-stack demigration. In this work, we derive the true-amplitude redatuming operator resulting from this approach and
demonstrate its application in simple situations.
2.5D REDATUMING
In this paper, we derive the redatuming operator for the 2.5D case, i.e., the wave propagates in a 3D
medium, which is isotropic and laterally homogeneous in the y direction, but arbitrally inhomogeneous
in the (x, z) plane. This situation can be parameterized in a 2D form. Particularly, all reflectors can
be parameterized by curves in (x, z). We suppose that all point sources emit identical pulses, and are
distributed along the x axis, together with the receivers.
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Let the original seismogram section be parameterized by the variable ξ. Thus, the coordinates Si =
Gi = (ξ, 0, zi (ξ)) on the acquisition surface z = zi (x) and along the seismic line y = 0, define the location
of the coincident source-receiver pairs. Correspondingly, the output seismogram is parameterized by the
variable η, with a acquisition surface described by z = zo (x) and along the seismic line y = 0. Thus, the
coordinates So = Go = (η, 0, zo (η)) describe the source-receivers pairs on the output datum.
We suppose that each real seismic trace in the input section has been transformed into its analytic trace,
adding the Hilbert transform of the original trace as the imaginary part. Thus, the output seismogram will
be considered analytic too. The analytic traces from input section will be denoted by Ui (ξ, t), where t is
the temporal coordinate in this section. Correspondingly, the analytic trace in the output section will be
denoted by Uo (η, τ ), where τ is the temporal coordinate in the redatumed section.
As kinematically discussed in Hubral et al. (1996) and mathematically proved in Tygel et al. (1996), we
know that the migration and demigration operators can be chained to construct operators for a broad range
of seismic image transformations. The resulting operator achieves the desired imaging task in a single
stacking procedure. In other words, for each point (η, τ ) in the redatumed section, we know that Uo (η, τ )
can be expressed as a single stacking operator with a weight function acting upon the input data, i.e.,
Z
1
1/2
Uo (η, τ ) = √
dξWred (ξ; η, τ )D− [Ui (ξ, t)]|t=Tred (ξ;η,τ ) .
(1)
2π A
The input traces Ui (ξ, t) are weighted by factor Wred (ξ; η, τ ), and then summed along the stacking curve
t = Tred (ξ; η, τ ). Both functions depend on the point (η, τ ) where the stacking is performed. Moreover,
A denotes the aperture of the stack, i.e., the range where the data are available in the input section. At last,
the half derivative
i
h
π
1/2
(2)
D− [f (t)]| = F −1 |ω|1/2 e−i 4 sign(ω) F[f (t)] ,
where F denotes the Fourier transform, is necessary to correct the pulse shape.
The stacking curve Tred is defined by the kinematics of the problem, while the weight function Wred
will be determined by the desired amplitude behaviour. So, for a true-amplitute weight function, this is
done imposing that, asymptotically, the simulated reflections must have the same geometrical-spreading
factor that the reflections would have if they were actually acquired on the new datum. As we will see, the
resulting true-amplitude weight function does not depend on any reflector property. Thus, it is possible to
evaluate it for any point (η, τ ) in the redatumed section using only information about the velocity model.
We are going to construct the stacking curve Tred . Given (η, τ ) in output section, we want to find the
curve in the input section that is kinematically equivalent to (η, τ ), i.e., where reflections might be found
in the input section that image to (η, τ ). For this, we must follow these two steps:
(1) For a given point (η, τ ), we determine its isochron z = Zo (x; η, τ ) in the depth. This isochron is
implicity defined by all point M = (x, Zo (x; η, τ )) in the depth where the sum of the traveltime along two
ray segments So M and M Go , connecting M with the source-receiver pair (So , Go ), is equal to the given
time τ , i.e.,
T (So , M ) + T (M, Go ) = τ .
(3)
In the same way, we define the isochron z = Zi (x; ξ, t) which refers to the input section.
(2) Treating the isochron like a reflector, we construct its traveltime curve in the original depth, i.e., we
evaluate the reflection time for all source-receiver pairs in ξ. The resulting curve can be written as
t = Tred (ξ; η, τ ) = T (Si , M ∗ ) + T (M ∗ , Gi ) ,

(4)

where, for each source-receiver pair in ξ, the point M ∗ represents the position in the isochron z =
Zo (x; η, τ ) where a reflection occurred. The point M ∗ , supposed to be unique, has the depth coordinates
(x∗ , Zo (x∗ ; η, τ )), where x∗ = x∗ (ξ; η, τ ) is obtained using the stationary condition
∂
[T (Si , M ) + T (M, Gi )] |x=x∗ = 0 .
∂x

(5)

We refrain from detailing the lengthy determination of the true-amplitude weight function Wred (ξ; η, τ ),
because it is completely analogous to the one presented for migration to zero offset (MZO) in Tygel et al.
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(1998). The reason is that both MZO and redatuming are part of the general class of configuration transforms. Thus, the arguments apply to both situations in the same way. The final redatuming weight function
for an arbitrary medium, configuration and topography reads
s
r


1
voS σiS + σiG L̄iS L̄iG cos θS
cos θG
cos θoR
Wred (ξ; η, τ ) =
+
3
viS σoS + σoG L̄oS L̄oG
cos φ
vR
L̄2iS
L̄2iG
×

exp{iπ[1 − sgn(Ki − Ko )]/4}
p
,
2|Ki − Ko |

(6)

where viS and voS are the velocities at the sources on the input and output datums, respectively, and vR
is the velocity at M . Also, σiS and σiG are the so-called optical lengths of ray segments M Si and M Gi ,
respectively, i.e., the integral of squared velocity in traveltime along the ray. Analogously, σoS and σoG
represent these factors along segments M So and M Go , respectively. These factors represent the out-ofplane geometrical-spreading factors. The in-plane components of the geometrical spreading are given by
L̄iS and L̄iG , along segmentes M Si and M Gi , and by L̄oS and L̄oG , along segmentes M Si and M Gi ,
respectively. Moreover, symbols θis and θis represent the angles that the rays M Si and M Gi make with the
surface normal at Si and Gi , respectively, and φ is the surface dip angle at Si . Also, θoR is the reflection
angle at M in the output configuration. Finally, Ki and Ko are the curvatures of the input and output
isochrons, respectively. For zero-offset, expression (6) simplifies to
r
exp{iπκ/2}
σiS cos θS
1
voS
p
2
.
(7)
Wred (ξR ; η, τ ) =
viS
σoS cos φ v 3/2 L̄2
|Ki − Ko |
R
oS
Below, we construct the stacking curves (4) and weight functions (7) for simple types of velocity models.
Homogeneous medium (v = vo ) without topography
We start with redatuming between flat surfaces in a homogeneous medium. For simplicity, we consider
zi (x) = 0 and zo (x) = zo constant. First we construct the stacking curve (4), and then we specify the
weight function (7) for this situation.
A point (η, τ ) in the output section determines the isochron z = Zo (x; η, τ ), which is defined by
equation (3). For homogeneous media with ZO configuration, we can write this as
T (So , M ) + T (M, Go ) = 2T (So , M ) = 2
where Ro =
semicircle

p

Ro
=τ ,
vo

(8)

(z − zo )2 + (x − η)2 = vo τ /2. This equation can be solved in terms of z to yield the
z = Zo (x; η, τ ) = zo +

p

Ro2 − (x − η)2 .

(9)

Therefore, the diffraction time TD (x; ξ), that is, the sum of the traveltimes along the segments that pass
from Si to an arbitrary point M = (x, Zo (x; η, τ )) and from this M to Gi , can be written as
TD (x; ξ) =

2R
,
vo

(10)

where
R=

p

(x − ξ)2 + z 2

(11)

is the distance from Si and Gi to M , with z given by (9).
However, we are interested only in orthogonal reflections from isochron (9). So, we have to find the
stationary point of (10), i.e., the point that satisfies


2 ∂R ∂R dz
∂TD
=
+
=0,
(12)
∂x x=x∗
vo ∂x
∂z dx x=x∗
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Figure 1: The zero-offset reflection from the source-receiver pair to the isochron z = Zo (x; η, τ ) crosses
the center of semicircle.
with z satisfying the isochron (9). Thus, we obtain the stationary point x∗ as
x∗ =

γRo
+η ,
α

(13)

p
where γ = η − ξ and α = zo2 + γ 2 . In other words, γ represents the horizontal displacement between
the source-receivers pairs from input and output sections, and α represents the total distance between them
(see Figure 1).
Now we can write the redatuming time from isochron (9) in input section. Using the stationary point
(13) in equation (10), we find
Tred (ξ; η, τ ) =

α
2
(Ro + α) = τ + 2 .
vo
vo

(14)

This result has a simple geometrical explanation. In Figure 1, we see that for a given ξ, the unique zerooffset ray from the source-receiver pair at ξ to the isochron z = Zo (x; η, τ ) crosses the center (η, zo ) of
the semicircle defined by the isochron Zo . This must be so because the reflection must be normal to the
isochron. The two-way traveltimes of all rays through (η, zo ) define the stacking line in equation (14).
As the next step, we evaluate the weight function (7) of the redatuming operator. First, we will determine the curvatures of the isochrons. We start by determining that of the input isochron. For that purpose,
we need the point in depth that has originated the reflection event that arrives at source-receiver pair ξ at
time t. In analogy to the previous case, the input isochron is the lower semicircle given by
p
z = Zi (x; ξ, t) = (vo t/2)2 − (x − ξ)2 .
(15)
With this, we can evaluate the curvatures of the isochrons (9) and (15) at a point M = (x, z) are
Ko =

d2 Zo /dx2
1
=−
Ro
[1 + (dZo /dx)2 ]3/2

(16)

and

d2 Zi /dx2
1
,
=−
(vo t/2)
[1 + (dZi /dx)2 ]3/2
respectively. In particular, at the stationary point x∗ , the traveltime is given by equation (14). Thus,
Ki =

Ki = −

1
.
(Ro + α)

(17)

(18)
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Figure 2: Simulation with the acquisition line at zi = 0 (left) and its respective seismic section (right).
With these two curvatures, we can evaluate the exponential term in the weight function. We have
Ki − Ko =

α
,
Ro (Ro + α)

(19)

and therefore

n π o
n π
o
exp i κ = exp i [1 − sign(Ki − Ko )] = 1 .
(20)
2
4
In other words, the weight function for redatuming in a homogeneous medium is always a real quantity.
Any phase changes in the events are taken care of by the stacking procedure itself.
To conclude the evaluation of the weight function, we have to determine the geometrical spreading. For
homogeneous media, we
phave σiS = vo (Ro + α) and σoS = vo Ro . The 2D spreading is the square root of
traveltime, i.e., L̄oS = Ro /vo .
Using that cos θS = zo /α, we can thus write the final expression for the weight function of redatuming
operator (7) in homogeneous media as
r 

2 Ro + α
zo
Wred (ξ; η, τ ) =
.
(21)
vo
Ro
α3/2
Numerical example.— To test the above formulas, we apply them in a simple numerical test. Figure 2
shows the two-layer model used together with the ray family of the zero-offset experiment and the position
of the new datum. We model the seismic sections at surface zi = 0 and at new datum zo , using a software
based on the Kirchhoff integral. To the section obtained for zi = 0 (input section), we apply the redatuming
and compare this result (output section) with the modelled section obtained at zo . The source-receiver pairs
are equally spaced from −1000 m to 1000 m with displacement 10 m. The new datum (represented by the
horizontal line in the left on Figure 2) is zo = 1400 m. The sampling rate was 1 ms. The velocitiy is
3.0 km/s above the reflector and 4.0 km/s below it.
The modelled zero-offset data at z = zi = 0 are depicted on the right side of Figure 2. The left panel
of Figure 3 shows the the output section of redatuming applied to the data in Figure 2. For comparison,
the right panel of Figure 3 shows the desired output, i.e., the data modelled at the new datum z = zo =
1400 m. Apart from the boundary effects of the stacking procedure, no differences between the two sections
are visible. Note that since the caustic occurs above the new datum, redatuming correctly removes the
triplication of the reflection event.
To evaluate the quality of the transformation in more detail, we refer to Figure 4. The left side shows
the pulse in the traces at x = 500 m of the modelled and redatumed sections. The redatumed trace is
undistinguishable from the modeled one. As another test, the right side of Figure 4 shows the relative
error in amplitude along the event between the redatumed and the modelled sections. Note that outside the
boundary region, the amplitude error is about 0.5%.
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Figure 3: Seismic sections obtained from redatuming (left) and modelling at the datum level z = zo
(right).
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Figure 4: Left: Seismic traces at x = 500 m from modelling (continuous line) and redatuming (dashed
line). Right: relative amplitude error obtained comparing the peaks of the two seismograms in Figure 3.

Homogeneous layers separated by a flat interface
In this section, we extend the previous results to redatuming to a flat interface separating two homogeneous
media with velocities v1 and v2 . As before, we assume for simplicity that the input data were acquired at
z = zi = 0 and that the interface that takes the role of the new datum is at z = zo = constant (Figure 5).
As before, a point (η, τ ) in the output section determines the circular output isochron
z = Zo (x; η, τ ) = zo +

p

Ro2 + (x − η)2 ,

(22)

where now Ro = v2 τ /2.
To find an explicit expression for the reflection traveltime from an input source-receiver pair to the
isochron (22), we proceed differently from the homogeneous case. Because of the refacting of the ray at
the interface, finding the stationary point x∗ of TD (x; ξ) involves the solution of a fourth-order equation.
Thus, we will localize this point using geometrical arguments. As in the homogeneous case, the unique
reflection ray that connects a source-receiver pair to the isochron must cross the center of the semicircle
(Figure 5). Therefore, the ray also travels the distance 2(Ro + α), however in two different media. Thus
we can write the redatuming time as
Tred (ξ; η, τ ) =

2α
α
2Ro
+
=τ +2 .
v2
v1
v1

(23)
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Figure 5: The unique reflection from an input source-receiver pair to the isochron z = Zo (x; η, τ ) crosses
the center of the semicircle.

Figure 6: Given (ξ, t) in the input section, we have the isochron z = Zi (θ; ξ, t) in depth.
From the geometry (Figure 5) and Snell’s law, we find the respective stationary point where this reflection
occurs to be given by
γRo
Ro
x∗ = n
+η
and
z ∗ = zo +
|z̃o | ,
(24)
α
α
where n = v2 /v1 is the refraction index and z̃o2 = α2 − n2 γ 2 .
We observe that redatuming time (23) is the same as obtained in equation (14). This result shows that
the kinematics of redatuming are independent of the velocity v2 below the new datum.
Our next step is to find the weight function (7) for the present situation. First, we need to determine the
isochron Zi (x; ξ, t) of a point (ξ, t) in the input section. To simplify the considerations, we parameterize
the problem using the angle θ between the ray and the surface normal at Si (see Figure 6) instead of the
horizontal coordinate x. The isochron will then be described by z = Zi (θ; ξ, t) (−π/2 < θ < π/2).
The given time value t that defines the isochron can be thought of as composed of two contribuitions,
i.e., t = t1 + t2 , where t1 is the two-way time from the source to the interface and where t2 is the remaining
two-way time to the isochron (Figure 6). The geometry implies that
cos θ =

zo
2zo
: t1 =
.
v1 t1 /2
v1 cos θ

(25)
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The horizontal coordinate xp of the refraction point is found correspondingly from a function of θ as
sin θ =

ξ − xp
: xp = ξ − zo tan θ .
v1 t1 /2

(26)

The refraction angle θ0 is related to θ via Snell’s law, i.e.,

Thus,

sin θ
sin θ0
=
.
v1
v2

(27)

v2 sin θ
xp − x
= sin θ0 =
.
v1
v2 t2 /2

(28)

Using that t2 = t − t1 and the result (25), we can write x as
x(θ; ξ, t) = ξ + (n2 − 1)zo tan θ − n

v2 t
sin θ .
2

(29)

Moreover, from Pythagoras’ theorem, we have


v2 t2
2

2

2

2

= (z − zo ) + (xp − x) .

(30)

Combining these two equation together with xp from equation (26), we obtain the isochron


p
v2 t
zo
−n
.
z = Zi (θ; ξ, t) = zo + 1 − (n sin θ)2
2
cos θ

(31)

Note that for v1 = v2 = vo the isochron, now represented by x(θ; ξ, t) and z(θ; ξ, t), reduces to the one for
the homogeneous medium, i.e., the semicircle with radius vo t/2.
To evaluate the curvature of this isochron, we need the first and second derivatives of Zi (θ; ξ, t) with
respect to x. Because of the chain rule we have
dZi
dZi
=
dx
dθ
where,

and



dx
dθ

−1
,

(32)

dZi
n sin θ[2zo (n2 − 1) − nv2 t cos3 θ]
p
=
,
dθ
2 cos2 θ 1 − (n sin θ)2

(33)

dx
2zo (n2 − 1) − nv2 t cos3 θ
.
=
dθ
2 cos2 θ

(34)

dZi
sin θ
= np
= tan θ0 .
dx
1 − (n sin θ)2

(35)

Thus, we obtain

Correspondingly, the second-order derivative with respect x is
d2 Zi
d dZi
d
=
=
dx2
dx dx
dθ
where

We find

d
dθ



dZi
dx


=



dZi
dx



dx
dθ

−1
,

n cos θ
.
[1 − (n sin θ)2 ]3/2

d2 Zi
n cos3 θ
=
.
dx2
[zo (n2 − 1) − n(v2 t/2) cos3 θ][1 − (n sin θ)2 ]3/2

(36)

(37)

(38)
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With these expressions, we obtain the curvature as
Ki =

n cos3 θ
.
zo (n2 − 1) − n(v2 t/2) cos3 θ

(39)

We are interested in the curvature at the stationary point. According to Figure 5, θ∗ must satisfy cos θ∗ =
zo /α and sin θ∗ = −γ/α, where α and γ continue as defined in the beginning of the section. Using this
fact and that t is given by (23), we can write
Ki = −

nzo2
.
αz̃o2 + nRo zo2

(40)

Again, we observe that for v1 = v2 = vo this curvature reduces to the previous result (18) for a homogeneous medium.
With this curvature and the curvature of the isochron (22), we can now calculate the exponential term
in the weight function. First, we observe that
Ki − Ko =

αz̃o2
.
+ nRo zo2 ]

Ro [αz̃o2

(41)

Thus, the value of sign(Ki −Ko ) depends on the sign of z̃o2 = α2 −n2 γ 2 = α2 (1−n2 sin2 θ) = α2 cos2 θ0 ,
which is positive for all nonevanescent transmissions. Thus, as for the homogeneous case,
κ=

1
[1 − sign(Ki − Ko )] = 0 ,
2

(42)

which means that the weight function for redatuming in this situation is still a real quantity and any phase
changes in the events are taken care of by the stacking procedure itself.
Next, we will investigate the factors that constitute the geometrical spreading. As the medium is homogeneous in eachp
layer, we have σiS = v1 α + v2 Ro and σoS = v2 Ro . The 2D spreading in the second layer
is again L̄oS = Ro /v2 .
With all its individual contributions calculated, we can express the weight function of the stacking
operator (1) for redatuming to a planar interface as
s
r
2 nzo
(α + nRo )(αz̃o2 + nRo zo2 )
Wred (ξ; η, τ ) =
.
(43)
3/2
v2 α Ro
nz̃o2
Unlike in homogeneous media, the aperture A in stack (1) is now restricted if v2 > v1 . The reason is that
supercritical rays don’t penetrate the interface. Thus, the corresponding source positions do not contribute
to the stack. The critical angle θc satisfies
sin 90o
1
sin θc
=
=
.
v1
v2
v2

(44)

Thus, the aperture condition can be formulated as
|sin θ| ≤ |sin θc | :

|ξ − η|
v1
≤
,
α
v2

(45)

or, in other words, for a given η, only those sources will contribute to the stack whose coordinates ξ satisfy
|ξ − η| ≤ √

zo
.
n2 − 1

(46)

Note that the maximum aperture tend to infinity when n tends to one, which is the case of the homogeneous
medium discussed above.
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Figure 7: Simulation with the acquisition line at zi = 0 (left) and its respective seismic section (right).
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Figure 8: Seismic sections obtained from redatuming (left) and from modelling considering the acquisition
line at z = zo (right).
Numerical example.— In the following numerical test, we considered a planar reflector without topographies in input and output datum (see Figure 7). The acquisistion parameters are the same as used in the
previous example. The input data are modeled at z = zi = 0 and the output datum is at z = zo = 500 m
depth. The medium velocities are 3000 m/s above the datum and 5000 m/s below it. As before, the seismic
section on the right side in Figure 7 is the modelled input data. We use it to apply the redatuming operator.
The resulting seismogram is depicted in the left panel of Figure 8 and compared to the synthetic data modelled at the datum level (right panel). Except for a weak precursor to the reflection event, the modelled and
redatumed sections are identical. The detailed quality analysis was done in the same way as before. The
results are depicted in the Figure 9. The left panel compares the pulses of the trace at x = 500 m in the
modelled (continuous) and redatumed (dashed) sections. The actual reflection event is practically identical.
As already observed in Figure 8, the redatumed trace has a small precursor which is due to imperfect tapering of the stacking operator. The right panel of Figure 9 shows the amplitude error along the redatumed
reflection event. Except for the boundary region, the error is under 2%.
Homogeneous medium (v = vo ) with topography
In this section, we calculate the redatuming operator for the ZO configuration in a homogeneous medium
(v = vo ), now allowing for topography both at the acquisition surface zi = zi (x) and at new datum
zo = zo (x).
The derivation is very similar to the one of the first section. Therefore, we will restrict the discussion
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Figure 9: Left: Seismic traces at x = 500 m from modelling (continuous line) and redatuming (dashed
line). Right: relative amplitude error obtained comparing the peaks of the two seismograms in Figure 8.

Figure 10: The unique point that go up, arrive at isochron z = Zo (x; η, τ ) and go back to the same place,
is the ray that cross the center of the semicircle.
to the geometrical arguments. Given a point (η, τ ) in the output section, the isochron (9) must now be
modified to
p
z = Zo (x; η, τ ) = zo (η) + Ro2 − (x − η)2 ,
(47)
where still Ro = vo τ /2.
We are only interested in the orthogonal reflections to isochron (47). As before, (see Figure 10) the ray
path covers a distance of 2(Ro + α) on its way from the source back to the receiver. Thus, the redatuming
time of isochron (47) in the input section is
Tred (ξ; η, τ ) =
where now α =
occurs is

α
2
(Ro + α) = τ + 2 ,
vo
vo

(48)

p

γ 2 + [zo (η) − zi (ξ)]2 . Moreover, the respective stationary point where this reflection

γRo
+η .
(49)
α
Now, we calculate the curvature of the isochrons. To take the topography into account, the input
isochron of equation (15) must be modified to
p
z = Zi (x; ξ, t) = zi (ξ) + (vo t/2)2 − (x − ξ)2 .
(50)
x∗ =
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Figure 11: Simulation with the acquisition line at zi (x) (left) and its respective seismic section (right).
This isochron is different of (15), just on the fact that now the topography influences in the depth of the
isochron. So, the Since the modifications of the isochrons (47) and (50) only affect their vertical position,
their curvatures are still given by equations (16) and (18), respectively. Thus, the exponential factor in the
weight function continues to be given by equation (20).
We still need expressions for the geometrical-spreading factors. Analogously to the previous results,
σiS = p
vo (Ro + α) and σoS = vo Ro , and the 2D spreading is the square root of the traveltime, i.e.,
L̄oS = Ro /vo .
The last quantity to be specified in terms of model quantities is the emergence angle θS∗ of the stationary
ray at Si . Because of the surface topography, this angle no longer equals the ray propagation angle θ. From
geometrical considerations, it is not difficult to see that
cos θS∗ = cos φ(zo (η) − zi (ξ) − γzi0 (ξ))/α ,
where zi0 = dzi /dx denotes the derivative of the function zi that describes the surface topography.
Combining these results, we have the weight function given by
r 

2 Ro + α [zo (η) − zi (ξ) − γzi0 (ξ)]
.
Wred (ξ; η, τ ) =
vo
Ro
α3/2

(51)

(52)

Numerical example.— As before, we have tested the expressions for the redatuming stacking operator
with a simply synthetic data set. We considered a synclinal reflector below a homogeneous overburden.
The acquisition surface and datum have different topographies (see Figure 11). The acquisition parameters
are the same as before. Again, the synthetic seismic section at right in the Figure 11 is the input to the
redatuming operator. Figure 12 compares the resulting redatumed section (left) with the synthetic data as
modelled at the datum level (right). As before, the sections look very similar except for a few boundary
effects. The quality analysis in Figure 13 compares two traces at x = 250 m from these sections (left) and
depicts the relative amplitude error along the first arrival (right). Again, the traces are virtually identical.
The error is below 1% except in the boundary region and in the center of the caustic, where the events
intersect.
CONCLUSIONS
In this work, we have developed a true-amplitude theory for a diffraction-stack type redatuming operation.
Such an operation can be conceived of as being composed of a true-amplitude diffraction-stack migration
and a true-amplitude isochron-stack demigration, as described in the unified approach to seismic reflection
imaging (Hubral et al., 1996; Tygel et al., 1996).
We have derived the general expressions for the stacking line and weight function for such a redatuming
operator. The quantities involved can be calculated by ray tracing in a given macro-velocity model. For
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Figure 13: Left: Seismic traces at x = 250 m from modelling (continuous line) and redatuming (dashed
line). Right: relative amplitude error obtained comparing the peaks of the two seismograms in Figure 12.

zero-offset data in two simple situations, being a homogeneous overburden and a horizontal interface at the
datum level, we have explicitly expressed the stacking line and weight function. We have seen that in both
situations, no contributions from the redatuming process to the number of caustics in the data need to be
taken into account. In other words, the weight function is a real quantity. All phase shifts in the wavelet
due to the new acquisition level are automatically taken into account by the stacking procedure.
In simple numerical examples, we have demonstrated the quality of the redatuming operation by comparing redatumed data to the ideal output obtained from modelling. We have seen that the proposed
diffraction-stack type redatuming indeed correctly transforms traveltimes, amplitudes and wavelet shapes
of the simulated data.
Ongoing research will extend the applicability of the method to more general situations. Of particular
interest is the situation where the new datum is a reflector with topography. Moreover, we intend to address
the question about the degree of medium inhomogeneity that is acceptable for constant-velocity redatuming
to work with a tolerable error.
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ABSTRACT
The application of an imaging condition in wave equation shot profile migration is important to
provide illumination compensation and amplitude recovery. Particularly for true-amplitude waveequation migration algorithms, a stable imaging condition is essential to successfully recover the
medium reflectivity. We continue our study of a set of image conditions with illumination compensation by application to the Marmousi data. The imaging conditions are evaluated by the quality
of the stacked migrated sections. The most stable of the tested imaging condition with illumination
compensation divides the crosscorrelation of the up- and downgoing wavefields by the autocorrelation of the downgoing wavefield. Smoothing imaging conditions, which work perfectly in vertically
inhomogeneous media, tend to fail for laterally varying velocities.

INTRODUCTION
Shot-profile migration is a method used to construct an image of the earth interior from seismic data. This
technique is implemented in two steps. The first step consists of downward continuing the source and
receiver wavefields for each shot position and the second step consists of applying the imaging condition.
The imaging step is based on Claerbout’s imaging principle (Claerbout, 1971).
The theoretically correct imaging condition for Claerbout’s imaging principle uses one-dimensional deconvolution between the down- and up-going wavefields, i.e., division in the frequency domain. Since this
division is unstable off the reflector position, historically, and for practical reasons, the imaging condition
is usually estimated by cross-correlating the down- and up-going wavefields (Claerbout, 1971). This yields
perfectly stable images since the phase information is correctly preserved and no division is necessary.
However, once migrated amplitudes are another desired result to be obtained from prestack migration,
as suggested by Zhang et al. (2003, 2005), a more realistic imaging condition that approximates the division
in the frequency domain, needs to be used. Last year, Schleicher et al. (2006) investigated the behaviour
of a set of different imaging conditions for a single shot experiment in a simple model that consisted
of four horizontal reflectors embedded in a horizontally homogeneous medium with a constant vertical
velocity gradient. They concluded that the most stable of the tested imaging conditions with illumination
compensation is the one that divides the crosscorrelation of the up- and downgoing wavefields by the
autocorrelation of the downgoing wavefield.
In this paper, we carry this analysis to a more realistic situation, comparing the behaviour of the best of
the tested imaging conditions when applied to the Marmousi data.
METHOD
Wave equation migration tries to undo the propagation effects described by the (acoustic) wave equation
on the surface data Q(xr , yr ; ω) recorded at the receiver at xr = (xr , yr , z = 0). After Fourier transform,
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the wave equation reads


2


ω2
∂2
+
+
∆
p(x, y, z; ω) = −δ(x − xs ),
v2
∂z 2

(1)

2

∂
∂
where ∆ = ∂x
2 + ∂y 2 , and where xs denotes the source location. The solution of this equation at xr must
equal the recorded surface data Q(xr , yr ; ω), i.e.,

p(xr , yr , z = 0; ω) = Q(xr , yr ; ω).

(2)

To map this solution into depth, the Helmholtz equation (1) is generally decomposed into two one-way
wave equations. These are
!
r
ω2
∂
ω
1 + 2 ∆ PD = 0,
+i
(3)
∂z
v
v
with initial condition
PD (x, y, z = 0; ω) = δ(x − xs )

(4)

!
ω2
1 + 2 ∆ PU = 0
v

(5)

PU (x, y, z = 0; ω) = Q(x, y; ω)

(6)

for the downgoing waves, and
ω
∂
−i
∂z
v

r

with initial condition
for the upgoing waves.
After propagating the waves from the indicated initial conditions at z = 0 into the underground (downgoing waves forward from t = 0, upgoing waves backward from t = tmax ), an imaging condition must be
applied in order to obtain the final image. The theoretically correct imaging condition is the division of
both wavefields at the reflectors depth in order to recover the reflection coefficient as the amplitude ratio,
i.e.,
Nω
X
PU (x, y, z; ωj )
R(x, y, z) =
,
(7)
P
(x, y, z; ωj )
j=1 D
where Nω is the number of frequencies used in the process. Since the reflector position is unknown, this
division has to be carried out at all depths, which is rather unstable, because the downgoing wavefield
will be zero at some places. Therefore, some stabilization is required. For this purpose, many different
practical imaging conditions have been suggested. Below we give an overview over a number of them and
compare their performance on a simple vertical-gradient model with four horizontal interfaces, as well as
the Marmousi data.
IMAGING CONDITIONS
Crosscorrelation
The simplest imaging condition is the one originally proposed by Claerbout (1971). It uses a simple
convolution of the up- and downgoing fields, viz.
R(x, y, z) =

Nω
X

∗
PD
(x, y, z; ωj )PU (x, y, z; ωj ),

(8)

j=1

where the asterisk denotes the complex conjugate.
This condition is obtained as a simplification of
Nω
∗
X
PU (x, y, z; ωj )PD
(x, y, z; ωj )
R(x, y, z) =
∗ (x, y, z; ω ) ,
P
(x,
y,
z;
ω
)P
j
j
D
j=1 D

(9)
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∗
which is obtained from equation (7) by multiplication of numerator and denominator with PD
(x, y, z; ωj ),
in order to make the denominator real. Of course, equation (9) does not remedy the division by zero.
However, the denominator is now merely a scale factor that does no longer contain any phase information.
Thus, if no amplitude information is to be preserved, the denominator can be omitted, leading to imaging
condition (8).

Stabilized divisions
Actual implementations of imaging condition (9) retaining the denominator need to apply some stabilization. Here, we have tested two forms. The first one is an additive form, given by
R(x, y, z) =

Nω
X
j=1

∗
PU (x, y, z; ωj )PD
(x, y, z; ωj )
,
∗
PD (x, y, z; ωj )PD (x, y, z; ωj ) + ε

(10)

where ε is an additive constant. There are many ways to define its value. A constant value for all depth
levels is generally an inadequate choice, leading to insufficient stability or too strong smoothing at different
depth levels. In our numerical tests, we used
ε = ε(ω, z) = λ[max(|PD (x, y, z; ω)|2 )] .

(11)

x,y

In other words, the stabilization is achieved by adding a fraction (0 < λ < 1) of the maximum of the
squared absolute value of the downgoing wavefield at the current depth level to the denominator.
The second one is a low-cut form, given by
R(x, y, z) =

Nω
X

F (x, y, z; ωj ),

(12)

j=1

where


∗

 PU (x, y, z; ωj )PD (x, y, z; ω) , if |PD (x, y, z; ω)|2 > ε
∗
PD (x, y, z; ω)PD (x, y, z; ω)
F (x, y, z; ω) =


0
otherwise

,

(13)

where ε is again defined by equation (11). In other words, stabilization is achieved by substitution of all
values of the denominator smaller than a fraction of the maximum value of the wavefield at the current
depth level by that value.
Since the corresponding stabilization of the the original complex division 7 already turned out to be of
very poor quality, we refrained from testing it on the Marmousi data.
Smoothing
Recently, imaging conditions using lateral smoothing have been proposed (Guitton et al., 2006). We have
tested four such conditions. The first one uses a smoothed denominator in equation (9), i.e.,
R(x, y, z) =

Nω
X
j=1

∗
PU (x, y, z; ωj )PD
(x, y, z; ωj )
,
∗
< PD (x, y, z; ωj )PD (x, y, z; ωj ) >

(14)

where the smoothing operator is
∗
< PD (xi , yk , z; ω)PD
(xi , yk , z; ω) >

=

i+n
Xx

k+ny

X

∗
PD (xl , ym , z; ω)PD
(xl , ym , z; ω) .

l=i−nx m=k−ny

Here nx and ny represent the size of the smoothing windows in the x and y directions.

(15)

166

Annual WIT report 2007

The next imaging condition uses corresponding smoothing also in the numerator. In formulas,
Nω
∗
X
< PU (x, y, z; ωj )PD
(x, y, z; ωj ) >
.
R(x, y, z) =
∗
<
P
(x,
y,
z;
ω
)P
D
j
D (x, y, z; ωj ) >
j=1

(16)

The other two smoothing imaging condition add another smoothing operation along the frequency axis
to the lateral smooting as indicated above. These conditions read
R(x, y, z) =

Nω
X
j=1

∗
PU (x, y, z; ωj )PD
(x, y, z; ωj )
∗
 PD (x, y, z; ωj )PD (x, y, z; ωj ) 

(17)

and
R(x, y, z) =

Nω
∗
X
 PU (x, y, z; ωj )PD
(x, y, z; ωj ) 
.
∗
 PD (x, y, z; ωj )PD (x, y, z; ωj ) 
j=1

(18)

where the smoothing operator now also contains a sum in ω, i.e.,
∗
 PD (xi , yk , z; ωs )PD
(xi , yk , z; ωs ) 

i+n
Xx

=

k+ny

X

s+n
Xω

∗
PD (xl , ym , z; ωt )PD
(xl , ym , z; ωt ) .

l=i−nx m=k−ny t=s−nω

(19)
Here nx , ny , and nω represent the size of the smoothing windows in the x, y, and ω directions, respectively.
Division by autocorrelation
In the single-shot examples of Schleicher et al. (2006), to divide the complete crosscorrelation of the
up- and downgoing wavefields at the current depth level at t = 0 by the autocorrelation of the downgoing
wavefield turned out to be the most stable of the tested imaging conditions with illumination compensation.
In symbols, this image condition reads
R(x, y, z) =

U (x, y, z)
,
D(x, y, z)

(20)

where
U (x, y, z) =

Nω
X

∗
PU (x, y, z; ωj )PD
(x, y, z; ωj )

(21)

∗
PD (x, y, z; ωj )PD
(x, y, z; ωj ) .

(22)

j=1

and
D(x, y, z) =

Nω
X
j=1

This imaging condition is the result of a least-squares inversion of the equation
PU (x, y, z; ω) = R(x, y, z)PD (x, y, z; ω)

(23)

for all ω (Arienti et al., 2002). Equation (23) relates the up- and downgoing fields at the image point. In
other words, R(x, y, z) of equation (20) minimizes the cost function
N

C(R(x, y, z)) =

ω
1X
2
[PU (x, y, z; ω) − R(x, y, z)PD (x, y, z; ω)] .
2 j=1

(24)

It turns out that equation (20) is a rather stable imaging condition. Only at the corners of the migrated
image, very far from sources and receivers, some problems may occur. Because of the location of these
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Figure 1: Marmousi data migrated using the crosscorrelation imaging condition.
problems, it is sufficient to avoid these areas. Thus, for the application to the Marmousi data, we have
tested the slightly modified forms
R(x, y, z) =
and

U (x, y, z)
,
D(x, y, z) + ε


 U (x, y, z)
,
P (x, y, z; ω) =
D(x, y, z)

0

if |D(x, y, z)| > ε

(25)

(26)

otherwise ,

where
ε = ε(z) = max{α, λ max(|D(x, y, z; ω)|)} .
x,y

(27)

Note that conditions (20) and (26) can be easily generalized to incorporate the time-shift imaging condition of Sava and Fomel (2006). All that needs to be done is calculation of the inverse Fourier transforms
in the numerator and denominator with opposite time shifts.
NUMERICAL EXPERIMENTS
Marmousi data
To study the quality of the best of the above imaging conditions under more realistic conditions, we applied
them to the Marmousi data (Versteeg, 1994). The employed migration was a common-shot PSPI migration
with ten reference velocities chosen according to the maximum entropy criterion of Bagaini et al. (1995).
The following figures depict the resulting depth-migrated image using the true velocity distribution. Note
that we used the same migration in all cases, only varying the imaging condition, thus eliminating the
influence of migration from the image variations. Therefore, all differences in the images below are a
direct concequence of the different imaging conditions used.
Crosscorrelation.— Figure 1 shows the migration result for the standard crosscorrelation imaging condition. This image should be considered a benchmark, since the applied imaging conditions are not supposed
to degrade the image quality in comparison to this one.
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Figure 2: Marmousi data migrated using the imaging condition by stabilized division [equation (10)] using
the variable ε of equation (11) with λ = 0.1.
Stabilized divisions.— The first imaging condition with illumination compensation to be tested is the
stabilized division of equation (10) (see Figure 2). As we know from the tests of Schleicher et al. (2006),
divisional imaging conditions tend to create migration artifacts. This becomes immediately clear when we
compare Figure 2 to Figure 1. The migration artifacts are so strong that the actual image cannot be seen
except for a few very strong reflectors. Figure 4 was obtained using λ = 0.1 in equation (11). However,
increasing λ does not much to improve the situation. This can be seen in Figure 3, which was obtained
with λ = 0.2.
Actual stabilization could only be achieved using quite a large fixed value for ε of 10−4 for the whole
migration of all shots at all depths rather than a variable ε with depth as suggested in connection with
condition (10). The result is depicted in Figure 4. We note that the images in Figures 1 and 4 look almost
identical. The reason is the large stabilization value, which makes the illumination compensation almost a
division by a constant scale factor, thus resulting in no relative differences between the images.
The situation is almost identical if we avoid adding ε to the denominator but carry out the division only
if the denominator exceeds ε as proposed in imaging condition (12). For λ = 0.1 and λ = 0.2, we obtain
the images of Figures 5 and 6, respectively. By substitution for a fixed ε = 10−4 , the image improves
again, though it remains full of artifacts (see Figure 7).
Smoothing
The results of the imaging conditions (14) to (18) that rely on smoothing are depicted in the next figures.
Figures 8 and 9 show the results of condition (14), which smoothes the denominator of the division, for two
different sizes of the smoothing window, nx = 75 and nx = 256. The structure of the image has improved
in comparison to the images in Figures 2, 3, 5, 6, and even 7. Moreover, the illumination compensation
can be seen to have an effect as the stronger reflections deeper in the model like, for instance, the reservoir
reflections, have stronger amplitudes as before. However, the migration artifacts are still rather strong,
deteriorating the image quality. The effect of the different window sizes is barely detectable.
The behaviour of condition (16), which smoothes the both the numerator and the denominator, is quite

Annual WIT report 2007

2000
0

3000

169

4000

Distance (m)
5000

6000

7000

8000

500

Depth (m)

1000

1500

2000

2500

Figure 3: Marmousi data migrated using the imaging condition by stabilized division [equation (10)] using
the variable ε of equation (11) with λ = 0.2.
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Figure 4: Marmousi data migrated using the imaging condition by stabilized division [equation (10)] using
a fixed ε = 10−4 .
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Figure 5: Marmousi data migrated using the imaging condition by stabilized division [equation (12)] using
the variable ε of equation (11) with λ = 0.1.
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Figure 6: Marmousi data migrated using the imaging condition by stabilized division [equation (12)] using
the variable ε of equation (11) with λ = 0.2.
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Figure 7: Marmousi data migrated using the imaging condition by stabilized division [equation (12)] using
a fixed ε = 10−4 .
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Figure 8: Marmousi data migrated using the imaging condition with lateral denominator smoothing [equation (14)] with a window size of nx = 75.
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Figure 9: Marmousi data migrated using the imaging condition with lateral denominator smoothing [equation (14)] with a window size of nx = 256.
different (see Figure 10 for a window size for the smoothing operator of nx = 150). Because the smoothing
is applied horizontally, not following the geological structure, the numerator smoothing leads to strong
horizontal smear in the image, obscuring any structural information, even with a rather short smoothing
operator with nx = 75..
The corresponding images for condition (17) are shown in Figures 11 and 12, again for two two sizes of
the lateral smoothing window of nx = 128 and nx = 256, with a rather short frequency smoothing window
of nω = 10. Again, the influence of the window size is irrecognizable. We note that while the structure
of the Marmousi model can be guessed, the migration noise is still unacceptably strong. We conclude that
contrary to the observation for the vertically inhomogeneous medium, frequency smoothing in complex
media does not help to improve the image. We refrain from including a figure for condition (18), since it is
rather obvious that smoothing in frequency in addition to the lateral smoothing already applied in Figure 10
won’t do any good.
In summary, our numerical tests with lateral smoothing imaging conditions for the Marmousi data
exclusively yielded unsatisfactory results. Numerator smoothing smears the image since the smoothing
generally does not follow reflectors as in the case of the above simple model. Smoothing the denominator
alone was only slightly better. However, even when choosing a rather large size for the smoothing filter,
division by zero could not be avoided for certain frequencies, resulting in very unstable images. A possible
remedy might be the omission of frequencies that cause denominators close to zero. Those frequencies
should be removable without degrading the image as the do not carry any extractable information anyway.
Division by autocorrelation
Finally, Figures 13, 14, and 15 show the results of imaging conditions (20), (25), and (26), respectively, that
division of the crosscorrelation by the autocorrelation. For conditions (25) and (26), we chose λ = 0.05
and α = 10−6 in equation (27). Note that for the stack, each migrated shot had to be normalized by its rms
value so as to guarantee comparable energy in each image.
As expected, the artifacts outside the illuminated regions perturb the image obtained with the uncondi-
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Figure 10: Marmousi data migrated using the imaging condition with lateral numerator and denominator
smoothing [equation (16)].
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Figure 11: Marmousi data migrated using the imaging condition with lateral and frequency denominator
smoothing [equation (16)] with a window size of nx = 128 and nω = 10.
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Figure 12: Marmousi data migrated using the imaging condition with lateral and frequency denominator
smoothing [equation (16)] with a window size of nx = 256 and nω = 10.
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Figure 13: Marmousi data migrated using the imaging condition dividing the crosscorrelation by the
autocorrelation.
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Figure 14: Marmousi data migrated using the imaging condition dividing the crosscorrelation by the
stabilized autocorrelation.
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Figure 15: Marmousi data migrated using the imaging condition (26) dividing the crosscorrelation by the
nonzero autocorrelation.
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tional application according to equation (20). However, both modified divisions (25) and (26) produce very
nice results. Figure 14 shows the result of stabilizing the division by adding a small ε to the autocorrelation
(equation 25). In Figure 15, we see the result of its conditional form 26, which applies the division only
where the autocorrelation is larger than a small threshold value. In both cases we have used a very small
value given in equation (27) with λ = 0.05. Both migrated images are virtually identical to each other,
showing an improved recovery of the reservoir zone when compared to the simple crosscorrelation result.
Overall, the strength of the reflector images resemble more closely the relative strength of the contrasts in
the original Marmousi model.
Upon a very close inspection some minor differences can be spotted between Figures 14 and 15. While
the conditional autocorrelation division (Figure 15) resolves some details in the fault region a little better,
it loses a bit of continuity of the two reflectors below the fault zone. Also, its resolution of the strongest
reflector in the top right corner is a bit reduced in comparison to the stabilized autocorrelation division
(Figure 14).
As expected from the single-shot experiments of Schleicher et al. (2006), setting the image to zero
where the downgoing wavefield is too small actually provides a nice muting of undesired effects outside the
actual image. Note that although image conditions 20, 25, and 26 carry out the illumination compensation
by division with the downgoing wavefield, the migration artifacts in Figures 14 and 15 are not worse than
those of Claerbout’s simple convolutional image condition (8) in Figure 1.
CONCLUSIONS
If the amplitudes of wave-equation migration are to be corrected for geometrical-spreading effects in heterogeneous media, it is important to take the effect of the imaging condition into account. Different imaging
conditions have different effects on the resulting migrated images. Divisional imaging conditions generally strongly enhance migration artifacts. Standard stabilization techniques may lead to altered reflection
amplitudes.
In this paper, we have compared the numerical behaviour of a number of different imaging conditions
for common-shot wave equation migration when applied to the Marmousi data. As in the previous tests
using a single shot from a vertical-gradient model with four horizontal interfaces, the most stable of the
tested imaging condition with illumination compensation turned out to be the one that divides the crosscorrelation of the up- and downgoing wavefields by the autocorrelation of the downgoing wavefield. In
this way, not only the migration artifacts are strongly reduced, but the amplitudes become more stable and
reliable.
Our tests on the Marmousi data demonstrated that an application of the latter imaging condition can
help to preserve relative amplitudes of reflectors, i.e., strong or weak velocity contrasts in the earth appear
as strong or weak reflections in the image, respectively. The muting of images where the downgoing field
is close to zero was successful for the cited imaging condition to reduce migration artifacts outside the
illuminated area.
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ABSTRACT
The quality of seismic images obtained by reverse time migration strongly depend on the employed
image condition. We propose a new imaging condition, which is motivated by stationary phase analysis of the classical cross-correlation imaging condition. Its implementation requires the Poynting
vector of the source and receiver wavefields at the imaging point. An obliquity correction is added
to compensate for the reflector dip effect on amplitudes of reverse time migration. Numerical experiments show that using an imaging condition with obliquity compensation improves reverse time
migration by reducing backscattering artifacts and improving the illumination compensation.

INTRODUCTION
Pre-stack reverse time migration (RTM) is based on the time reversal property of the two-way wave equation and the cross-correlation imaging condition proposed by Claerbout (1985). Several implementations
of RTM using this imaging condition have been reported (McMechan, 1983; Kosloff and Baysal, 1983;
Baysal et al., 1983).
The computational demand for RTM is high compared to wave equation migration by downward extrapolation of the wavefield (Biondi, 2006). However, low cost parallel computing and more efficient storage
hardware is making RTM feasible. The difficulties of seismic imaging below the salt column and in areas
of high lateral velocity variation have drawn attention to RTM, which, at least theoretically, is able to meet
those challenges.
RTM has its limitations, though. Two major drawbacks are the artifacts produced by backscattering and
the amplitudes of the migrated images, which are not proportional to the subsurface reflectivity (Biondi,
2006). To reduce the artifacts due to backscattering, several approaches have been recently proposed.
Guitton et al. (2007) use a least-squares regularization; Fletcher et al. (2005) introduced a new forward
wave-equation to attenuate backscattering events and Yoon and Marfurt (2006) introduced the Poynting
vector imaging condition.
Several attempts to improve the amplitudes in RTM are based on illumination compensation with different kinds of regularization (Valenciano and Biondi, 2003; Kaelin and Guitton, 2006). Attempting to
better understand the amplitudes in RTM, Matthew et al. (2005) performed an asymptotic analysis of the
cross-correlation imaging condition. Their analysis assumes a single planar reflector in a 3D homogeneous
medium, full coverage, and infinite aperture. They demonstrate that the amplitudes of RTM are affected by
an obliquity factor that depends on the reflector dip. Based on this result, we propose an imaging condition which can asymptotically correct for this obliquity factor in RTM. We present numerical experiments
that show the improvement of RTM images when the obliquity and illumination compensation are applied
in the imaging condition. Numerical experiments demonstrate the improvement of the images when the
obliquity factor and illumination compensation are included in the imaging condition for RTM.
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METHOD

We start revisiting the asymptotic analysis of the cross-correlation imaging condition (Matthew et al.,
2005). Based on this result we propose an imaging condition for RTM which, asymptotically, improves the
amplitude of RTM images.
Asymptotic analysis of cross-correlation imaging condition
The cross-correlation imaging condition for shot-profile migration (Claerbout, 1985)
X X Z tmax
I(x) =
ps (x, t; xs ) pr (x, t; xr )dt,
xs

xr

(1)

0

produces an image, I(x), through the cross-correlation, with zero lag, of two wavefields; ps (x, t; xs )
represents the forward propagated wavefield from the source, xs , to the imaging point, x; pr (x, t; xr )
represents the receiver wavefield that is backpropagated in reverse time from the receiver, xr , to the imaging
point. Moreover, tmax is maximum recorded time.
The asymptotic analysis of imaging condition (1) was presented by Matthew et al. (2005). They assumed a single planar reflector, with dip angle D along the x coordinate direction; a homogeneous medium
with P velocity cP , and unlimited coverage of sources and receivers. We use the method of stationary phase
and re-derive the high frequency approximation for (1). Our result (see Appendix I) is




2 cos D
2 cos D
3 3 R(x0 , x0 ) 1 00
00
w
ξ ⊗w
ξ ,
I(x) ≈ πC cP
(2)
cos3 D ξ
cP
cP
where ξ = z − zR , with zR being the depth of the reflector at the horizontal position (x, y) of the image
point x = (x, y, z). Also, R(x0 , x0 ) is the normal incidence reflection coefficient, C is a constant, and
w(t) is the source pulse. Moreover, symbol ⊗ stands for the convolution operation.
Expression (2) differs from the result of Matthew et al. (2005) only by the presence of the pulsestretch factor, 2 cos D/cP in the arguments of both the wavelets. As pointed out by Matthew et al. (2005),
for this simple example, we note that (a) the geometrical spreading is corrected even with no amplitude
compensation term in the imaging condition; (b) the pulse is antisymmetric relative to the reflector position;
(c) the pulse amplitude decays with the distance from the reflector; (d) the obliquity factor 1/ cos3 D,
increases the amplitude with the reflector dip as in Kirchhoff migration. In the next section we propose an
imaging condition that can compensate for this amplitude distortion.
Obliquity factor compensation
The Poynting-vector imaging condition proposed by Yoon and Marfurt (2006), without the illumination
compensation,
Z Z Z tmax
I(x) =
W (Ss , Sr )ps (x, t; xs ) pr (x, t; xr )dtdxs dxr ,
(3)
xs

xr

0

adds a weight W (Ss , Sr ) to operation (1); in this expression, the Poynting vector S represents the acoustic
power flux, given by
S = pv ,
(4)
where p represents pressure and v particle velocity. The subscripts s and r indicate the power flux associated to the source and receiver wavefields. The weight function W (Ss , Sr ) was proposed to filter events
considered for imaging based on the scattering angle, γ. Yoon and Marfurt (2006) proposed to use
cos γ =

Ss · Sr
kSs kkSr k

(5)

to set a maximum scattering angle for the events used for image forming, i.e., the weight W (Ss , Sr ) is
calculated as

1
if γ < γmax ,
W (Ss , Sr ) =
(6)
0
otherwise.
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(b)

(a)
Figure 1: (a) Velocity model; (b) Density model.

A disadvantage of this weight is its dependence on the choice of the maximum angle γmax , for which no
obvious physical criteria are available.
We propose to use the Poynting vector information to compensate for the obliquity factor in (2). The
bisection angle, α = γ/2, can be detected from


1
Ss · Sr
cos2 α =
1+
.
(7)
2
kSs kkSr k
It will give the reflector dip for a reflection event. For this simple model, taking W (Ss , Sr ) = cos3 α in
equation (3), and applying the same stationary phase analysis described above, we arrive at (2) without the
obliquity factor. For the 2D case, the obliquity compensation is achieved with W (Ss , Sr ) = cos5/2 α.
The analysis above is simple and does not take into account other issues that affect amplitude when
applying RTM in complex velocity models, like the lack of full coverage of sources and receivers and the
uneven illumination of the targets. Illumination compensation is achieved normalizing the cross-correlation
imaging condition by the source energy at the imaging point (Biondi, 2006). We propose to combine the
obliquity factor weight and illumination compensation in the imaging condition
Z

Z

I(x) =
xs

xr

R tmax
0

W (Ss , Sr )ps (x, t; xs ) pr (x, t; xr )dt
dxs dxr .
R tmax
ps (x, t; xs ) ps (x, t; xs )dt
0

(8)

This imaging condition will be evaluated in the next section by means of numerical experiments.
NUMERICAL EXAMPLES
We evaluate the imaging condition with obliquity compensation on two synthetic data sets. In each experiment, we applied RTM using four types of imaging conditions: cross-correlation, cross-correlation with
illumination compensation, Poynting vector with illumination, and the proposed imaging condition (8). We
did not apply any regularization strategy to the denominator of the imaging conditions with illumination
compensation. In all experiments we used γmax = 120◦ , i.e., cos γ > −1/2, as the cutoff for the Poyntingvector imaging condition. The first numerical example images a single shot in a medium with a planar
reflector and a point diffractor. We used the velocity and density model presented in Figure 1 to compute
the synthetic data in Figure 2. The minimum offset is 140 m and the maximum offset 1500 m, receiver
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Figure 2: Single shot data after muting the direct arrival.

spacing is 20 m. Figure 3 shows the results of RTM using standard cross-correlation and cross-correlation
with illumination compensation. Figure 4 shows the results of RTM using the Poynting-vector imaging
condition with illumination compensation and using the proposed imaging condition. We notice the strong
artifact near the source in Figure 3a and the week amplitude at the diffractor. Figure 3b shows the diffractor
with stronger amplitude and the reduction of artifacts near the source. The Poynting vector imaging condition (Figure 4a) produced about the same results as in Figure 3b. The proposed imaging condition presents
reduced artifacts near the source when compared to the previous imaging conditions.
The second numerical example presents RTM results for the Marmousi data set (Versteeg and Grau,
1990). The data set has 240 shots, each common shot gather has 96 receivers and 200 m minimum offset;
the distance between shots is 25 m, which is the same distance between receivers. The original Marmousi
velocity model is depicted in Figure 5a. A smoothed version of this model (Figure 5b) was used for RTM
in order to reduce backscattering. The RTM images using cross-correlation imaging condition, with and
without illumination compensations are presented in Figure 6. The dark artifacts in the upper left part of
these figures and the white spots in the bottom right of these figures are caused by backscattering. The artifacts are much reduced using the Poynting vector image condition (Figure 7a), though some artifacts still
remain in the upper left part of the image. The image produced with obliquity compensation (Figure 7b)
presents fewer artifacts than the all the previous imaging conditions. It also has improved amplitudes at the
bottom around the reservoir region. More investigation is required in order to combine obliquity compensation with regularized illumination compensation (Valenciano and Biondi, 2003). However, our numerical
experiments indicate that obliquity compensation can improve RTM images.
CONCLUSIONS
We proposed and evaluated a new imaging condition for reverse time migration. This imaging condition
was motivated by a stationary phase analysis of the cross-correlation imaging condition in a homogeneous
medium with a single planar reflector and illumination compensation. The new imaging condition incorporates a dip-dependent weight function. Its implementation requires Poynting-vector information of the
source and receiver wavefields at the imaging point. Numerical experiments using the Marmousi data support our claim that the proposed imaging condition reduces backscattering artifacts in RTM. These results
are even more interesting considering that no regularization strategy was applied to the imaging conditions
under consideration.
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(a)

(b)

Figure 3: Imaging condition: (a) cross-correlation; (b) cross-correlation with illumination compensation.

(a)

(b)

Figure 4: Imaging condition: (a) Poynting vector; (b) obliquity correction plus illumination compensation.
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(a)

(b)
Figure 5: (a) Marmousi model; (b) Smoothed RTM velocity model.

(a)

(b)
Figure 6: Imaging condition: (a) cross-correlation; (b) cross-correlation plus illumination compensation.
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(a)

(b)
Figure 7: Imaging condition: (a) Poynting vector; (b) obliquity correction plus illumination compensation.
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APPENDIX A
STATIONARY-PHASE ANALYSIS OF REVERSE TIME MIGRATION
In this appendix, we asymptotically analyze reverse time migration following the lines of Matthew et al.
(2005). Specifically, we apply the method of stationary phase (see, e.g., Bleistein and Handelson, 1975) to
integral (1) for the situation of a planar dipping interface in a homogeneous medium and a set of commonshot records with unlimited acquisition aperture both in source and receiver coordinates. Our result differs
from the one of Matthew et al. (2005) by a pulse-stretch factor that depends on the reflector dip.
Reflection from a dipping reflector
We start by considering a dipping reflector. Without loss of generality, we assume the x-axis to be oriented
in the down-dip direction so that the dip angle D is the angle between the reflector and the x-axis. Then, a
point on the reflector has the coordinates
xR (x, y) = x e1 + y e2 + (zd + x tan D) e3 ,

(9)

where ei (i = 1, 2, 3) are the unit vectors in the coordinate directions and where zd is the depth of the
reflector at x = y = 0.
To describe the source wavefield ps (x, t; xs , 0) at the image point, we consider the point source at xs
to be a volume injection source described by q(x, t) = δ(x − xs )w(t). Here, w(t) represents the source
pulse and xs = (xs , ys , 0) describes the coordinates of the source at the surface. Then, the pressure field
produced by such a source is given by


|x − xs |
C
0
(10)
w t−
ps (x, t; xs , 0) =
|x − xs |
cP
where the prime denotes the time derivative. Also, cP is the wave velocity and C is a constant (Cerveny,
2001). For an acoustic medium with constant density ρ, we have C = 1/4πρ. Correspondingly, the
reflected pressure field registered by a geophone at xg = (xg , yg , 0) can be expressed as


|xg − xIs |
CR(xg , xs ) 0
w t−
pg (xg , t; xs , 0) =
,
(11)
|xg − xIs |
cP
where xIs (xs , ys ) denotes the position of the image source associated with the surface source at xs =
(xs , ys , 0). For our dipping reflector, the image source is found at
xIs (xs , ys ) = xs + (2zR (xs , ys ) cos D) n,

(12)

where zR (xs , ys ) is the reflector depth below the source and
n = − sin D e1 + cos D e3

(13)

is the normal vector to the reflector. Therefore,
xIs (xs , ys ) = (xs cos 2D − zd sin 2D) e1 + ys e2 + 2(xs sin D cos D + zd cos2 D) e3 .

(14)
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In a reverse time migration, the receiver wavefield is backpropagated in reverse time. In other words,
an explosive source acts at the position of every geophone, where the volume injection must be equal to


CR(xg , xs ) 00
|xg − xIs |
wb (t; xg ) = pg (xg , tmax − t; xs , 0) =
w tmax − t −
.
(15)
|xg − xIs |
cP
In this way, a new source field of the form of equation (10) is generated, where the source wavelet w(t) is
replaced by wb (t) of equation (15). In this way, the backpropagated field within the medium is given by


C 2 R(xg , xs )
|x − xg | |xg − xIs |
0000
pb (x, t; xg , 0) =
w
tmax − t +
−
(16)
.
|x − xg ||xg − xIs |
cP
cP
Imaging condition
The imaging condition (1) for reverse time migration is given by the zero-lag cross-correlation between the
forward and backward propagating wavefields (Claerbout, 1985). Considering a continuous and infinite
distribution of sources and receivers over the surface, we can write
Z +∞
Z +∞
Z +∞
Z +∞
Z tmax
I(x) =
dxs
dys
dxg
dyg
dt ps (x, t; xs )pb (x, t; xg ) .
(17)
−∞

−∞

−∞

−∞

0

Under the assumptions of a causal source pulse and that no reflection events exist after the maximum time
tmax , the time integral can be extended to infinity, i.e.,
Z

+∞

+∞

Z

I(x) =

Z

+∞

dys

dxs
−∞

−∞

Z

+∞

dxg
−∞

Z

+∞

dyg
−∞

dt ps (x, t; xs )pb (x, t; xg ) .

(18)

−∞

Using Parseval’s theorem (see, e.g., Bracewell, 1999), the time integral can now be substituted by the
corresponding frequency integral, resulting in
I(x) =

1
2π

Z

+∞

Z

+∞

Z

+∞

Z

+∞

Z

+∞

dxs dys dxg dyg
−∞

−∞

−∞

−∞

dω Ps (x, ω; xs )Pb∗ (x, ω; xg ) ,

(19)

−∞

where the asterisk denotes the complex conjugate.
Taking the Fourier transforms of the source and receiver wavefields,
Ps (x, ω; xs ) =

C
(−iω)2 W (ω)e−iω|x−xs |/cP
|x − xs |

(20)

and
Pg (x, ω; xg ) =

I
C 2 R(xg , xs )
(iω)4 W (ω)eiω(|x−xg |−|xg −xs |)/cP
I
|x − xg ||xg − xs |

(21)

the imaging condition integral can be expressed as
I(x) =

Z
C 3 +∞
dω (−iω)6 W 2 (ω)
2π −∞
Z +∞ Z +∞ Z +∞ Z +∞

dxs dys dxg dyg G(xg , xs ) e−iωΦ(xg ,xs )
−∞

−∞

−∞

with
G(xg , xs ) =

(22)

−∞

R(xg , xs )
|x − xg ||x − xs ||xg − xIs |

(23)

and

Φ(xg , xs ) = |x − xs | + |x − xg | − |xg − xIs | /cP .

(24)
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Stationary phase evaluation
Following Matthew et al. (2005), the four-dimensional integral in brackets in equation (22) can be evaluated
by the stationary-phase method. This methods evaluates oscillatory integrals of the type
Z
I(ω) =
G(x) exp[−iωΦ(x)]dn x
(25)
Ω

asymptotically for large ω as (see, e.g., Bleistein and Handelson, 1975)

I(ω) ≈

2π
ω

n/2

G(x0 )

p

h
i
π
exp −iωΦ(x0 ) − i Sgn ∇∇T Φ(x0 ) ,
4
|∇∇T Φ(x0 )|

(26)

where x0 is a isolated point of stationary phase (supposed to be unique), i.e.,
∇Φ(x0 ) = 0

(27)

|∇∇T Φ(x0 )| =
6 0.

(28)

and
Moreover, Sgn(∇∇T Φ(x0 ) represents the signature of the matrix, i.e., the number of positive eigenvalues
minus the number of negative ones.
Stationary point.— The derivatives of the phase function (24) are
∂Φ
∂xs
∂Φ
∂xg
∂Φ
∂ys
∂Φ
∂yg

=
=
=
=


1
x − xs
−
cP
|x − xs |

1
x − xg
−
cP
|x − xs |

1
y − ys
−
cP
|x − xs |

1
y − yg
−
cP
|x − xs |


xg cos 2D − xs − zd sin 2D
,
|xg − xIs |

xg − xs cos 2D + zd sin 2D
,
−
|xg − xIs |

yg − ys
,
+
|xg − xIs |

yg − ys
−
.
|xg − xIs |
+

(29)
(30)
(31)
(32)

From using equations (31) and (32) in condition (27) follows that the stationary point in both the ys and yg
integrals is at the same point y0 defined by
y0 ≡ ys = yg = y .

(33)

Equations (29) and (30) are symmetric in xs and xg . Therefore, the stationary point in both the xs and xg
integrals is also at the same point x0 , given by
x0 ≡ xs = xg = x + z tan D .

(34)

Thus, at the stationary point, we have
R(x0 , x0 )
|x − x0 |2 |x0 − xIs |

(35)

2
cos D (z − zd + x tan D) .
cP

(36)

G(x0 , x0 ) =
and
Φ(x0 , x0 ) =

Here, R(x0 , x0 ) is the reflection coefficient for normal incidence.
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Hessian matrix.— The second derivatives at the stationary point have the following nonzero components:


1
∂ 2 Φ(x0 , x0 )
cos2 D
1
=
−
,
(37)
∂xs ∂xs
cP
|x − x0 | |x0 − xIs |


1
∂ 2 Φ(x0 , x0 )
cos2 D
(38)
=
,
∂xg ∂xs
cP
|x0 − xIs |


∂ 2 Φ(x0 , x0 )
1
cos2 D
1
=
−
,
(39)
∂xg ∂xg
cP
|x − x0 | |x0 − xIs |


∂ 2 Φ(x0 , x0 )
1
1
1
(40)
=
−
,
∂ys ∂ys
cP |x − x0 | |x0 − xIs |


∂ 2 Φ(x0 , x0 )
1
1
=
,
(41)
∂yg ∂ys
cP |x0 − xIs |


1
1
1
∂ 2 Φ(x0 , x0 )
=
−
.
(42)
∂yg ∂yg
cP |x − x0 | |x0 − xIs |
Therefore, the Hessian determinant is
q
2 cos3 D |x tan D + zd − z|
|∇∇T Φ(x0 )| =
c2P
|x − x0 |2 |x0 − xIs |

(43)

The signature of the Hessian is determined by an analysis of its eigenvalues. Because of the particular
structure of the Hessian matrix, the problem reduces to the evaluation of two 2 × 2 submatrices,

and

∂2Φ
∂xs ∂xs −
∂2Φ
∂xg ∂xs

λ

∂2Φ
∂ys ∂ys −
∂2Φ
∂yg ∂ys

λ

∂2Φ
∂xg ∂xs
∂2Φ
∂xs ∂xs −

∂2Φ
∂yg ∂ys
∂2Φ
∂ys ∂ys −

λ

λ

=0

(44)

=0.

(45)

xs =xg =x0

xs =xg =x0

This results in the eigenvalues
λ1,3 =

1
1 cos D
1
=
cP |x − x0 |
cP z

(46)

and
λ2,4

=
=



1
2
1
−
cP |x − x0 | |x0 − xIs |
cos3 D
x tan D + zd − z
.
cP
z + (x tan D + zd − z) cos2 D

(47)

Thus, eigenvalues λ1,3 are always positive, while the sign of λ2,4 depends on the vertical position z of the
image point. We have that λ2,4 > 0 if z < x tan D + zd , i.e., if the image point is above the reflector, and
λ2,4 < 0 below it. Therefore, the signature of the Hessian is equal to 4 for points above the reflector and 0
for points below it. Thus, the phase term in equation (26) can be represented as
π

e−i 4 Sgn(∇∇

T

Φ(x0 ,x0 ))

= sgn(z − zd − x tan D) .

(48)

Final image.— Collecting results, the image I(x) becomes
I(x) ≈ πC 3 c3P
Z

R(x0 , x0 ) sgn(z − x tan D − zd )
cos3 D
|z − x tan D − zd |

(49)

+∞

−∞

dω(−iω)4 W 2 (ω)e−i2ω(z−zd −x tan D) cos D/cP .

(50)
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The frequency integral can be solved using the convolution theorem and the properties of the Fourier
transform. Thus, the final representation of the image at point x is




R(x0 , x0 ) 1
00 2 cos D
00 2 cos D
I(x) ≈ πC 3 c3P
w
(z
−
z
)
⊗
w
(z
−
z
)
,
(51)
R
R
cos3 D z − zR
cP
cP
where we have recognized that zd + x tan D = zR is the reflector depth at the horizontal position of the
image point. As mentioned earlier, expression (51) coincides with the corresponding one of Matthew et al.
(2005) except for the pulse-stretch factor, 2 cos D/cP in the arguments of both the wavelets.
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INFLUENCE OF A SCATTERING SURFACE LAYER ON
LOCALIZATION ACCURACY BY REVERSE MODELLING
E. Tessmer and D. Gajewski
email: ekkehart.tessmer@zmaw.de
keywords: Localization, surface statics, scattering

ABSTRACT
A series of numerical examples demonstrate that heterogeneities of the near-surface velocity structure
affect the accuracy of the source position estimates using reverse-time modelling only, if their spatial
extent is sufficiently large. Therefore, if small-scale inhomogeneities are present in the near-surface
region, a homogeneous average velocity model for reverse-time modelling still leads to good source
locations.

INTRODUCTION
Reverse modelling for source localization was shown to produce very accurate estimates of the source
position even in complicated subsurface models, provided that the exact velocity model is known (e.g.
Gajewski and Tessmer (2005)). In areas where reflection seismics has been done this assumption is true to
a large degree. However, one might object that surface statics is not sufficiently known, which may result
in a degradation of the accuracy of the estimates of the source position. Theoretical investigations (Müller
et al. (1992)) predict decreased traveltimes in the presence of heterogeneities compared to a medium with
the average velocity of the fluctuating medium. The relative amount of travel time change depends as
well on the correlation length of the fluctuations compared to the seismic wavelength as on the standard
deviation of the velocity fluctuations. To investigate the influence of velocity variations inside the surface
layer numerical tests were performed.
NUMERICAL EXAMPLES
The model is made up of four layers. The seismic velocities from top to bottom are 2000, 2500, 3000, and
2000 m/s. The model is spatially discretized by a 10 m grid increment in both the vertical and horizontal
direction. The time discretization ∆t is 0.5 ms. The source time functions is a Ricker wavelet with a
cutoff frequency of 80 Hz, i.e., the dominant frequency is 40 Hz. The dominant wavelength in the top layer
therefore is 50 m. The source is located at x = 360 m and z = 400 m.
The forward modelling for the generation of synthetic seismograms is performed using the acoustic
two-way wave equation, whereas reverse modelling for the localization is based on the acoustic one-way
wave equation. For both, forward and reverse modelling, the Fourier method (Kosloff and Baysal (1982))
is used.
The different models for the forward modelling differ only in the surface layer. The thickness of the
surface layer is 150 m, i.e., about 30 times of the prevailing wavelength. For the examples different correlation lengths lcorr were chosen: 2.5 m, 5 m, 10 m, 25 m, and 50 m. The scattering layer is constructed by
a convolution of an Gaussian function by normal-distributed random numbers (e.g., Frankel and Clayton
(1986)), where the standard deviation is 5%. This leads to extreme velocities of ±20% around the mean
velocity. For comparison the first model has a homogeneous top layer. Contrary to the forward modelling
the reverse modelling is done using the mean velocity in the top layer. The figures show the subsurface
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model and the respective seismograms recorded at the surface. Bright and dark colours in the subsurface
models denote low and high velocities, respectively. The comparison of the different examples show that
the arrival times of the direct wave fluctuate more strongly with increasing correlation length. The source
positions for the numerical examples with different surface layers which were estimated by the reverse
modelling method are given in the table. The result in the last row (lcorr = 50∗ ) was achieved using
the same random velocity model for forward and reverse modelling. In this case the source position was
estimated exactly.
lcorr [m]
2.5
5
10
25
50
50∗

estimated source location [m]
(360,400)
(360,400)
(350,410)
(340,420)
(340,400)
(360,400)

In further tests in addition to surface statics random noise was added to the seismograms. This was
applied to the model with a correlation length of 50 m. The signal to noise ratio was 0.5, which means
quite strong noise. A certain realization is shown in Fig. 13. Here the localization method found (340
m, 420 m) as the source position, which differs from the position found without noise. Tests with many
realizations show a weak dependency on the random noise realization. The majority of the localizations
yielded (330 m, 440 m) for the source position. A snapshot of the wave field at maximum focusing of the
noisy recordings is shown in Figure 14.
CONCLUSIONS
From the numerical tests it is found that a scattering surface layer has little influence on the localization
accuracy of the reverse modelling method if there are rapid spatial fluctuations of the seismic velocities.
This is an intuitively exspected result, since small sized inhomogeneities simply cannot be ’seen’ by the
seismic waves and the velocity variations are averaged out. However, if the correlation length of the
velocity fluctuations is of the order of the dominant wavelength or larger the seismic wave ’sees’ such
inhomogeneities and the waves travel partially faster or slower with respect to the background velocity.
ACKNOWLEDGMENTS
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the subject. This work is partially supported by the sponsors of the WIT consortium and by the University
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Figure 1: Model without scattering surface layer
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Figure 2: Seismogram section from model in Fig. 1
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Figure 3: Model with a correlation length of 2.5 m in the surface layer

0

250

500

distance [m]
750

1000

1250

time [s]

0.1
0.2
0.3
0.4

l_corr = 2.5 m
Figure 4: Seismogram section from model in Fig. 3
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Figure 5: Model with a correlation length of 5 m in the surface layer
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Figure 6: Seismogram section from model in Fig. 5
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Figure 7: Model with a correlation length of 10 m in the surface layer
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Figure 8: Seismogram section from model in Fig. 7
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Figure 9: Model with a correlation length of 25 m in the surface layer
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Figure 10: Seismogram section from model in Fig. 9
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Figure 11: Model with a correlation length of 50 m in the surface layer
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Figure 12: Seismogram section from model in Fig. 11
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Figure 13: Seismogram section from model in Fig. 11 with noise added. Signal to noise ration is 0.5
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Figure 14: Snapshot at source time estimated from reverse modelling of seismogram recordings in Fig. 13.
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ABSTRACT
The primary PP, SS or PS reflection response from a thin layer embedded in a homogeneous medium
is approximately given by the delayed derivative of the wavelet times the reflection coefficient times a
tuning amplitude factor. This results in an amplitude decrease for a common-offset image gather and
an amplitude increase for a common-angle image gather. The alignment of a common-image gather
to the normal-incidence reflection results in a wavelet stretch for a common-offset image gather and a
wavelet squeeze for a common-angle image gather.
For a reflection from a single interface there are the same stretch and squeeze effects, but there is no
amplitude effect. The common-angle image gathers have higher resolution than the common-offset
gathers, and they can be used directly in an inversion scheme for elastic parameters.

INTRODUCTION
A number of applications in reservoir characterization and production is based on the analysis of the amplitudes of a primary reflection as a function of offset, a technique referred as AVO analysis. After suitable
correction for the offset-dependent geometrical spreading, and also disregarding transmission effects, the
so-called true amplitudes provide a measure of the reflection coefficient as a function of offset. A further
transformation of offset into incidence angle provides, then, the reflection coefficient as a function of angle
(AVA). A simple offset-to-angle transformation is described in Appendix A. Under the use of available approximations of the angle-dependent reflection coefficient (as a function of velocity and density contrasts
or appropriate combinations of these parameters), useful lithology and fluid information can be estimated.
In the case the single target interface is replaced by a composite of one or more thin layers, a similar
procedure can be performed once the seismic response of the layer composite is adequately formulated.
For a single thin acoustic layer embedded in a homogeneous acoustic background of lower impedance
and in the zero-offset situation, Widess (1973) described the behavior of the reflection amplitudes as a
function of the layer thickness and the dominant wavelength the wavelet. Considering a zero-phase cosine
wavelet, Widess (1973) reports that maximum constructive interference occurs when the layer thickness is
one-quarter of the dominant wavelength. When the layer thickness reduces to one-eight of that wavelength
(called by Widess the theoretical threshold of resolution), the composite response has the shape of the
derivative of the incident wavelet. Corresponding results for the case of a thin layer between two different
homogeneous media were given in Chung and Lawton (1995). Lin and Phair (1993) extended the results
of Widess (1973) to the offset domain, showing also examples of improved images obtained under the
proposed tuning corrections. Finally, Bakke and Ursin (1998) provided unified tuning corrections that are
valid for general offsets and arbitrary seismic wavelets beyond the dominant-wavelength approximation.
These expressions agree with the ones of Widess (1973) and Lin and Phair (1993) in the case of a cosine
wavelet. A discussion on the literature on tuning effects in AVO is also provided in Bakke and Ursin (1998).
Significant advantages can be gained when amplitudes (namely, reflection coefficients) are extracted
from the data as a function of incidence angle (AVA) instead of offset (AVO). Ray-based imaging in the
angle domain tend to be more reliable as they suffer less from multi-pathing and other artifacts, that are
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Figure 1: Geometry of a common-offset image gather.
present in the offset domain (Brandsberg-Dahl et al., 2003). Migration directly into angle and depth coordinates with 3-D corrections for geometrical spreading results in gathers which can be used directly for
AVA analysis and inversion for elastic parameters. As shown, for example in Ursin et al. (2005a,b), angledomain common-image gathers can be used very effectively for imaging and tomography applications. In
this way, there is a motivation to extend present results on tuning amplitude and wavelet stretch effects
from offset (AVO) to angle domain (AVA).
Here we show that simple modifications in the AVO expressions of Bakke and Ursin (1998) provide
corresponding expressions for AVA. The thin-layer tuning effect results in reduced amplitude in a commonoffset image gather and increased amplitude in a common-angle gather. The alignment of traces to the
zero-offset or normal-incidence trace results in a wavelet stretch for a common-offset gather and a wavelet
squeeze for a common-angle gather.
The obtained results are in accordance with the behavior of common-image gathers from the Jotun data
example presented by Sollid and Ursin (2003), which show that common-angle image gathers have higher
resolution than common-offset image gathers.
TUNING EFFECTS FOR A COMMON-OFFSET GATHER
We consider a thin layer imbedded in a homogeneous background. We assume isotropic elastic media both
in the thin layer and the background. In principle, both media can be transversely isotropic (VTI). In this
situation, the reflection coefficients at the top and bottom layer interfaces satisfy (Stovas and Ursin, 2003)
Rt (θ) = −Rb (θ) = R(θ).

(1)

where t denotes “top", and b denotes “bottom". We assume straight rays for the bottom reflector, and
also that the reflection angles at the top and bottom reflectors are the same, denoted by θ. Both these
assumptions are justified by the thin-layer condition. In the following, we shall use, besides R(θ), also the
notation R(x), when offset, x, instead of angle, θ = θ(x), is being considered.
Referring to Figure 1, we consider PP- or SS-primary reflections from top and bottom layer interfaces
for a source-receiver pair at a given fixed offset, x. We assume that their amplitudes have been corrected
for offset-dependent geometrical spreading (Ursin, 1990) and also that transmission losses and intra-bed
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multiples can be neglected. In the zero-order ray approximation, the top and bottom layer primaries,
pt (x, t) and pb (x, t), where x is offset and t is time, can be written
pt (x, t) = R(x)s(t − T (x))

(2)

pb (x, t) = −R(x)s(t − T (x) − ∆T (x)),

(3)

and

where T (x) is the traveltime to the top interface, ∆T (x) the traveltime across the layer and s(t) denotes
the source wavelet. The thin layer assumption implies that ∆T (x) is small, as compared with T (x). Following Bakke and Ursin (1998), the composite response, pc (x, t), of the two primaries can be conveniently
approximated as
pc (x, t)

= pt (x, t) + pb (x, t) = R(x)[s(t − T (x)) − s(t − T (x) − ∆T (x)]
≈ R(x) ∆T (x)s0 (t − ∆T (x)),

(4)

where s0 (t) is the derivative of s(t).
In accordance with Figure 1, the traveltime difference for reflection primaries at top and bottom interfaces (also called differential traveltime), ∆T (x), is given by (Lin and Phair, 1993; Bakke and Ursin,
1998)
2∆z
cos θ(x) = ∆T (0) cos θ(x),
(5)
∆T (x) =
v
in which ∆z denotes the layer thickness, ∆T (0) is the vertical traveltime and v is the velocity within the
layer. Substitution into equation (4) yields the approximation
pc (x, t) = [R(x)∆T (0) cos θ(x)] s0 (t − T (x)).

(6)

We see that the impact of tuning on the single-layer situation can be as described by Bakke and Ursin
(1998):
(a) The tuning amplitude is R(x)∆(x) = R(x)∆T (0) cos θ(x) instead of simply R(x) for a single
interface;
(b) The tuning wavelet is s0 (t) instead of simply s(t) for a single interface.
The tuning behavior of amplitude has the important implication for AVO, namely that under tuning conditions, there is a decrease in amplitude with offset as compared with the single interface situation.
TUNING EFFECTS FOR A COMMON-ANGLE GATHER
We now refer to Figure 2, which depicts the common-angle gather situation, as encountered in commonangle migration (see, e.g., Sollid and Ursin, 2003). We again assume straight rays for the reflection from
the bottom layer, and now the differential traveltime, ∆T (θ), is given by
∆T (θ) =

2∆z
= ∆T (0) sec θ .
v cos θ

(7)

Substituting into equation (4) we obtain (compare with the expression (6) for the case of a common-offset
gather)
pc (θ, t) = [R(θ)∆T (0) sec θ] s0 (t − T (θ)).
(8)
Equation (8) has the following important consequence for AVA purposes: For AVA analysis derived
from common-angle gathers, there is an increase in amplitude with incident angle as compared with the
single interface situation.
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Figure 2: Geometry for a common-angle image gather.

Figure 3: Comparison between common-offset Kirchhoff migration and scattering-angle migration. The
Top Heimdal event is at about 2.1 km depth. This is Figure 14 of Sollid and Ursin (2003).
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WAVELET STRETCH EFFECTS

We consider stretch effects that are observed in pc (x, t) (common-offset gathers) and pc (θ, t) (commonangle gathers) due to traveltime corrections. For common-offset gathers, the stretch factor is
S(x) =

∆Tnew (x)
∆T (0)
1
=
=
> 1,
∆Told (x)
∆T (x)
cos θ(x)

(9)

which means a wavelet stretch increase. For common-angle gathers, the stretch factor is
S(θ) =

∆T (0)
∆Tnew (θ)
=
= cos θ < 1 ,
∆Told (θ)
∆T (θ)

(10)

which means a wavelet squeeze.
These stretch effects will influence the wavelet for a simple reflection, and also the composite wavelet
from a thin layer. In Appendix B it is shown that the PS-reflected wave shows a similar effect. The wavelet
stretch effects are clearly seen in the Jotum data example from Sollid and Ursin (2003), shown in Figure 3.
It is evident that the wavelets in the common-offset image gathers to the left, are much broader than the
ones for the common-angle image gathers to the right, both for the PP and PS reflections.
CONCLUSIONS
The composite reflection from a thin layer can be approximated by the reflection coefficient times the
derivative of the wavelet together with an amplitude change. For a common-offset image gather, there is an
amplitude decrease and a wavelet stretch. For a common-angle image gather, there is an amplitude increase
and a wavelet squeeze.
For a simple reflection, the stretch and squeeze effects are the same, but there is no amplitude change.
These effects have been observed on pre-stack depth migrated data, and they explain why the commonangle image gathers have better resolution then the common-offset image gathers.
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APPENDIX A
OFFSET TO ANGLE TRANSFORMATIONS IN 1-D MEDIA
For the sake of completeness, we reproduce here the main expressions that approximate the reflection
angle, θ = θ(x), as a function of offset in 1D media. In this situation, we start with the observation that the
horizontal slowness,
sin θ(z)
dT
=
(A-1)
p=
dx
v(z)
is constant for a given ray and v(z) and θ(z) are the velocity and ray angle at depth z, respectively. For a
fixed reflector, we consider the hyperbolic traveltime approximation
s
x2
T (x) = T (0)2 + 2 ,
(A-2)
vrms
where T (0) is the vertical traveltime, x is offset and vrms is the rms-velocity, corresponding to that reflector.
From the above two equations, it follows that
dT
x
=
.
2
dx
T (x)vrms

(A-3)

from which the reflection angle from the target reflector at the given offset, θ = θ(x), satisfies
sin θ(x) =

vx
,
2
T (x)vrms

where v is the interval velocity at the reflecting layer. As a consequence, we also find that
s
s

2
T (0)
v 2 x2
x
2
2
=
cos θ(x) = 1 −
1 + (vrms − v )
.
2
2
T (x)2 vrms
T (x)
T (0) vrms

(A-4)

(A-5)

APPENDIX B
TUNING AND STRETCH EFFECTS FOR A CONVERTED WAVE
For a converted PS-wave, the normal-incidence traveltime differential is
∆T (0) = ∆TP (0) + ∆TS (0) =

∆z
∆z
+
,
vP
vS

(B-1)

where vP and vS are the P- and S-wave velocities in the thin layer, respectively. For a common-offset
gather, the thin-layer tuning effect is derived as for a non-converted wave, but now with (see Figure 1)
∆T (x) = ∆TP (x) + ∆TS (x) = ∆TP (0) cos θ + ∆TS (0) cos χ ,

(B-2)

where χ is the ray angle for the reflected S-wave. It can be computed from Snell’s law
sin θ
sin χ
=
.
vP
vS

(B-3)
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It is easily seen that ∆T (x) < ∆T (0), which results in a wavelet stretch, and an amplitude decrease for a
thin layer reflection.
For a common-angle gather, the differential traveltime is (see Figure 2)
∆T (x) =

∆TP (0) ∆TS (0)
+
.
cos θ
cos χ

(B-4)

We see that ∆T (x) > ∆T (0), so that for a common-angle gather there is a wavelet squeeze. The thin-layer
tuning effect results in an increase in reflection amplitude.
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ABSTRACT
Generalized stacking velocity analysis tools like the Common-Reflection-Surface stack method provide stacking parameters beyond the conventional stacking velocity. These parameters can be expressed in terms of useful geometrical wavefront properties. However, this requires a good estimation
of the tuned velocities which are valid for imaging in the vicinity of source and/or receiver of the
recorded data. Using the downgoing first arrivals, we introduce a simple and efficient method to determine the velocities at every receiver level in a walkover VSP experiment. The calibrated wavefront
properties are subsequently used for the decomposition into upgoing waves arriving either as P- or
S-waves at the receivers.

INTRODUCTION
The Common-Reflection-Surface (CRS) stack method and similar stacking approaches can be seen as
generalized stacking velocity analysis tools. In contrast to conventional stacking velocity analysis, these
methods provide entire sets of stacking parameters which carry useful information for a variety of applications like inversion. The generalized stacking parameters can be interpreted in several ways (see, e. g.,
Hertweck et al., 2007): in the data, they can be observed as the first and second spatial derivatives of
traveltime. These can be expressed in terms of slowness components and imaging velocities, including
the classic stacking velocity for the zero-offset case. Another attractive means of interpretation is to relate
them to properties of (hypothetical) wavefronts, namely their propagation directions and curvatures at the
source and the receiver, respectively. In particular the propagation direction, a usually quite stable parameter, can be employed for various purposes, e. g. topography handling, redatuming, and wavefield separation
on multi-component data (see, e. g., Zhang, 2003; Boelsen and Mann, 2005).
In order to relate the traveltime derivatives to this geometrical interpretation, we need a good estimation
of the tuned velocities in the vicinity of the respective source-receiver configuration for which the derivatives were calculated. For the application of the CRS stack, these velocities are usually assumed to be
known and considered as virtually constant within the local stacking aperture.
As long as the geometrical interpretation is not explicitely used within the stacking process itself, the
accuracy of the velocities is not crucial and a calibration of the wavefront properties with more accurate
velocities can be applied later on. Usually, the geometrical interpretation enters only via extremal emergence angles which are convenient to constrain the search range for the first derivatives. If the velocity is
underestimated, the search range will be larger and more coarsely sampled than intended. Too high velocities will have the opposite effect, in the worst case leading to the loss of steep events. Thus, with an —in
case of doubt—underestimated velocity, there is no risk of failure due to an inaccuracy.
If the geometrical interpretation comes into turn, the accuracy becomes far more critical, especially
in case of wavefront propagation directions being used to discriminate differently polarized wave types
in multi-component data. As shown by Boelsen and Mann (2005) the CRS method can be extended to
handle multi-component data by using the operator shape and orientation simultaneously with polarization
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directions. With inaccurate velocities the wavefront orientation and the polarization are wrongly estimated
and the results are deteriorated. Another example for processes sensitive to the accuracy of the velocity is
the handling of topography in surface seismics or deviated wells in VSP acquisition. Here, the propagation
direction is used to implicitely redatum the data to local, planar reference levels.
CRS STACK FOR VSP GEOMETRIES
A typical survey method which features multi-component acquisition are VSP experiments. Here, the
geometrical interpretation of stacking parameters is very convenient, e. g. for wavefield decomposition.
Fortunately, VSP data allow to easily calibrate the velocities for all receiver levels from the kinematics
of the wavefield. We will introduce this concept quite generally for the 3D case and a vertical borehole
and furthermore provide an assessment with respect to deviated wells. We will present an application of
this calibration method to a synthetic VSP walkover line with a vertical well and the application of the
wavefield decomposition.
The CRS traveltime approximation is a variation of the CRS approach for finite-offset surface seismic
data by Zhang et al. (2001) with an extension to general acquisition geometries (one possible solution can
be found in Boelsen and Mann, 2005; Boelsen, 2005). We do not want to go into any details concerning
the actual traveltime approximation being employed. In the context of this paper it is sufficient to know
that source and receiver positions will, in general, not coincide. In this way, it depends on two components
of the traveltime gradient on either side. Due to the nature of wells resembling spatial trajectories we can
only determine one component on the receiver side from VSP data.
VELOCITY CALIBRATION
For isotropic media, the propagation direction of a wavefront is normal to the wavefront itself. Furthermore,
body waves are polarized either in propagation direction or in the plane tangent to the wavefront. The
slowness vector p~ fully characterizes all these directions in this case. However, from the first derivatives of
traveltimes, we can only determine up to two components of this vector. For the more particular case of
VSP data, we are looking for the velocities in the vicinity of the receivers. Due to the 1D nature of a well,
the data only provides us with one component of the slowness vector, namely its component pt tangent to
the well.
For a given receiver at (xG , yG , zG ) the local velocity vG is fixed. However, the waves from different
source (and reflection) points will arrive there with different propagation directions, i. e. slowness vectors p~.
Thus, the slowness component pt tangent to the well will vary systematically: for a wave propagating
−1
normal to the well it will vanish, for a wave tangent to the well it will reach its maximum: pt = |~
p| = vG
,
the inverse of the true velocity, as pt is the only non-vanishing component in this case. The latter case does
not necessarily occur for the combination of given model and chosen acquisition geometry.
Let us now consider the direct downgoing wave in a walkover VSP configuration and a vertical well:
here we can expect to have a large range of propagation directions available which are mainly distributed
around the vertical orientation at each receiver. For a sufficiently dense source spacing and sufficiently
large acquisition area, it is very likely that at least one of the associated rays will be virtually tangent to the
vertical well. Therefore, we can expect that the maximum of the slowness component pt,max is actually the
inverse of the sought-for true velocity vG . We propose the following strategy:
• identification of the downgoing first arrivals
• for each source and each receiver combination contained in the data, determine the tangent slowness
component by means of coherence analysis along these events
• for each constant receiver level, search for the source location (xS , yS , 0) associated with the maximum tangent slowness component pt,max (xS , yS ; xG , yG , zG )
In this way, we can determine the velocity vG (xG , yG , zG ) in the vicinity of each particular receiver. For
the 2D case shown below, pt reduces to a function of one source coordinate. Note that in the 3D case, the
slowness vector can only be decomposed into a horizontal and a vertical component. The orientation of the
horizontal component can only be deduced from hodograms rather than from wavefront properties, only.
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Figure 1: Geometry of receiver levels in the well, source lines, and reflectors. A vertical slice through the
P-wave velocity model [km/s] is shown in the back.
DATA EXAMPLE
Figure 1 shows a 3D plot of two walkover lines crossing a vertical borehole in N-S and E-W direction. The
acquisition surface is almost planar with a slight dip towards the west. The two reflectors are both strongly
dipping and the second reflector has a very irregular shape. The inhomogeneous elastic background model
contains a steep velocity gradient for the first 300 m, which cannot be observed in the figure because it is
clipped out of the displayed range. Downgoing P waves as well as reflected PP, SS, and PS waves have
been forward-calculated by means a wavefront construction method.
In the following, we consider the N-S line, only. For this 2D walkover line, it is more convenient to
display the emergence angle βG with respect to the well rather than the tangent slowness pt . The first
available interval velocity curve was obtained by checkshot inversion (see Figure 2). It served to calculate
βG from the slowness values pt after coherence analysis. The respective results provided in Figure 3 show
that for most receiver levels either a largely under- or over-estimated velocity was chosen. Angle ranges for
near-offsets which either reach a minimum value far from being 0◦ or remain at 0◦ for a wide range point
towards either case. By picking the velocities at locations where a reasonably small distinct minimum still
can be observed we can estimate a preliminary, generally slightly underestimated, depth-velocity curve.
The calibration based on this model already results in more consistent emergence angles.
Now we perform the calibration as proposed above which provides us with the estimation of the tuned
depth-velocity curve (see Figure 2). The angles calculated with these velocities are in good agreement with
the forward-calculated
values of βG . The tuned velocity curve for S-wave arrivals was found by applying
√
vP /vS = 3 as used for the modeling of the data.
From this point we can employ the calibration velocities for subsequent imaging steps to calculate the
emergence angles from CRS attributes for all kinds of reflection events. As an example for the application
of these emergence angles we performed a wavefield decomposition of the multicomponent data into arriving P- and S-waves. Figure 4 demonstrates the accuracy of the angles: they are very close to the actual
polarization direction such that the decomposition works almost perfectly.
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Figure 2: Interval velocities along the well from checkshot inversion (red), underestimated initial model
for calibration (blue), and calibrated velocities (magenta).
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Figure 4: Top: vertical (left) and inline horizontal (right) component of the recorded wavefield. Bottom:
transversal (left) and radial (right) component after wavefield decomposition.

DEVIATED WELLS
Although presented for a vertical well in this paper, the approach can be applied to deviated wells as well.
We simply have to introduce a well-centered coordinate system. Again, the ray tangent to the well is
associated with the searched-for velocity. However, for strongly deviated wells, the calibration approach
might fail: the acquisition geometry might not cover the source position associated with the searched-for
ray which reaches the receiver tangent to the well. In other words, the global slowness maximum cannot
be found in the data. If we can only detect a supremum rather than a maximum, this clearly indicates such
a situation where a calibration is impossible without a risk of misinterpretation. For complex models, local
maxima might occur. A misinterpretation and, thus, wrong calibration will be the consequence when such
a local maximum happens to coincide with the slowness supremum.
CONCLUSIONS
We discussed an approach to calibrate the tuned velocities for downhole receivers by means of an analysis
of the slowness component tangent to the well. We used the downgoing direct waves of walkover VSP
experiments to determine the modulus of the slowness vector and, thus, the velocity. Integrated into the
CRS imaging workflow, we demonstrated the application of the calibrated velocities for wavefield decomposition in synthetic 2D VSP data.
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ABSTRACT
We describe a fast method for seismic ray tracing in a cellular model, in which cells can have general
polynomial shapes with non-planar bounding faces. The key idea is integration of the ray equations
in terms of local cell coordinates rather than spatial coordinates. This approach allows for efficient
detection of cell boundary crossing events, suppressing the need for costly non-linear equation solvers
in the inner loop.

INTRODUCTION
Seismic simulation is a powerful tool for a number of studies on seismic modeling, imaging and inversion
for exploration and monitoring of oil reservoirs. These include, among others, planning of acquisition
surveys, image interpretation through identification of key reflections, discrimination of primaries and
multiples and amplitude analysis (AVO and AVA).
Among various simulation techniques, ray tracing (Červený, 2001) stands out for its versatility and
computational effectiveness. As a consequence, it plays an important role in some more sophisticated
simulation methods, such as wavefront construction (see, e.g., Vinje et al., 1999), inversion methods, such
as seismic tomography (see, e.g., Duveneck, 2004), and others. Kinematic and dynamic ray tracing produce
qualitative and quantitative information, namely images, traveltimes, amplitudes and phase shapes that
relate various aspects of the wave propagation within the medium under investigation and can, thus, help
to understand and interpret the seismic data.
Seismic simulation requires a computer model that captures the geometry of layer structures and interfaces, as well as the lithology of the subsurface region of interest. Subsurface models that are adequate for
ray tracing calculations are typically layered structures, which smoothly varying parameters (velocities and
density) within the layers. The layer boundaries are typically piecewise smooth surfaces, across which the
parameters may have jumps.
Grid-based models, as generally used in tomographic and migration studies, cover the region of interest
by a dense uniform grid and assign physical properties to each node of the grid. These models are simple
and flexible but space consuming and do not adequately model certain phenomena such as sharp interfaces
and narrow intrusions, which are extremely important for seismic ray tracing.
Layer-based models partition the region of interest into layers by surfaces which are modeled as meshes
of simple patches (see Gjøystdal et al., 1983). Layer-based models can naturally represent sharp interfaces
but require complex and costly point-mesh location algorithms to detect ray-interface intersections.
Cell-based models partition the region of interest into a number of blocks, whose relatively simple
geometric shapes are described by a few parameters (see, e.g., Konig, 1995; Wang, 2000). The shape is
usually described by polynomials that map some simple geometric solid to Cartesian space. Ray-interface
tests are replaced by simpler tests of a ray against the boundary faces of the current block.
Realistic subsurface models which are suitable for ray tracing must be able to represent interfaces with
complex shapes, which considerably increase the difficulty of model construction and seismic simulation.
Cell-based models, in particular, require blocks with non-planar faces in order to represent smooth layer
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interfaces. Ray tracing in such models requires a conversion of Cartesian coordinates to local coordinates
to detect the ray intersection with the block boundary. This demands solving a system of polynomial
equations, which, in general, requires expensive iterative numerical methods such as Newton or NewtonRamphson (see, e.g., Press et al., 1986).
In this paper, we propose a new approach for ray tracing in cell-based models, that guarantees efficient
test for boundary crossing detection. The key is performing the ray integration in terms of the block’s
domain coordinates instead of Cartesian coordinates.
KINEMATIC RAY TRACING
In the high-frequency approximation, the elastodynamic equation produces a non-linear first-order partial
differential equation for the traveltime which is usually called the eikonal equation. This equation can be
written using the Hamiltonian formalism as
H(xc, p) = 0

(1)

where H is the Hamiltonian function, p = ∇T and T = T (x) is the traveltime from the ray’s origin to the
point x within the subsurface model. Many suitable formulations for H can be used (see Červený, 2001).
The one chosen here is
H(x, p) = ln(v||p||).
(2)
Application of the method of characteristics (see, e.g., Herzberger,1958) to equation (2) provides threedimensional trajectories, called rays, along which the eikonal equation (1) is satisfied. Each ray is described
by the evolution of the ray state consisting of a position function x = x(T ) and a slowness function
p = p(T ) of the time, T , chosen as the running parameter to describe the ray. The slowness vector,
p (which, in isotropic media, is orthogonal to the wavefront) is related to the so-called phase velocity,
v = v(x) by the relationship |p| = 1/v. The ray evolution is described by the characteristic equations
(Herzberger,1958)
dx
dp
1
= ∇p H = v 2 p ,
= −∇x H = − ∇x v.
(3)
dT
dT
v
Here, we use the notation ∇x = (∂/∂x1 , · · · , ∂/∂xn ) and ∇p = (∂/∂p1 , · · · , ∂/∂pn ), where n is the
dimension of the subsurface model (2 or 3).
The O.D.E. system (3) can, in principle, be numerically solved by any integration method such as
Runge-Kutta (Press et al., 1986).
Equations (3) are only valid as long as the ray is traveling in a medium where v(x) varies smoothly with
x (finite derivatives), which is assumed to be the case within the geological layers. When the ray is about
to leave a layer, the intersection point with the layer’s boundary must be calculated. At this intersection
point, the ray splits into new rays, reflected and/or transmitted. Each new ray changes direction relative to
the original ray depending on the ray’s angle of incidence at the interface, and the velocity contrast across
the interface, according to Snell’s law (Červený, 2001). Each new ray is then traced through the next layer.
In order to limit the complexity of the simulation, it is general practice to specify the desired wavemodes
of the rays along each traversed layer, the so called signature of the ray (see Červený, 2001).
GEOLOGICAL MODEL
We assume that the geological model is a partition of space into a finite number of blocks or cells. Each
block is a simple geometric solid (cube, triangular prism or tetrahedron) deformed by polynomial transformations. Adjacent blocks need not share whole faces. Physical properties are assumed to vary smoothly
within each block. These concepts are defined formally below
Simplicies and Simploids
We define a canonical simplex of dimension n ≥ 0 as
∆n = {(u0 , · · · , un ) ∈ Rn+1

ui ≥ 0 ∧

n
X
i=0

ui = 1}

(4)
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The canonical simplices with dimension 1,2 and 3 are the canonical segment, triangle and tetrahedron,
illustrated in figure 1. Note that u0 , · · · , un are the barycentric coordinates relative to the simplex (see
Farin, 1992).

(0,1)
(0,0,1)

(1)

0

(0,1,0)

0

(1,0,0)

(1,0)

∆

(0,0,0,1)

(0,0,1,0)
(1,0,0,0)

(0,1,0,0)

Figure 1: Canonical simplices.
The canonical simploid of kind (h1 , · · · , hk ), denoted by S(h1 ,··· ,hk ) is defined as the Cartesian product
of simplices ∆h1 × · · · × ∆hk (see deRose et al., 1993). Figure 2 illustrates some simploids.

Figure 2: Canonical simploids.

Affine extension of domains
By extending the canonical simplex to include points with negative coordinates we obtain the affine extension of ∆n ; which is the affine space with dimension n,
An = {u ∈ Rn+1

n
X

ui = 1}.

(5)

i=0

Similarly, we define the affine extension of a simploid S(h1 ,··· ,hk ) as the multi-affine space
Ah1 ,··· ,hk = Ah1 × · · · × Ahk .

(6)

Simplicial and Simploidal polynomials
We say that a function F from An to R is a simplicial polynomial function of degree g if it is a homogeneous
polynomial function of degree g from Rn+1 to R restricted to An .
Let u(1) , · · · , u(k) be points of Ah1 , · · · , Ahk , respectively. We define the ith transversal section of
h1 ,··· ,hk
A
at u = (u(1) , · · · , u(k) ) ∈ Ah1 ,··· ,hk , denoted by Ah1 ,··· ,hk i (u), as
{u(1) } × · · · {u(i−1) } × Ahi × {u(i+1) } · · · {u(k) }

(7)
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Note that there is a bijection from A(h1 ,··· ,hk ) i (u) to Ahi .
A simploidal polynomial function of type h1 , · · · , hk and degree g = (g1 , · · · , gk ) is a function F from
Ah1 ,··· ,hk to R such that when restricted to any transversal section Ah1 ,··· ,hk i (u), i ∈ {1, · · · , k} equals
a simplicial polynomial function of degree gi from Ahi to R. Note that F cannot, in general, be factored
into the product of k simplicial polynomial functions.
Geophysical block
We define a geophysical block with n-dimensional domain and m-dimensional range, or a (n, m)block, as
a pair (D, F ) where D (the domain space) is an n-dimensional canonical simploid and F is a simploidal
b to Rm , where D
b is the natural extension of D.
polynomial function from D
Bézier representation of a block
Let B = (D, F ) be a (n, m)-block whose domain D equals S(h1 ,··· ,hk ) . Observe that the domain is
completely defined by the k-uple (h1 , · · · , hk ). The simploidal polynomial function F can be expressed
in terms of its Bézier coefficients (see deRose et al., 1993).

In the special case where D is a simplex ∆n , the representation of F of degree g consists of f = g+n
n
Bézier coefficients which are vectors of Rm . We denote these coefficients by ci where i ranges over Ing , the
set of all (n + 1) tuples (i0 , · · · , in ) of natural numbers whose sum is g (see the example in figure 3). The
function F can be expressed as
X
F (u) =
ci Bin,g (u)
(8)
i∈Ig
n

where Bin,g is the Bernstein-Bézier polynomial of dimension n, degree g and index i, defined as
Bin,g (u) =

g
ui0 · · · uinn .
i0 ! · · · in ! 0

Figure 3: Bézier representation of a (2, 3)-block (D, F ). The domain D is ∆2 and F has 3 components,
X, Y, Z, each a simplicial polynomial of degree 3.

The computation of F (u) by formula (8) can be performed in g+n
n+1 n-dimension linear interpolation
steps by the DeCastejau algorithm (see Peters, 1994).
Now suppose the domain D is S(h1 ,··· ,hk ) and F is a simploidal polynomial function
of degree g =

Qk
gj +hj
(g1 , · · · , gk ) (see figure 4). The Bézier representation of F consists of j=1 hj
Bézier coefficients;
(1)
(k)
b
The value of F at a point u = (u , · · · , u ) of D is given by
F (u) =

X
g
i1 ∈I 1
h1

..
.g

ik ∈I k
hk

where ci1 ···ik are Bézier coefficients.

ci1 ,··· ,ik Big11 ,h1 (u(1) ) · · · Bigkk ,hk (u(k) ).

(9)
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(a)

(b)

Figure 4: Bézier representation of simploidal polynomial functions whose domains are (a) S1,1 and (b)
S1,1,1 .
Cellular Model
For this paper, we define a geophysical model as a collection of (n, m)-blocks whose union covers the
region of interest G and whose interiors are disjoint. See figure 5.

Figure 5: Example of a cellular model.
The cellular model includes also topological relations among blocks (adjacences, incidences, etc.)
which aim to increase the effectiveness of navigation inside the model; and domain coordinate correspondences between adjacent blocks. Namely, for each pair of (n, m)-blocks B 0 = (D0 , F 0 ) and B 00 =
(D00 , F 00 ) that are adjacent through a common face E we store an affine (1st degree) correspondence bec0 and D
c00 . The correspondence is represented by two affine maps Θ0 and Θ00
tween the coordinates of D
c0 and D
c00 to Rn such that the images Θ0 (D0 ) and Θ00 (D00 ) have disjoint interiors but share the face
from D
E. Figure 6 illustrates such correspondence.

Figure 6: Domain coordinate correspondence.
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CELL RAY TRACING IN BLOCK LOCAL COORDINATES

In our proposed adaptation of ray tracing, the ray equations (3) are expressed and integrated in terms of
block’s local coordinates (see Figure 7). More precisely, we replace the state [x, p] by [α, p] where α are
the local coordinates of the point x in the current block. Note that the slowness vector remains in global
(Cartesian) space coordinates.
y
v(u)

a2

u0

F2

a

x
F0 & F1

a-1

F2
u(t)

a(t)
a1

u2

u1

Figure 7: Illustration of parametric ray tracing
For this purposes, we define the simplicial local coordinates α = (α1 , · · · , αn ) of ∆n as an arbitrary
affine mapping from the affine extension of An to Rn . An obvious choice would be αi = ui for i =
1, · · · , n (discarding u0 ). For a simploid Sh1 ,··· ,hk the local coordinates are obtained by concatenating the
local coordinates of the constituent simplices ∆h1 , · · · , ∆hk .
System (3) is then rewritten as
dα
= W −1 v 2 p
dT

dp
1
= −W −1 ∇α v
dT
v

(10)

where W is the Jacobian of the block’s shape functions.
Wij =

∂xi
∂αj

(11)

The Jacobian W describes the change from the block’s local coordinates to global Cartesian coordinates. The ∇α operator denotes (∂/∂α1 , · · · , ∂/∂αn ) and ∇p denotes (∂/∂p1 , · · · , ∂/∂pn ); where n is
the domain simploid dimension, and pi is the ith Cartesian coordinate of the slowness vector p. Each
partial derivative is a polynomial simploidal function whose Bézier coefficients are easily and efficiently
calculated from the block’s Bézier coefficients.
System (10) is not valid when the matrix W is singular. However, the absence of such singularities is a
basic requirement for a well formed cell-based geometric model.
The main advantage of this formulation is that detection of the current block limits becomes a set of
trivial tests (αi = 0) or 1st degree tests (α1 + · · · + αn = 1) on the local coordinates.
MODELLING OF PHYSICAL PROPERTIES
The usual approach to modelling space-varying physical properties is what we call decoupled modelling.
In this approach, space-varying physical properties are specified for each layer by mathematical functions
of the Cartesian coordinates (e.g., B-splines) defined over a fixed 3D mesh that is unrelated to the model’s
layers and cells. A drawback of this approach is the necessity of a second package of spline/mesh modeling
software, with its own data structures, libraries, and editors. Another drawback is that it does not guarantee
matching of physical properties with layer shape.
We propose a coupled model where the relevant physical properties are modelled by polynomial functions of the domain coordinates inside each block. Typically, for a three-dimensional model, we use (3, m)blocks with m > 3 where the shape of each block (D, F ) is described by the first three components of F ,
while the other m − 3 components define the rock’s physical properties. This approach does not require
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separate data structures, libraries or editors for physical property modelling. Additionally, the unified parameterization ensures a perfect match between shape and properties (see Figure 8).

Figure 8: Illustration of a two-dimensional cell-based model with coupled physical modelling. The cells
are (2, 3)-blocks whose domains are the canonical triangle S(2) = ∆2 and whose geometry (black lines)
and velocity (color scale) are defined by three simplicial polynomial functions F (u) = (X(u), Y (u), v(u))
of degree 3.
Our proposed ray-tracing method is compatible with both approaches for property modelling. Formulation (10) assumes our coupled physical modelling. For the decoupled model, we simply replace W −1 ∇α v
by ∇x v.
Integration of system (10) requires the evaluation of dα/dT and dp/dT , which, in turn require evaluating v, ∇α v and the jacobian W at o point with given local coordinates α. The velocity v can be obtained by
applying the DeCastlejau algorithm to the v component of the current block’s function F . For the gradient
∇α v, we can precompute the Bézier coefficients of ∂v/∂α1 , · · · , ∂v/∂αn for the current block (Farin,
1992). These derivatives are polynomials of degree g − 1 where g is the degree of F . Then, ∇α v can be
computed for any given α by n applications of DeCastlejau. The Jacobian element Wij can be computed
in the same way, from the Bézier coefficients of the X, Y, Z components of F .
−1
−1 2
Observe that the computation of the Jacobian Wij and of the products Wij
∇α v and Wij
v p does not
require iteration or recursive subdivision, and is therefore faster in general than the ray-boundary tests that
are eliminated by our ray tracing approach.
PROTOTYPE EDITOR
Some illustrations in this article were produced with Mod2B, a prototype editor that allows interactive
construction of a limited class of bidimensional geologic models according to our framework. It is available
in http://peruibe.ime.unicamp.br/˜lucas/demos.html
In this editor, the model’s geometry is specified by drawing an arbitrary number of geologic interfaces
as curved lines that begins and end at a fixed set of vertical guide-lines (see Figure 9). The interfaces are
cubic splines that can be either C2 or C1 . In the former case, the user can specify the set of points at which
the interface crosses the guide-lines. In the latter, the user can also specify the shape of the interface at
these points.
The user can specify the wave velocity for each layer between two interfaces. The velocity is either
constant, or varies linearly with depth between two given values, one for the upper boundary and other for
the lower boundary.
Once the interfaces are determined, the user triggers a subdivision module (shred button), which
decomposes each geologic layer into geophysical blocks. In Mod2B, each block B = (D, F ) is restricted
to be a simplicial geophysical block whose domain D is the canonical triangle. The function F has three
components, each being a simplicial polynomial function. Components F0 and F1 , of degree 3, are the
Cartesian coordinates x and y of the modelled region, and thus define the block’s shape. Component F2 ,
of degree 1, is the wave velocity.
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Figure 9: Drawing geological interfaces in Mod2B.
Each block spans the abscissa interval between two consecutive guidelines and one side of the block is
a vertical segment of a guideline. For each block, the horizontal coordinates of the control points are fixed
and equally spaced, while the vertical coordinates are arbitrary (see Figure 10). The subdivision module
also supplies block incidence and concordance information.
Ray tracing module
The Mod2B also includes a simple prototype ray tracing module that simulates a fan of rays emanating
from a point source at the model surface (see Figure 10) through the shredded model, as described in previous sections. The module performs simple kinematic ray tracing . The module could be easily extender
to perform dynamic integration.
CONCLUSIONS AND FUTURE WORK
Integrating ray equations in terms of local coordinates (equation (10) ) reduces considerably the cost of
boundary tests when integrating the ray propagation O.D.E. We plan further improvements by detecting
whether system (10) has analytical solution in the current block, which would allow us to cross that block
in a single step.
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Figure 10: A cellular model with linearly varying velocity i the fist two layers, ranging from 1500m/s
(cyan) to 4000m/s (dark red).

Figure 11: Simulation of a fan of rays emanating from a point source through the model of Figure10.
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ABSTRACT
The polarization of the Rayleigh wave in the simple case of an isotropic halfspace is known to be in the
plane of propagation. Here we demontrate, based on previous work, that the solution of the equations
of motion for this problem also contains transverse components. This is theoretically derived for the
case of a horizontal single point force at the surface. We confirm this prediction using numerical
modelling results for this case and make statements here: The amplitudes of these extra components
are about 100 times smaller compared to the ordinary Rayleigh waves. Moreover, their amplitude
decay with distance is faster.

INTRODUCTION
The Rayleigh wave propagates along the surface of an isotropic elastic halfspace without any dispersion.
Its amplitude decays exponentially with depth. In the classical solution the Rayleigh wave is polarized in
the plane of propagation and does not exhibit a transverse component.
However, in Kiselev (2004) a formal solution of the equation of motion was constructed which in addition to the classical case of Rayleigh wave polarization, e.g. Aki and Richards (1980), contains transverse
components outside of the propagation plane. These transverse components have a lower frequency content
compared to the main components of the Rayleigh wave. In the frame of the ray theory these components
can be considered as additional components of the displacement of first order of the ray approximation.
This paper, however, does not deal with ray theory.
In this paper the full theory of the Rayleigh wave is given for the example of the exact solution of
the wavefield for the isotropic halfspace which explains these additional components, where the source is
a horizontal single point force applied at the free surface. The derivation provides physical insight to the
formal solution of Kiselev (2004). The wavefield of the Rayleigh wave is derived by calculation of residues
of the exact solution. The analytical solution was tested by a Chebyshev forward modelling method (see,
e.g. Kosloff et al. (1990), Tessmer (1995)). The additional transverse components of the Rayleigh wave
are observed for certain directions in the synthetic modelling results.
In Appendix A the classical solution of Rayleigh wave propagation is constructed. Based on this the
short derivation of the result from Kiselev (2004) is repeated in Appendix B. In Appendix C the derivation
of the exact solution for a horizontal force in an elastic halfspace is presented.
A HORIZONTAL FORCE APPLIED TO AN ISOTROPIC HOMOGENEOUS HALF-SPACE
The source is introduced by the following condition at the free surface (x1 , x2 -plane):
T~ (x1 , x2 ) = δ(x1 , x2 )~i1 eiωt .
Here T~ is the stress vector due to the source and ~i1 is the unit vector in x-direction. These boundary
conditions define the unit horizontal force in x-direction. In Appendix C it is shown that the wavefield
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from this kind of a source is obtained by the following equations in cylindrical coordinates (r, ϕ, x3 ≡ z):
Z
ρω cos ϕ ∞ ζαs −ωαp x3 (2)
ur =
e
H0 (ωζr)dζ
2π
−∞ R
Z
ρ cos ϕ ∞ ζαs −ωαp x3 1 (2)
(1)
−
e
H (ωζr)dζ
2π
ζr 1
−∞ R
Z
cos ϕ ∞ ζ −ωαs x3 1 (2)
e
H (ωζr)dζ,
−
2π 0 µαs
ζr 1
Z
ρ sin ϕ ∞ ζαs −ωαp x3 1 (2)
uϕ = −
e
H (ωζr)]dζ
2π
ζr 1
−∞ R
Z
ω sin ϕ ∞ ζ −ωαs x3 (2)
+
e
H0 (ωζr)dζ
(2)
2π
−∞ µαs
Z
sin ϕ ∞ ζ −ωαs x3 1 (2)
−
e
H (ωζr)dζ,
2π −∞ µαs
ζr 1
Z
ω cos ϕ ∞ 2 2µαp αs −ωαp x3 (2)
u3 = −
e
H1 (ωζr)dζ
ζ
2π
R
−∞
(3)
Z
ω cos ϕ ∞ 2 2µζ 2 − ρ −ωαs x3 (2)
+
e
ζ
H1 (ωζr)dζ.
2π
R
−∞
In the solution (1)-(3) ur , uϕ , and u3 are the components of displacement ~u in cylindrical coordinates, ω
(k)
is the angular
frequency, Hi are Hankel functions of order i and kind k. ζ is the horizontal slowness and
q
αp,s = ζ2 − v21 is the vertical slowness, where vp,s is either P -wave velocity vp or S-wave velocity vs ,
p,s

respectively.
The Rayleigh equation is given by:
R(ζ) = ζ 2 αp αs − (

1
− 2ζ 2 )2 .
vs2

(4)

ρ, vp , vs , µ = ρvs2 are the elastic parameters of the halfspace.
The Rayleigh wave is described as the residue of the exact solution at the Rayleigh pole, i.e., the root of
the Rayleigh equation. The components of the Rayleigh wave in cylindrical coordinates are given by
ρω cos ϕ h ζαs −ωαp x3 i
(2)
e
(ζR )H0 (ωζR r)
i h R0
ρ cos ϕ αs −ωαp x3 i
(2)
−
e
(ζR )H1 (ωζR r),
ir
R0

u(R)
=
r

(5)

ρ sin ϕ h αs −ωαp x3 i
(2)
e
(ζR )H1 (ωζR r)],
(6)
ir
R0
ω2µ cos ϕ h 2 αp αs −ωαp x3 i
(R)
(2)
u3 = −
ζ
e
(ζR )H1 (ωζR r)
i
R0
(7)
ω cos ϕ h 2 2µζ 2 − ρ −ωαs x3 i
(2)
+
ζ
e
(ζR )H1 (ωζR r).
i
R0
In Eqs. (5)-(7) R0 is the derivative of the Rayleigh equation, and ζR is the horizontal slowness of the
Rayleigh wave.
From the integral representation and in Eq. (1) for the radial component ur and Eq. (2) for the azimuthal
component uϕ we find an interesting phenomenon: Setting φ = 0, which means that we consider the
direction in which the force is directed, we can see from Eq. 1 (third term) that there is a contribution of the
S-wave in the wavefield. Therefore we have a wave which propagates with S-wave velocity. It is polarized
like a P -wave, i.e. in radial direction.
u(R)
ϕ =−
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We obtain a similar phenomenon for ϕ = π2 . This is the direction orthogonal to the force direction. We
see from Eq. 2 (first term) that there is a contribution by the P -wave. We see a wave which propagates with
P -wave velocity, which is polarized parallel to the wave front. In both cases these ‘anormal‘ waves show
r−1 decay with distance. Their frequency content is lower compared to the usual waves. This can be seen
from the missing factor ω in front of the respective integrals.
In the next section we will confirm these conclusions derived from the analytical solution by numerical
modelling using a pseudo-spectral Chebyshev method.
NUMERICAL MODELLING
Numerical modelling was performed using the pseudo-spectral Chebyshev method (Kosloff et al. (1990),
Tessmer (1995)). The method delivers a solution to the equations of dynamic elasticity in a forward modelling manner. Spatial derivatives of the partial differential equations are calculated in the wave number
domain using FFTs in the horizontal directions. The derivative with respect to the vertical direction are
calculated in the Chebyshev transform space, also using FFTs. The time integration is based on a forth
order Taylor expansion. The subsurface structure consists of a homogeneous elastic halfspace. The 3-D
model is discretized on a numerical grid of 315 × 315 × 181 grid points with a grid spacing of 10 m. The
P - and S-wave velocities are 2000 m/s and 1155 m/s, respectively. The horizontal single point force has a
Ricker-like time history with 50 Hz cut-off frequency (dominant frequency is 25 Hz). It is directed in the
(horizontal) x-direction. The time step size of the modelling is 1.5 ms. The total propagation time is 1.8 s.
The source is located at grid location (105,105,3). It is located away from the lateral model boundaries
to avoid contamination of the primary wavefield with boundary reflections. The source was placed slightly
below the free surface, i.e. 3.6 m, to avoid numerical artifacts.
The wavefield was recorded at any grid node at the free surface for all time steps. The seismograms
shown consist of ten traces covering an azimuth of 90o at 1750 m lateral distance from the source. Since the
modelling was done using a rectangular grid it was necessary to interpolate wavefield values between grid
nodes to maintain the exact source-receiver distance. Interpolation was done by a 2D Fourier transform
applying its shift property. Using the Fourier transform for interpolation is the most natural way, since the
modelling algorithm is based on trigonometric expansion of the wavefield.
o
90

y−direction

Receivers

Source

φ

*

o
0

x−direction

Figure 1: Geometry of source and receivers at various azimuths φ with a constant observation distance of
1750 m. The receiver azimuth increment is 10o .
Basically, the wavefield is represented by three Cartesian components of the particle velocity (vx , vy , vz ).
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Figure 2: Seismograms recorded at 1750 m distance from the source with 10o azimuth increments. Left:
radial component; right: tangential component
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Figure 3: As Fig. 2, but time-windowed for S- and Rayleigh wave events.

In the seismogram displays we show only the horizontal components. They were rotated into the radial
and tangential components. Ten seismograms with a 10o azimuth increment are displayed in each section,
where the azimuths are measured against the x-axis.
In Fig. 1 we show the geometrical setup of source and receiver positions. Fig. 2 shows the entire
seismograms of the radial and tangential components of the surface recordings, where the amplification of
the traces is scaled to the maximum value. In the radial component display the first and the later arrival
correspond to the P - and Rayleigh wave, respectively. In the azimuthal component display only the Swave event is visible. Fig. 3 shows the time window of the seismograms of Fig. 2, where the S-wave
(earlier arrival) and the Rayleigh wave (later arrival) appear. Fig. 4 shows the same as Fig. 3, but with 10×
amplification. In the radial component there is a low-amplitude precursor (S-wave) before the Rayleigh
wave event. In the azimuthal component a low-amplitude Rayleigh wave event is visible after the S-wave
event.
Further amplified seismograms are shown in Fig. 5. Here the amplification compared to Fig. 3 is 100.
In the tangential component seismogram at 90o azimuth, the contribution in the tangential component of
the additional term of the Rayleigh wave can be observed. It decays with decreasing azimuths. On the
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Figure 4: As Fig. 3, but 10x amplified.
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Figure 5: As Fig. 3, but 100x amplified.
other hand, in the radial component seismogram at 0o azimuth, the contribution of the additional term of
the S-wave can be observed. It decays with increasing azimuths.
The above described features of the wavefield can also be observed in the xy-plane snapshots (top view)
at the surface. In Fig. 6 a snapshot of the x-component of the particle velocity field is shown at time 1.7625
s. The P -wave has already left the modelling area. Note the small amplitudes of the S-wave (outer wave
front) in the x-direction and of the Rayleigh wave (strong next inner wave front) in the y-direction. The
inner wave front is an undesired artifact which is a P -wave reflection form the bottom of the numerical
grid. Other artifacts are due to imperfectly functioning absorbing boundary conditions.
A similar phenomenon as for S- and Rayleigh waves can also be observed on the P -wave front. In
Fig. 7 a snapshot of the x-component of the particle velocity field is shown at time 0.4874 s. Note the small
(but not vanishing) amplitudes of the P -wave (outer wave front) in the x-direction. The amplitudes of the
additional terms of the P -wave are by an order of magnitude smaller than those of the S- and Rayleigh
waves in this case.
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Figure 6: Snapshot of the x-component of the particle velocity at time=1.7625 s. Here small (but not
vanishing) amplitudes of the S-wave in the x-direction (black arrow) and of the Rayleigh wave in the ydirection (white arrow) can be observed. The source location is indicated by a white asterisk. The other
weak wavefronts are undesired artifacts.
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Figure 7: Snapshot of the x-component of the particle velocity at time=0.4875 s. Here small (but not
vanishing) amplitudes of the P -wave in the y-direction can be observed (white arrow).

CONCLUSIONS
We examined the case of wave propagation in an isotropic elastic halfspace due to a horizontal single point
force. The radial and tangential components of the Rayleigh wave have a main term and additional terms. In
a certain direction the Rayleigh wave comprises only the additional term. Therefore, the Rayleigh wave is
transversely polarized in this situation. In general the additional terms have considerably lower amplitudes
than the main terms (in the examined case by a factor of 100) and they decay faster with distance. They
also display lower frequency content.
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APPENDIX A
CLASSICAL RAYLEIGH WAVE
We start from the equations of motion

ρ

∂ 2 ~u
= (λ + µ) grad (div ~u) + µ∆~u
∂t2

(8)

and Hooke’s law
tik = λδik div ~u + µ(

∂ui
∂uk
+
),
∂xi
∂xk

i, k = 1, 2, 3,

(9)

for an isotropic elastic medium.
The stationary solution of Eq. (8) with the time dependence eiωt satisfies the following system of
equations, if it does not depend on the x2 -coordinate:
∂ 2 u1
∂ 2 u3
∂ 2 u1
+
(λ
+
µ)
+
µ
+ ρω 2 u1 = 0,
∂x21
∂x1 ∂x3
∂x23
∂ 2 u3
∂ 2 u1
∂ 2 u3
(λ + 2µ)
+
(λ
+
µ)
+
µ
+ ρω 2 u3 = 0,
∂x23
∂x1 ∂x3
∂x21
∂ 2 u2
∂ 2 u2
µ
+
µ
+ ρω 2 u2 = 0.
∂x21
∂x23

(λ + 2µ)

We are looking for the vector solution of the system of equations (10), where u2 vanishes:
  

u1
A1
=
e−ωαx3 e−iωp1 x1 .
u3
rA3

(10)

(11)
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This solution represents a wave propagating in x1 -direction with the velocity 1/p1 . It decays with depth in
the halfspace x3 ≥ 0. One can show that there is no solution with a non-vanishing u2 -component which
satisfies the free surface conditions. Substituting (11) into the system (10) leads to the linear homogeneous
system for components A1 and A3 of the polarization vector:
i
h
(λ + 2µ)(−)p21 + ρ + µα2 A1 + (λ + µ)αip1 A3 =0,
h
i
(12)
(λ + 2µ)α2 − µp21 + ρ A3 + (λ + µ)αip1 A1 =0.
A non-trivial solution of the system (12) requires that its determinant vanishes. This leads to the vertical
slownesses of the P - and S-waves:
r
r
ρ
ρ
αp = ± p21 −
(13)
,
αs = ± p21 − .
λ + 2µ
µ
The corresponding polarization vectors for P - and SV -waves are
! 

(p)
p1
A1
=
(p)
−iαp
A3
and
(s)

A1
(s)
A3

!


=


iαs
,
p1

respectively.
Therefore, the general solution of the system (Eq. 12) which satisfies the radiation conditions, i.e. the
wave decays with the depth or propagates in the positive x3 direction, can be written in the form


 
 
p1
u1
iαs −ωαs x3 −iωp1 x1
−ωαp x3 −iωp1 x1
(14)
e
e
= Cp
e
e
+ Cs
,
−iαp
p1
u3
where the unknown factors Cp and Cs can be determined from the free surface conditions, i.e. zero stress
on the free surface (x3 = 0) of the isotropic elastic halfspace.
According to Hooke’s law (Eq. (9)) the components of the stress vector T~ at the surface with the unit
normal vector ~i3 can be calculated using:
∂u1
∂u3
+λ
,
∂x3
∂x1
∂u1
+µ
.
∂x3
∂u2
+µ
.
∂x3

T3 = t33 = (λ + 2µ)
∂u3
∂x1
∂u3
=µ
∂x2

T1 = t31 = µ
T2 = t32

(15)

If we insert Eq. (14) into the free surface conditions
T1 = t31 (x3 = 0) = T3 = t33 (x3 = 0) = 0,
then in order to find non-zero amplitude factors Cp and Cs , we have to solve the algebraic homogeneous
system
iω(2µp21 − ρ)Cp − 2µαs p1 ωCs = 0,
1
−2αp ωp1 Cp + iCs ω( 2 − 2p21 ) = 0.
vs

(16)

A solution only exists if the determinant of the system vanishes:
(

1
− 2p21 )2 − 4p21 αp αs = 0.
vs2

(17)
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The real root of Eq. (17) determines the velocity vr =
Cs =

1
p1R

of the Rayleigh wave, and we find the relation

1
−i
( − 2p21 )Cp
2p1 αs vs2

(18)

between the components of the polarization vector of the Rayleigh wave. Relation (18) expresses the fact
that the Rayleigh wave is elliptically polarized.
It is easy to show that the components of Rayleigh wave (Eq. (14)) with the relation (18) satisfy to the
following equation
∂u1
(x3 = 0) = u3 (x3 = 0)iωp1 ,
∂x3

(19)

which will be used in appendix B.
APPENDIX B
RAYLEIGH WAVE WITH COMPONENTS OUT OF THE PLANE OF PROPAGATION
Let us rewrite the Rayleigh solution (Eq. 14) in the following form:
(R)
(R)
~u(R) (x1 , x3 ) = u1 (x1 , x3 )~i1 + u3 (x1 , x3 )~i3 .

(20)

From Appendix A follows that this solution satisfies the free surface condition for a homogeneous elastic
halfspace (x3 ≥ 0):
t33 (~u(R) )(x3 = 0) = 0,

t31 (~u(R) )(x3 = 0) = 0,

t32 (~u(R) ) ≡ 0,

where the components of the stress tensor are calculated by Eqs. (15).
Let us introduce two vector functions
~u(0) (x1 , x2 , x3 ) = x2 ~u(R) (x1 , x3 ),
(R)

~u(1) (x1 , x3 ) = Cu1 (x1 , x3 )~i2 ,
(R)

(21)

(R)

where u1 (x1 , x3 ) and u3 (x1 , x3 ) are the components of the Rayleigh wave of Eq. (20).
It is easy to show that the vector functions (21) satisfy the equations of motion (Eq. 10). Using formulas
(15), the components of the stress vector for these two functions are given by the following equations:
(0)

= t33 (~u(0) ) = x2 t33 (~u(R) ),

(0)

= t31 (~u(0) ) = x2 t31 (~u(R) ),

(0)

= t32 (~u(0) ) = µu3 ,

(1)

= t33 (~u(1) ) ≡ 0,

(1)

= t31 (~u(1) ) ≡ 0,

(1)

= t32 (~u(1) ) = Cµ

T3
T1
T2

T3
T1

(R)

(22)

(R)

T2

∂u1
.
∂x3

Therefore, it is evident that the vector function
~u

= ~u(0) + ~u(1)

satisfies the free surface conditions:
t33 (~u)(x3 = 0) = t33 (~u(0) )(x3 = 0) + t33 (~u(1) )(x3 = 0) = 0,
t31 (~u)(x3 = 0) = t31 (~u(0) )(x3 = 0) + t31 (~u(1) )(x3 = 0) = 0,
t32 (~u)(x3 = 0)
= t32 (~u(0) )(x3 = 0) + t32 (~u(1) )(x3 = 0)
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(R)

= Cµ

∂u1
∂x3

(R)

(x3 = 0) + µu3 (x3 = 0).

If the constant C in Eqs. (21) and (22) is chosen to be
C=

−1
,
iωp1

and if we use Eq. (19), the vector function
~u(x1 , x2 , x3 ) = x2 ~u(R) (x1 , x3 ) +

−1 (R)
u (x1 , x3 )~i2
iωp1 1

(23)

satisfies the free surface conditions. From this one can determine the wave which propagates with Rayleigh
wave velocity. It has a main component and additional component, which is oriented out of the plane of
propagation. The additional component has lower frequency content than the main component.
Formula (23) is the main result of Kiselev (2004). However, this result is of formal character only.
It does not describe the real physical problem of elastic wave propagation. To overcome this deficiency
we describe the full solution for the wave field due to tangential point source in an elastic halfspace in
Appendix C.
APPENDIX C
WAVEFIELD DUE TO A HORIZONTAL FORCE APPLIED TO AN ISOTROPIC
HOMOGENEOUS ELASTIC HALFSPACE
If a horizontal force is applied to the elastic halfspace (x3 ≥ 0) axial symmetry is no longer given. Therefore, we will solve our problem in Cartesian coordinates (x1 , x2 , x3 ). We start from the 3D stationary
elastic equations
∂ 2 u1
∂ 2 u2
∂ 2 u3
∂ 2 u1
∂ 2 u1
+
(λ
+
µ)(
+
)
+
µ(
+
) + ρω 2 u1 = 0,
∂x21
∂x1 ∂x2
∂x1 ∂x3
∂x22
∂x23
∂ 2 u2
∂ 2 u3
∂ 2 u2
∂ 2 u1
∂ 2 u2
(λ + 2µ)
+
) + µ(
+ (λ + µ)(
+
) + ρω 2 u2 = 0,
2
2
∂x2
∂x1 ∂x2
∂x2 ∂x3
∂x1
∂x23
∂ 2 u1
∂ 2 u2
∂ 2 u3
∂ 2 u3
∂ 2 u3
+ (λ + µ)(
+
) + µ(
+
) + ρω 2 u3 = 0.
(λ + 2µ)
2
2
∂x3
∂x1 ∂x3
∂x2 ∂x3
∂x1
∂x22

(λ + 2µ)

(24)

The source is introduced using boundary conditions for the stress vector at the surface (x3 = 0):
T~ = δ(x1 , x2 )i~1 ≡ δ(x, y)i~1 ,
where the stress vector Ti = ti3 , (i = 1, 2, 3) at the surface is given by:
∂u1
∂u3
+
),
∂x3
∂x1
∂u2
∂u3
T2 = µ(
+
),
∂x3
∂x2
∂u3
∂u1
∂u2
+ λ(
+
).
T3 = (λ + 2µ)
∂x3
∂x1
∂x2
T1 = µ(

(25)

We need to find the vector solution of the Eq. (24) which satisfies the following conditions at the surface:
∂u3
∂u1
+
)(x3 = 0) = δ(x1 , x2 ),
∂x3
∂x1
∂u2
∂u3
µ(
+
)(x3 = 0) = 0,
∂x3
∂x2
∂u3
∂u1
∂u2
+ λ(
+
)(x3 = 0) = 0.
(λ + 2µ)
∂x3
∂x1
∂x2
µ(

(26)
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We are looking for the solution in the form of a Fourier transform in the horizontal plane (x1 , x2 ):
Z ∞Z ∞
1
uj (x1 , x2 , x3 ) =
Vj (k1 , k2 , x3 )e−i(k1 x1 +k2 x2 ) dk1 dk2 , j = 1, 2, 3.
(2π)2 −∞ −∞

(27)

For a delta function δ(x1 , x2 ) we use a similar representation:
Z ∞Z ∞
1
δ(x1 , x2 ) =
e−i(k1 x1 +k2 x2 ) dk1 dk2 .
(2π)2 −∞ −∞
By using representation (27) we obtain the homogeneous system in the (k1 , k2 , x3 )-space
dV3
d 2 V1
− ik1 (λ + µ)
+ [ρω 2 − (λ + 2µ)k12 − µk22 ]V1 − (λ + µ)k1 k2 V2 = 0,
dx23
dx3
dV3
d 2 V2
+ [ρω 2 − (λ + 2µ)k22 − µk12 ]V2 − (λ + µ)k1 k2 V1 = 0,
µ 2 − ik2 (λ + µ)
dx3
dx3
d 2 V3
dV1
dV2
(λ + 2µ) 2 − i(λ + µ)(k1
+ k2
) + [ρω 2 − µ(k22 + k12 )]V3 = 0,
dx3
dx3
dx3
µ

(28)

which, using the substitution

 
V1
A1
V2  = eαx3 A2  ,
V3
A3


(29)

results in the following linear algebraic homogeneous system of equations with respect to A1 , A2 , and A3 :
[µα2 + ρω 2 − (λ + 2µ)k12 − µk22 ]A1 − (λ + µ)k1 k2 A2 −ik1 α(λ + µ)A3 = 0,
−(λ + µ)k1 k2 A1 + [µα2 + ρω 2 − (λ + 2µ)k22 − µk12 ]A2 − ik2 α(λ + µ)A3 = 0,
2

2

−iα(λ + µ)(k1 A1 + k2 A2 ) + [(λ + 2µ)α + ρω −

µ(k12

+

k22 )]A3

(30)

= 0.

Let us construct three independent solutions of system (30) on the basis of plane wave theory by fixing the
polarization of the waves.
We consider a SH-wave with the polarization
  

A1
k2
A2  ≈ −k1  .
(31)
0
A3
This corresponds to the requirement that the SH-wave is polarized in the horizontal (x1 , x2 )-plane polarized. If Eq. (31) is substituted into Eqs. (30) we can solve for α of Eq. (29) for the SH-wave:
r
ρ
ρ
α2 + ω 2 = k12 + k22 :αs = k 2 − ω 2
(32)
µ
µ
1

Here and in the following k denotes the horizontal wavenumber (k12 + k22 ) 2 .
We calculate the radical αs from Eq. (32) on the real axis of the complex plane k by the following radiation
condition:
αs = i|αs | if
αs = |αs | if

ω
ω
<k< ,
vs
vs
ω
|k| > .
vs
−

For arbitrary values of k in the complex plane the radical αs is calculated by analytical continuation from
the real axis. The same applies for the calculation of αp later on.
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Let us consider P -SV -waves. We choose the polarization orthogonal to the polarization of the SHwave such that it is a superposition of two linear independent vectors with unknown coefficients a and
b:
 
 


A1
0
k2
A2  = a 0 + b −k1 
(33)
A3
1
0
If representation (33) for the P -SV polarization vectors is put into system (30) the unknown coefficients a
and b are a solution of the following system of equations:
[µα2 + ρω 2 − (λ + 2µ)k 2 ]b − iα(λ + µ)a = 0,
−iα(λ + µ)k 2 b + [α2 (λ + 2µ) + ρω 2 − µk 2 ]a = 0.

(34)

Now we consider the SV -wave. If we insert
α2 +

ρ 2
ω = k2
µ

into system (34), then the polarization of the SV -wave can be chosen as
  

αs k1
A1
A2  = αs k2  .
A3
ik 2
We proceed analogously for the P -wave. If we insert
α2 +

ρ
ω 2 = k 2 :αp =
λ + 2µ

r

k2 −

ρ
ω2 .
λ + 2µ

into system (34), then the polarization of the P -wave can be chosen as
   
A1
k1
A2  =  k2  .
iαp
A3
In this way we constructed three independent solutions which satisfy the radiation conditions in the halfspace (x3 ≥ 0):






k1
k2
−αs k1
e−αp x3  k2  ,
e−αs x3 −k1  ,
e−αs x3 −αs k2  .
−iαp
0
ik 2
Finally the general solution of the system (30) is a linear superposition of the form
 






V1
k1
k2
−αs k1
V2  = C1 e−αp x3  k2  + C2 e−αs x3 −k1  + C3 e−αs x3 −αs k2  .
V3
−iαp
0
ik 2

(35)

It can easily be verified that conditions (26) are satisfied at the free surface if the integrands of representation
(27) fulfil the corresponding conditions

 dV
1
− ik1 V3 (x3 = 0) = 1,
µ
dx3
 dV

2
µ
− ik2 V3 (x3 = 0) = 0,
dx3
(λ + 2µ)

dV3
− iλ[k1 V1 + k2 V2 ](x3 = 0) = 0,
dx3

(36)
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which lead to the system

−2µk1 αp C1 + k1 C3 (2µk 2 − ρω 2 ) − C2 µk2 αs = 1,
−2µk2 αp C1 + µk1 αs C2 + k2 C3 (2µk 2 − ρω 2 ) = 0,
2

2

(37)

2

C1 (2µk − ρω ) − C3 αs k 2µ = 0.

From system (37) we can determine the factors C1 , C2 , and C3 of the general solution (35):

2µαs k1
,
(2µk 2 − ρω 2 )2 − 4µ2 αp αs
k2
C2 = − 2 ,
µk αs
k1 (2µk 2 − ρω 2 )
.
C3 = 2
k [(2µk 2 − ρω 2 )2 − 4µ2 αp αs ]
C1 =

Therefore, the components of the wave field in Cartesian coordinates in the k-space are defined by the
following expressions:

V1 =

k22 −αs x3
2µαs k12
−αp x3
e
e
−
(2µk 2 − ρω 2 )2 − 4µ2 αp αs
µk 2 αs

k12 αs (2µk 2 − ρω 2 )
e−αs x3 ,
k 2 [(2µk 2 − ρω 2 )2 − 4µ2 αp αs ]
2µαs k1 k2
k2 k1
e−αp x3 + 2 e−αs x3
V2 =
(2µk 2 − ρω 2 )2 − 4µ2 αp αs
µk αs
−

−

(38)

k1 k2 αs (2µk 2 − ρω 2 )
e−αs x3 ,
k 2 [(2µk 2 − ρω 2 )2 − 4µ2 αp αs ]

V3 = −

ik 2 k1 (2µk 2 − ρω 2 )
2µiαp αs k1
−αp x3
e
e−αs x3 .
+
(2µk 2 − ρω 2 )2 − 4µ2 αp αs
k 2 [(2µk 2 − ρω 2 )2 − 4µ2 αp αs ]

We denote the Rayleigh denominator by

R = (2µk 2 − ρω 2 )2 − 4µ2 αp αs

and introduce the polar coordinates

x1 = r cos ϕ

x2 = r sin ϕ

k1 = k cos θ

k2 = k sin θ

in x- and k-spaces. We calculate the Cartesian components of the displacements as functions of cylindrical
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coordinates r, ϕ, z ≡ x3 in the form of repeated integrals over the modulus k and angle θ:
u1 =

−

1
(2π)2

Z

1
(2π)2

Z

∞

k 3 dk

0

∞

2µαs −αp x3
e
R

1 −αs x3
e
µαs

kdk
0

Z

Z

2π

cos2 θe−ikr cos(θ−ϕ) dθ

0

2π

sin2 θe−ikr cos(θ−ϕ) dθ

0

∞

Z
αs (2µk 2 − ρω 2 ) −αs x3 2π
e
cos2 θe−ikr cos(θ−ϕ) dθ
R
0
0
Z 2π
Z ∞
2µα
1
s
k 3 dk
e−αp x3
cos θ sin θe−ikr cos(θ−ϕ) dθ
u2 =
(2π)2 0
R
0
Z
Z ∞
1 −αs x3 2π
1
kdk
e
sin θ cos θe−ikr cos(θ−ϕ) dθ
+
(2π)2 0
µαs
0
Z ∞
Z
αs (2µk 2 − ρω 2 ) −αs x3 2π
1
kdk
−
e
cos θ sin θe−ikr cos(θ−ϕ) dθ
(2π)2 0
R
0
Z
Z ∞
2µiαp αs −αp x3 2π
1
2
dk
k
cos θe−ikr cos(θ−ϕ) dθ
e
u3 = −
(2π)2 0
R
0
Z 2π
Z ∞
2
2
1
2µk
−
ρω
2
−αs x3
+
ik dk
e
cos θe−ikr cos(θ−ϕ) dθ
(2π)2 0
R
0
−

1
(2π)2

Z

kdk

(39)

The integration over θ in the integrals over θ and k can be computed analytically. Therefore, only the single
integration over k is left in the solution.
Evaluation of special integrals
We intend to evaluate integrals of the form
Z

2π

sin θ cos θe−ikr cos(θ−ϕ) dθ.

I1 =
0

We introduce the new variable u = θ − ϕ. Then
Z
I1 = cos 2ϕ

2π

sin u cos ue−ikr cos u du + sin ϕ cos ϕ

Z

0

2π

(2 cos2 u − 1)e−ikr cos u du.

0

The first integral vanishes. Therefore,
Z

2π

I1 = 2 sin ϕ cos ϕ

2

cos ue

−ikr cos u

Z
du − sin ϕ cos ϕ

e−ikr cos u du

0

0

= −4π sin ϕ cos ϕ

2π

d2 J0 (kr)
− 2π sin ϕ cos ϕ J0 (kr).
d(kr)2

In the same way the remaining integrals in (39) are calculated:
Z

2π

cos θe−ikr cos(θ−ϕ) dθ = −i2π cos ϕ J1 (kr),

I2 =
0

Z

2π

cos2 θe−ikr cos(θ−ϕ) dθ = −2π cos2 ϕ

I3 =
0

Z
I4 =
0

d2 J0 (kr)
d2 J0 (kr)
2
2
+
2π
sin
ϕ
J
(kr)
+
2π
sin
ϕ
,
0
d2 (kr)
d2 (kr)

2π

sin2 θe−ikr cos(θ−ϕ) dθ = 2π cos2 ϕJ0 (kr) + 2π cos2 ϕ

2
d2 J0 (kr)
2 d J0 (kr)
ϕ
−
2π
sin
.
d(kr)2
d(kr)2
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Finally we transform the horizontal displacement into polar coordinates using
ur

= u1 cos ϕ + u2 sin ϕ,

uϕ

= −u1 sin ϕ + u2 cos ϕ.

Then the components of the wave field are given in cylindrical coordinates:
Z
Z
ρω 2 cos ϕ ∞ kαs −αp x3 d2 J0 (kr)
cos ϕ ∞ k −αs x3
d2 J0 (kr)
ur = −
e
dk
−
e
[J
(kr)
+
]dk,
0
2π
R
d2 (kr)
2π 0 µαs
d2 (kr)
0
Z
Z
ρω 2 sin ϕ ∞ kαs −αp x3 d2 J0 (kr)
sin ϕ ∞ k −αs x3 d2 J0 (kr)
uϕ = −
e
[ 2
+ J0 (kr)]dk −
e
dk,
2π
R
d (kr)
2π 0 µαs
d2 (kr)
0
Z
Z
cos ϕ ∞ 2 2µαp αs −αp x3
cos ϕ ∞ 2 2µk 2 − ρω 2 −αs x3
u3 = −
e
J1 (kr)dk +
e
J1 (kr)dk,
k
k
2π 0
R
2π 0
R
(40)
where J0 and J1 are 0th and 1st oder Bessel-functions, respectively. In the following we convert halfinfinite intervals of integration in the representations (40) into the integration over the whole k-axis. For
this purpose we use the relation
1
d2 J0 (kr)
+ J0 (kr) =
J1 (kr)
d2 (kr)
kr
and rewrite our solution (40) in the following the form:
Z
Z
ρω 2 cos ϕ ∞ kαs −αp x3
ρω 2 cos ϕ ∞ kαs −αp x3 1
ur =
e
e
J1 (kr)dk
J0 (kr)dk −
2π
R
2π
R
kr
0
Z ∞ 0
k −αs x3 1
cos ϕ
e
J1 (kr)dk,
−
2π 0 µαs
kr
Z
Z
ρω 2 sin ϕ ∞ kαs −αp x3 1
sin ϕ ∞ k −αs x3
e
J0 (kr)dk
uϕ = −
e
J1 (kr)]dk +
2π
R
kr
2π 0 µαs
0
Z
sin ϕ ∞ k −αs x3 1
−
e
J1 (kr)dk,
2π 0 µαs
kr
Z
Z
cos ϕ ∞ 2 2µαp αs −αp x3
cos ϕ ∞ 2 2µk 2 − ρω 2 −αs x3
u3 = −
k
e
k
e
J1 (kr)dk +
J1 (kr)dk.
2π 0
R
2π 0
R

(41)

For the conversion into a two-sided infinite interval of integration we use the relation
i
1 h (2)
Jn (z) =
Hn (z) + Hn(1) (z)
2
and formulas for the analytic continuation of Hankel’s functions (Abramowitz and Stegun (1968), 9.1.39,
p. 361). The result is:
Z
Z
ρω 2 cos ϕ ∞ kαs −αp x3 1 (2)
ρω 2 cos ϕ ∞ kαs −αp x3 (2)
ur =
e
H0 (kr)dk −
e
H (kr)dk
2π
2π
kr 1
−∞ R
−∞ R
Z
cos ϕ ∞ k −αs x3 1 (2)
−
e
H (kr)dk,
2π −∞ µαs
kr 1
Z
Z
ρω 2 sin ϕ ∞ kαs −αp x3 1 (2)
sin ϕ ∞ k −αs x3 (2)
uϕ = −
e
H1 (kr)]dk +
e
H0 (kr)dk
2π
kr
2π −∞ µαs
−∞ R
Z
sin ϕ ∞ k −αs x3 1 (2)
−
e
H (kr)dk,
2π −∞ µαs
kr 1
Z
Z
cos ϕ ∞ 2 2µk 2 − ρω 2 −αs x3 (2)
cos ϕ ∞ 2 2µαp αs −αp x3 (2)
u3 = −
k
e
H1 (kr)dk +
k
e
H1 (kr)dk.
2π −∞
R
2π −∞
R
(42)
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Finally we change the variable ωζ = k with the slowness ζ and arrive at the final result:
Z
ρω cos ϕ ∞ ζαs −ωαp x3 (2)
ur =
e
H0 (ωζr)dζ
2π
−∞ R
Z
Z
ρ cos ϕ ∞ ζαs −ωαp x3 1 (2)
cos ϕ ∞ ζ −ωαs x3 1 (2)
−
e
H1 (ωζr)dζ −
e
H (ωζr)dζ,
2π
ζr
2π 0 µαs
ζr 1
−∞ R
Z
Z
ρ sin ϕ ∞ ζαs −ωαp x3 1 (2)
ω sin ϕ ∞ ζ −ωαs x3 (2)
uϕ = −
e
H1 (ωζr)]dζ +
e
H0 (ωζr)dζ
2π
ζr
2π
−∞ R
−∞ µαs
Z
sin ϕ ∞ ζ −ωαs x3 1 (2)
−
e
H (ωζr)dζ,
2π −∞ µαs
ζr 1
Z
ω cos ϕ ∞ 2 2µαp αs −ωαp x3 (2)
u3 = −
e
H1 (ωζr)dζ
ζ
2π
R
−∞
Z
ω cos ϕ ∞ 2 2µζ 2 − ρ −ωαs x3 (2)
ζ
e
H1 (ωζr)dζ.
+
2π
R
−∞
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CRS OFFICE: A JAVA GRAPHICAL USER INTERFACE FOR
THE CONVENTIONAL CRS STACK
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keywords: CRS, Java, CRS Office, Seismic Graphical User Interface

ABSTRACT
This paper describes the development of CRS Office, a friendly Java interface for the CRS (Common
Reflection Surface) system, and an example of application to synthetic and real marine data from
offshore Brazil. The interface is not limited to the conventional CRS stack process, but it is intended
to integrate different processes through Java tools with application centered at seismic imaging with
the CRS technology. The interface is extended to print on the screen the outputs results, and to do
this it is used the CWP/SU (Center for Wave Phenomena, Colorado School of Mines, Seismic Un*x)
format and packages.
CRS technology has increased its participation in the last years in data processing, nevertheless, its use
is restrict to some groups due partly to the non-existence of a friendly interface to make its use more
efficient and enjoyable. In order to present a solution for this issue, we started the development of
CRS Office, a graphical user interface for the CRS stack processing code of Dr. Jürgen Mann released
in Karlsruhe, Germany. The CRS code is written in C++, and the CRS Office was developed as a
wizard console in NetBeans, IDE (Integrated Development Environment) 5.5 GUI (Graphical User
Interface) builder, in Java language program. CRS Office gathers the Java’s platform advantages, like
portability and re-usability, with the computational efficiency of the C++ program language. The GUI
allow the interaction between the user and the CRS/C++ code without requirement to be involved with
complex shell scripts and Makefiles. Basically, in the present stage CRS Office reads the parameters
from the widgets (TextFields, ComboBoxes, Check Boxes, and so on), does the CRS stack based in
these parameters, and print the output results creating and executing shell scripts and Makefiles in
a hidden way. A further and natural development consists in a bigger integration between the CRS
code and the CRS Office using JNI (Java Native Interface) tools. The project development is under
maintenance, evolution and inclusion of new tools.

INTRODUCTION
There are several tools to enable quick and easy development of user interfaces. Before we chose the Java
platform, we investigated some graphical interfaces, like Glade and Qt Designer. Glade is used for the
GTK+ toolkit and the GNOME desktop environment, and released under the GNU GPL License. Qt Designer is a powerful GUI layout and forms builder, which enables rapid development of high-performance
user interfaces with native look and feel across all supported platforms. Qt Designer works stand-alone,
or integrated with IDEs like Microsoft Visual Studio, .NET, and Eclipse (Qt Jambi only). Anyway, it includes powerful features such as preview mode, automatic widget layout, support for custom widgets, an
advanced property editor and more.
We chose Java due to the possibility of integrating the big amount of free geophysics packages based
on Java platform and softwares already available in our own interface. Among geophysical packages
based on Java platform that we investigated, we can cite Jest (Schwab and Schroeder (1998)) and JavaParty (Philippsen and Zenger (1998)). Jest is a software that comprises Jam (Java and mathematics), a
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general and extendible library for numerical optimization for science and engineering, and Jag (Java and
geophysics), a particular extension of a framework for seismic image processing. JavaParty is a software
that transparently adds remote objects to Java purely by declaration while avoiding the disadvantages of explicit socket communication, and avoids also programming overhead of RMI (Remote Method Invocation)
and many disadvantages of the message-passing approach in general. JavaParty is specifically targeted
towards, and implemented on, clusters of workstations. It hence combines Java-like programming and
the concepts of distributed shared memory in heterogeneous networks. Besides, Java presents itself as a
reasonable easy language, and it has a relation to professional geophysical seismic processing packages.
A friendly Java interface for the CRS system, and applications to synthetic and real data is a goal in our
participation in the projects under development in our institution, and to the relation with the WIT (Wave
Inversion Technology, University of Karlsruhe, Germany) Consortium through national and international
cooperation.
BUILDING CRS OFFICE
CRS Office successfully separates optimization techniques, carried out by the CRS C++ code, from the application softwares represented by the Java GUI, discarding any knowledge about shell scripts and Makefiles by the user. In order to introduce CRS Office, some basical informations about Java is necessary.
In science and engineering today, new ideas are implemented, simulated and tested using computer
softwares. In general, when a new idea arises and the development of a new software is required, it is
necessary to start from scratch; consequently previous software will not be useful in the future for another
software. This increases the cost and the development time of a new software. By thinking about time and
cost situation, we idealized CRS Office as a Java application, since Java is an object-oriented programming
language (Savitch (2006)) abbreviated OOP. OOP is a programming methodology that views a program
consisting of objects that interact with each other by means of actions. CRS Office was developed under
this paradigm, what makes the CRS Office code easier to maintain and re-use.
The Java platform is a programming environment consisting of the Java virtual machine (VM), and
the Java Application Programming Interface (API). The Java API consists of a set of predefined classes.
Any implementation of the Java platform is guaranteed to support the Java programming language, virtual
machine and API. CRS Office, as all Java applications written in the Java programming language (see
Figure 1), is first compiled and converted into a bytecode file, an intermediate language that is the same
for all computers, that contains the same definition of the class or interface written JVM instructions.
A bytecode file must have a file name identical to the name of the class or interface defined in the file,
and a extension of ”.class”. Then, the bytecode is loaded into JVM, and the JVM executes its instructions
translating the bytecode into the machine language for a particular operating system and hardware platform.
CRS Office’s instructions is to execute the CRS native code through shell scripts and Makefiles. Therefore,
CRS Office code is partly portable, even among parallel computers with different memory models.
The first version of CRS Office was developed based on some free NetBeans IDE sample applications
available on the Sun Microsystem homepage. NetBeans IDE provides great productivity tools. Also,
Java allows bundling code into individual software objects that provides a number of benefits, including:
modularity, information-hiding, code re-use, pluggability and debugging ease.
CRS OFFICE JAVA GRAPHICAL USER INTERFACES
CRS Office main frame is shown in Figure 2, and the interaction with widgets in Figure 3 where the user
enters the processing parameters as shown. The respective explanations are in the figure captions. The
Figure 4 is an example of information obtained after hitting a Help button. The bottom buttons start with
the clear button, followed by the execution button, then the back and forward of the frames, and finally to
cancel the executing process.
Continuing with the interaction with widgets of CRS Office, the Figures 5, 6 and 7 show up, if the
options ZOsearch, Inistack or Optimize were chosen in the main frame, respectively. In these three frames
the first top 4 text field give self-explanatory information of the contents that should be given, and the 16
text fields (in two columns) are processing parameters, where the help buttons can explain their content.
The other bottom buttons are similar to the frame in Figure 3.
Clicking in the Execute button, if all the parameters are correct, a set of internal procedures that involve
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Figure 1: CRS Office execution layout. CRS Office source code is compiled and converted into a bytecode
file that contains the same definition of the class or interface written JVM instructions. The bytecode is
loaded into JVM, and the JVM executes its instructions translating the bytecode into the machine language
for a particular operating system and hardware platform. The instructions of CRS Office is to execute the
CRS native code through shell scripts and Makefiles.

Figure 2: CRS Office main frame. It shows the text fields to enter the directory where the CRS Office is
installed, the directory where the lines to be processed are located, and the sub-directory where the results
will be written. The 4 tasks that can be performed are in the radio buttons. The help windows in the buttons
give information about the actual task.
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Figure 3: CRS Office second frame of widgets. This frame shows up only if the option autoCMPstack
was chosen in the main frame. The first top 4 text field give self-explanatory information of the contents
that should be given. The next 12 text fields (in two columns) are processing parameters, where the help
buttons explain them. The radio button selects the verbose condition. The combo box serves to select the
type of data for the coherence analysis. The bottom buttons start with the clear button, followed by the
execution button, then the back and forward of the frames, and finally to cancel the executing process.

Figure 4: This frame is an example of information obtained after hitting a Help button, and in this case for
the near surface velocity parameter (SURVEL).
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Figure 5: CRS Office third frame of widgets. This frame shows up only if the option ZOsearch was chosen
in the main frame. The first top 4 text field give self-explanatory information of the contents that should be
given. The next 16 text fields (in two columns) are processing parameters, where the help buttons explain
them. The radio button selects the verbose condition. The combo box serves to select the type of data for
the coherence analysis. The bottom buttons start with the clear button, followed by the execution button,
then the back and forward of the frames, and finally to cancel the executing process.
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Figure 6: CRS Office fourth frame of widgets. This frame shows up only if the option Inistack was chosen
in the main frame. The first top 4 text field give self-explanatory information of the contents that should be
given. The next 16 text fields (in two columns) are processing parameters, where the help buttons explain
them. The radio button selects the verbose condition. The combo box serves to select the type of data for
the coherence analysis. The bottom buttons start with the clear button, followed by the execution button,
then the back and forward of the frames, and finally to cancel the executing process.
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Figure 7: CRS Office fifth frame of widgets. This frame shows up only if the option Optimize was chosen
in the main frame. The first top 4 text field give self-explanatory information of the contents that should be
given. The next 16 text fields (in two columns) are processing parameters, where the help buttons explain
them. The radio button selects the verbose condition. The combo box serves to select the type of data for
the coherence analysis. The bottom buttons start with the clear button, followed by the execution button,
then the back and forward of the frames, and finally to cancel the executing process.
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Figure 8: Example of an error message that in this case the user entered an invalid value to the parameter
of the type of data for the coherence analysis (CONVOP).

Figure 9: This frame shows the CRS Office log field giving some processing information. The text field
is reserved for the name of the file in the directory Results to be seen by the SU tool suximage. The Open
button is for browsing, and the Display button is to see the figure.

the creation of a .par file, shell scripts and Makefiles will be performed to initialize the execution of
the native code responsible for the CRS processing. If the parameters are not correct, an independent
subwindow will show up and an error message will inform the user how to proceed. The Figure 8 shows
the example of an error message with explanation in the caption.
CRS Office executes these shell scripts and Makefiles implementing the methods getRuntime and exec
of the Runtime class. The Runtime class extends further the Object class. The class Object is the root of
the class hierarchy. Every class has Object as a superclass. All objects, including arrays, implement the
methods of this class. The class Runtime returns the runtime object associated with the current Java application. The method exec executes the specified string command in a separate process. This convenience
method was the base of our ExecuteCRS class which executes the CRS native code. Once the process
starts, the user can follow its evolution through a .log file shown in the CRS Office log field of Figure 9
with explanation in the caption.
Once the process is finished successfully, the user can browse and choose one among the CRS results
to display it graphically using the suximage of the SU visualization tools. As we develop the interface, the
CRS Office will tend to become more robust, and to support more SU tools. As a matter of fact, it will even
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Figure 10: Stack section of the synthetic data.

Figure 11: Coherence section of the synthetic data.
be possible to support all SU tools available; but, this is not our present intention, instead we are concerned
directly only with the tools concerning with visualization.
CRS SYSTEM
The Common Reflection Surface (CRS) stack (Mann (2001)) is already rather conventional, and there is a
tendency to demonstrate an advantage of CRS stack over conventional methods in simulating zero-offset
sections. Besides that, for every zero-offset sample several kinematic wavefield attributes are obtained as
useful by-products of the data-driven stacking process. The figures beneath show some results of a seismic
processing of a synthetic and a real marine data from a set of a Brazilian offshore carried out using CRS
Office. Figures (10), (11), (12), (13), and (14) show the stack section, the coherence section and the three
attributes panels: emergence angle, Rnip and Rn for the synthetic data. Figures (15), (16), (17), (18), and
(19) are for the marine data from a set of a Brazilian offshore.
FUTURE VERSIONS
CRS Office first version is still rather simple, but we can foresee it robust and intuitive. Among the future
developments, we can have: (1) use of threads; (2) integration the CRS/C++ code with the CRS Office GUI
with JNI; (3) inclusion of more SU tools; and (4) inclusion of more CRS system tools.
A thread can be loosely defined as a separate stream of execution that takes place simultaneously with
and independently of everything else that might be happening. A thread is like a classic program that
starts at point A and executes until it reaches point B, and it does not have an event loop. A thread runs
independently of anything else happening in the computer. Without threads an entire program can be held
up by one CPU intensive task, or one infinite loop, intentional or otherwise. With threads the other tasks
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Figure 12: Angle panel of the synthetic data.

Figure 13: Rnip panel of the synthetic data.

Figure 14: Rn panel of the synthetic data.
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Figure 15: Stack section of the real data.

Figure 16: Coherence section of the real data.

Figure 17: Angle panel of the real data.
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Figure 18: Rnip panel of the real data.

Figure 19: Rn panel of the real data.
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that don’t get stuck in the loop can continue processing without waiting for the stuck task to finish. CRS
Office will be a multi-threaded application, what will permit us to take full advantage of the Java language.
Our purpose is to allow the threads to put locks on shared resources so that while one thread is using data
no other thread can touch that data. This will be done with synchronization.
The Java Native Interface (JNI) is a powerful feature of the Java platform. Applications that use the JNI
can incorporate native code written in programming languages such as C and C++, as well as code written
in the Java programming language. The JNI allows programmers to take advantage of the power of the
Java platform, without having to abandon their investments in legacy code. Because the JNI is a part of
the Java platform, programmers can address interoperability issues once, and expect their solution to work
with all implementations of the Java platform.
CONCLUSIONS
Scientists are generally not so much involved in establishing software concepts for scientific problems,
they are more interested in using the software to obtain results. CRS Office is being designed to be a
consistent, simple and robust GUI for the conventional CRS stack and its further developments. Complexity
in computer programs is not so welcome, and CRS Office was developed in Java using OOP to reduced
complexity by the use of classes, methods and interfaces.
C++ also supports object-oriented approaches, but among languages that support object-oriented programming and meet other requirements of science and engineering today, Java is the simplest. Beside that,
C++ failed in standardize its semantics, and mainly open multi-platform library and generic use. Java platform provides an enormous class library (a set of packages) suitable for use in someone’s own applications.
Therefore, choosing Java was fundamental for the success of the present project.
In the present stage, CRS Office arises as a useful tool for the conventional CRS stack. Making CRS
Office available will help and support students worried only with the seismic processing and forget computational details. It is certainly important to provide graphical interface tools to make processors concentrate
in their research work, looking for good imaging of the subsurface based on reflection seismic information.
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ABSTRACT
Finite-Difference (FD) simulations of elastic wave propagation is an important tool in geophysical
research. As large-scale 3D simulations are only feasible on supercomputers or clusters and even
then the simulations are limited to long periods compared to the model size, 2D FD simulations are
widely-spread. Whereas in generally 3D heterogeneous structures it is not possible to infer the correct amplitude and waveform from 2D simulations, in 2.5D heterogeneous structures some inferences
are possible. In particular, Vidale and Helmberger (1987) developed an approach that simulates 3D
waveforms using 2D FD experiments only. However, their method requires a special FD source implementation technique which is not any longer used in nowadays FD codes. In this paper we derive a
2D to 3D mapping that can be applied on the computed waveforms from 2D experiments independent
on the particular source implementation technique. The approach assumes that the travel path can be
determined in the geometrical optic limit. Therefore, we present a hybrid modeling procedure involving 2D FD and ray tracing techniques. The applicability is demonstrated by numerical experiments of
elastic wave propagation for models of different complexity.

INTRODUCTION
Finite-Difference (FD) simulations of wave propagation is a common tool in geophysical research. In seismology, wave propagation for earthquakes is simulated in order to understand the ground motion of past
earthquakes and to estimate the threat of future earthquakes (e.g. Furumura and Kennett, 2005; Miksat
et al., 2005; Graves and Wald, 1998; Olsen, 2000). In exploration seismology the FD method is used for
reservoir modeling, survey planning (e.g.Lecomte et al. (2004)). Despite the growing computer capacities
during the last decade 2D FD simulations are widely used, as 3D simulations are limited to long wavelength compared to the model size. For example, large scale simulations of earthquake wave propagation
calculated on the world’s largest computers are limited to frequencies below 1 Hz (Furumura and Kennett,
2005), which is far below the range of engineering interest (f< 15 Hz). Hence, 2D FD simulations are
routinely applied to explore a larger frequency range or large scale models (e.g., Furumura and Kennett,
2005; Benites and Olsen, 2005; Kebeasy and Husebye, 2003). However, most of these studies focus on the
simulated travel times and relative amplitudes whereas the calculation of absolute amplitudes is neglected.
This is rooted in the fact that the amplitudes for whole space (3D) wave propagation cannot be directly
simulated with a 2D FD method, because the 3D solution of the equation of motion differs in phase and
geometrical spreading from the 2D solution. However, the calculation of absolute amplitudes is, especially
in seismology, a crucial parameter as the absolute value of ground shaking is related to the resulting damage.
In many instances, the spatial distribution of elastic properties in earth models can be approximated by a
2.5D heterogeneous structure. This fact prompted the idea that 3D seismograms in 2.5D heterogeneous
structures could be obtained from 2D simulations only provided that the difference in the geometrical
spreading is properly accounted for. Using the correspondence between a 2D line source and a 3D point
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source in homogeneous media Vidale and Helmberger (1987) developed a correction procedure which
translates 2D FD seismograms into 3D seismograms. In particular, They derived the following formula to
simulate a displacement seismogram resulting from a point source in 3D, u3D
i , using the 2D FD displacement seismogram, u2D
:
i


1
1 d
2D
√
√
u3D
=
∗
u
,
(1)
i
i
r dt
t
where r is the travel path of the wave. However, it is important to note that the method of Vidale and Helmberger (1987) is dependent on the source implementation technique, which was invented by Alterman and
Karal (1968) and which was widely used in the first FD codes. This means that eq. (1) is only valid for
the particular source implementation technique used by Vidale et al. (1985) and Vidale and Helmberger
(1987), which imposes the whole space, line source, first term asymptotic GRT (generalized ray theory)
solution on the source grid points. Today, most FD codes do not use this technique. Instead, sources are
implemented by adding displacement or stress tensor components to the corresponding grid nodes (Graves,
1996; Coutant et al., 1995; Karrenbach, 1995; Bohlen, 2002). Consequently, the procedure ofVidale and
Helmberger (1987) cannot be applied without further modification to simulate 3D seismograms. Nevertheless, equation (1) is used from time to time to transform 2D into 3D seismograms Igel et al. (2002); Olsen
et al. (1996).
In this paper, we develop a procedure that allows to compute accurate 3D seismograms in 2.5D heterogeneous structures from 2D FD calculations with any source implementation technique. Starting from the
equivalence between a point source in 2D space and a line source in 3D space, we derive a time-domain
conversion operator that achieves the desired 2D to 3D conversion. This operator involves the exact travel
path of the wave which can be determined in the geometrical optic approximation. Therefore, we suggest
a hybrid method that combines 2D FD and ray tracing. The latter allows the calculation of the exact travel
path for different phases in the geometrical optic limit. We demonstrate the capability of the method by
various numerical examples. In each example elastic wave propagation is modeled using a point source in
3D (the ’true’ reference experiment) and a point source in 2D (simulated by a line source in 3D). Simulated
point source seismograms in 3D are then obtained by convolving the time-domain conversion operator
with the line source seismograms. The simulated 3D seismograms are compared with the corresponding
3D reference experiments. We give error estimates and discuss the limitations of the method.
THEORY
Seismograms of the displacement or particle velocity due to line √
sources in 3D space have an infinitely long
tail and the far-field geometrical spreading is proportional to 1/ R as compared to 1/R for seismograms
due to point sources in 3D space. It is well-known that in homogeneous elastic media wave propagation
initiated by a point source in 2D corresponds to wave propagation for an line source in 3D. This equivalence
can be exploited in order to derive a mapping between line source and point source seismograms. In order
to do so, we start out with the far field Green’s tensor Gij in the frequency domain for an elastic, isotropic
medium is given by (Hudson, 1980, p. 137):


1
x̂l x̂i iωR/α (δil − x̂i x̂i ) iωR/β
Gil (ω) =
e
+
e
4πρ α2 R
β2R


1
x̂l x̂i ikα R (δil − x̂i x̂i ) ikβ R
e
+
e
,
=
(2)
4πρ α2 R
β2R
with the unit vectors x̂l and x̂i in l and i-direction, P -wave speed α, S-wave speed β, travel distance R
and the Kronecker delta notation δil .
For simplicity the 2D to 3D conversion operator is derived for an acoustic medium. However, it is
important to note that the result is also valid for the elastic case because the Green’s functions for both
ikR
cases involve the same wave function e R with wavenumber k = ω/c (where c is either α or β).
The Green’s function for the velocity potential Ψ in the Helmholtz equation is given by:
Gpoint_3D (ω) =

eikR
,
4πR

(3)
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Figure 1: a: Source location within the applied 3D model. The 3D model is unaltered in y direction. Wave
propagation is simulated for a line source (triangles) with 3D FD in order to get the equivalence to a 2D
simulation for the marked 2D model. Further, 3D FD simulation is performed for a point source (bold
triangle). b: Infinite line source in y direction with grid spacing ∆x between the source nodes.

with distance R between source and receiver in cartesian coordinates:
p
R = x2 + y 2 + z 2 .

(4)

The Green’s function of a line source can be constructed by adding the contributions of an infinite number
of aligned point sources. This is illustrated in In Fig. 1 where a large number of point sources aligned in ydirection of the computational gird with grid spacing ∆x simulates a line source in y-direction. Therefore,
the discrete Green’s function Gline_3D representing the line source in Fig. 1 is given by:
√2 2
∞
1 X eik r +y
line_3D
p
G
(ω) =
,
(5)
4π n=1 r2 + y 2
where y = n∆x and r2 = x2 + z 2 , which is the square of the distance in the xz-plane between source and
receiver. Applying the Fresnel approximation and writing the sum as an integral, eq. (5) transforms into:
G

line_3D

eikr 1
(ω) =
4πr ∆x

+∞
Z
ikx2
e 2r dx.

(6)

−∞

The integral on the right hand side is given by:
+∞
iπsgn(ω)
Z
iωx2
e 4 √
2cr
dx = p
2πcr,
e
|ω|

(7)

−∞

where sgn denotes the signum function. Using eq. (7) the Green’s function for a line source can be represented as:
Gline_3D (ω) = Gpoint_3D (ω) C −1 (ω) ,
(8)
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where
C

−1

s

1
(ω) =
∆x

2πcr iπsgn(ω)
e 4
|ω|

(9)

This means that the 3D line source Green’s function (8) is composed out of the 3D point source Green’s
function (3) multiplied by the function (9). Conversely, multiplying equation (8) by the inverse of C −1 (ω),
i.e, C(ω) yields the 3D point source Green’s function expressed in terms of the 3D line source Green’s
function (or, equivalently, in terms of the 2D point source Green’s function). Applying the inverse Fourier
transform to the function C(ω) yields the time domain conversion operator
C̃(t)

=

∆x d H(t)
p
√ ,
t
2/t dt

πr

(10)

where H denotes the Heaviside step function. Thus, the 2D FD line source seismogram Ψline2 D (t) can be
translated into a 3D point source seismogram Ψpoint_3D by applying operator (10) to Ψline_2D (t):
Ψpoint_3D

= C̃(t) ∗ Ψline_2D (t)


d H(t)
∆x
line_2D
p
√ ∗Ψ
=
(t) ,
t
πr 2/t dt

(11)
(12)

where the asterisk denotes time domain convolution. Equation (12) is exact for a homogeneous acoustic
medium. Equation (12) is also applicable in for the elastodynamic far field if the velocity potential is
replaced by the displacment vector components.
In order to apply (12) to elastic, 2.5D heterogeneous media it requires the knowledge of the exact travel
path the wave takes (r̄). We assume that r̄ can be approximated by the corresponding high-frequency
response, that is, in the geometrical optic limit. Thus, in order to simulate 3D point source seismograms
from 2D finite difference experiments we propose the following formula for the displacement components
upoint_3D
i

√ 

∆x t d H(t)
line_2D
√
√
≈
∗ ui
(t) ,
t
2πr̄ dt

(13)

where exact travel path is determined in the geometrical optic limit. This means that in addition to a
2D finite difference solver of the elastodynamic wave equation, a finite difference solver of the eikonal
equation or a ray tracing algorithm is required. We expect that formula (13) remains valid as long as r̄ can
be accurately evaluated in the geometrical optic limit. For an extensive review of the applicability of the
geometrical optic approximation we refer to Kravtsov and Orlov (1990). The applicability of equation (13)
in 2.5D heterogeneous media is demonstrated with help of several examples.
MODELLING TECHNIQUES
The simulations are carried out by applying the 3D FD code of Olsen (1994) which is frequently used
for earthquake wave propagation simulations (e.g., Olsen, 2000; Gottschämmer et al., 2002; Miksat et al.,
2005; Oth et al., 2007). The code is of 4th order in space and 2nd order in time. To validate our proposed
correction method, we apply 3D simulations with line sources in order to generate the equivalent to a 2D
simulation. The results are corrected according to eq. (12) and compared with a 3D FD simulation for a
point source. The 3D models are 2.5D models, as they are not altered in y direction. The line sources are
parallel to the y-axis of the model (see Fig. 1). The considered 2D slice corresponds to the xz plane at grid
node number 201 in y direction. The modeling parameters are given in Table 1. To minimize numerical
dispersion errors, at least 11 points per minimum wavelength are used for the modeling. Consequently, all
seismograms are filtered with a four pole Butterworth lowpass filter with cutoff frequency of 0.5 Hz. A
double couple stress source with a Ricker wavelet is added to the corresponding source grid points.
In order to get the length of the travel path needed in order to apply (12) we use a two-point ray tracing
algorithm.
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Table 1: Modeling parameters
Spatial discretization dx (km)
Number of grid points (x-direction)
Number of grid points (y-direction)
Number of grid points (z-direction)
Horizontal extension in x-direction (km)
Horizontal extension in y-direction (km)
Vertical extension in z-direction (km)
Temporal discretization dt (ms)
Number of time steps
Simulation time (s)

0.50
401
401
321
200
200
159
17
7000
119

EXAMPLES
In this section the derived method is applied to the modeling of wave propagation within four different
structural models. We compare simulated 3D waveforms obtained with the hybrid approach to the results
obtained from 3D FD point source simulations. The 2D to 3D conversion are performed for straight lined
(source-receiver) travel paths and actual paths calculated by the ray tracer. The relative error is calculated by comparing the maximum phase amplitudes of the 3D FD point source (A3D
max ) and the converted
seismograms (Aconv
max ):
relative error =

3D
Aconv
max − Amax
.
3D
|Amax |

(14)

Homogeneous medium
First, we test the correction procedure for the simplest case: a homogeneous structure where all trave paths
are straight lines. The source is located in a depth of 70 km and the seismograms are compared at a surface
point with an offset of 30 km. Consequently, the straight line travel path length is 72.5 km. The comparison
shows an excellent fit (Fig. 2). The small deviations are most probably produced by the discrete nature of
a line source in FD simulations compared to real continuous line sources. By comparing the maximum
amplitudes of the point source and corrected line source, we find deviations of 2%, 1.2% and 5.3 % for
the x-,y- and z-component, respectively. This should be regarded as the intrinsic error of FD algorithm
probably related to numerical dispersion.
Layered structure – internal multiple
Fig. 3 displays the 2D slice of the layered model. The source is located in a depth of 70 km at x = 0
km. First the direct S-phase at station A is examined. Fig. 3 shows the corresponding ray path calculated
with the ray tracer. The length of the straight line travel path is 139 km and144 km for the real ray path.
The resulting seismograms for station A are shown in Fig. 4. In our example, the S wave shows only
on the y-component a clearly visible onset with an amplitude about ten times larger than of the x- and zcomponents. For the y-component, the relative error (see 14) is 2.2% for the straight line approximation
and 1.7 % for thhybrid method. There is almost no difference between the correction applied with the
straight line approximation and the real travel path length. Therefore, the straight line approximation is a
valid assumption for small deviations of the travel path from a straight line. Next, we look at a phase which
is trapped in the low velocity channel and is recorded at station B (Fig. 5). In this case the computed length
of the ray path is 136 km and 81 km for a straight line between source and station B. Here, the information
from the ray tracer is crucial in order to perform the correction. For the x- and y-component, which shows
the largest amplitudes for the trapped phase arrival, the correction fits to the 3D results (relative errors of
3.4% and 11 %, respectively). These errors are larger than the intrinsic errors found for the homogeneous
model. This may be explained by the fact that due to the complex underground structure the considered
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Figure 2: Comparison of a simulation of a point source (solid) with the corrected simulation of a line
source (dashed) for a homogeneous model. The relative errors of the maximum amplitudes are 2%, 1.2%
and 5.3 % for the x-,y- and z-component, respectively.

S-phase contains also small P - or S-phases, which traveled different paths but arrive at the same time. In
this case, the assumption made for the conversion is not completely valid.

Lense structure – wavefield focusing
A buried lense structure causes strong deviations from straight line ray paths and such structures are able
to focus rays from different directions. Such an extreme case is examined in this section. Fig. 6 shows the
velocity structure of the model. The source is located in a depth of 130 km and the buried structure are
almost symmetric to the x = 0 km. We test the procedure for a station at x = 0 km, where the marked ray
paths in Fig. 6 coincide. The 3D point source simulation and the corrected 3D line source simulation is
compared in Fig. 7. Here, we compare the direct P -wave arrivals, rather than the S-phases. In Fig. 7 only
the x- and z-components are shown, as there is no P-wave on the y-component for 2D modeling and for
3D modeling with line sources. The relative errors of the maximum amplitudes of the x-component are 13
% for the straight line and 2 % for the hybrid approach. For the z-component the relative error are 7.8 %
(straight line approximation) and 3 % (hybrid method). This example emphasizes the need for the hybrid
method for complex underground structures that strongly deflect the direct ray path.

Real subsurface structure
Here, the correction procedure is tested for a earthquake modeling application. Fig. 8 shows a slice through
the 3D underground structure of Romania based on (Martin et al., 2005). A linear trend is over-imposed on
the known subsurface structures in order to enhance the complexity of the model. An extended study of 2D
FD wave propagation modeling of the strong Vrancea earthquakes in Romania was performed by (Miksat,
2006). The correction is shown for a station at x = 83 km, the ray path is altered by the strong curvature
of the basin structure and for a station at x=83 km. The straight line and real travel paths lengths are 114
km and 109 km, respectively. We compare our conversion (12) with conversion (1) given by Vidale and
Helmberger (1987), which was used by Igel et al. (2002); Olsen et al. (1996). The relative error is 3.8 %,
5.7 % and 6.0 % (x-, y- and z-component) for our hybrid approach and 46 %, 47 % and 47 % (x-, y- and
z-component) for the conversion given by Vidale and Helmberger (1987).
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Layered Model
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Figure 3: Model with three horizontal layers. The S-wave velocity of the middle layer is the lower than
for the top and bottom layers. First the correction is examined for the direct S-wave at station A. The
second case evaluates the correction for the S wave which was trapped in the low velocity channel and
finally observed at station B. The solid lines depict the travel paths and the dashed lines their straight line
approximations.
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Figure 4: Comparison of the point source and corrected line source simulations for the direct S-wave at
station A (see Fig. 3). The straight line and real travel path lengths are 139 km and 144 km, respectively. For
such small differences compared to the total travel path length, a straight line travel paths can be adopted
for the correction.
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Figure 5: Comparison for the S-wave that was trapped for one cycle in the velocity channel (see Fig. 3).
The seismograms are evaluated at station B about. The assumption of a straight line path (dotted) fails
here. The correction with the travel path calculated by ray tracing gives a good fit between point (solid)
and corrected line (dashed) source simulations.
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Figure 6: Model with a buried lense like structure. This structure produced large deviations from straight
line ray paths.
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Figure 7: Modeled point source (solid) and corrected line source (dashed and dotted) simulation at 0 km
(see Fig. 6) for the lense like structure. At 0 km, the rays arrive from different directions and coincide. Even
though the fit is good for both cases, straight line (dotted) and real (dashed) travel path, the information
from the ray tracer is crucial in order to obtain an excellent fit.
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Figure 8: The correction procedure is tested for a realistic subsurface structure. This structure is based on
Martin et al. (2006). To enhance the complexity of the model, a linear trend is over-imposed on the known
subsurface structures. The seismograms are evaluated at x = 83 km (Fig. 9).
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Figure 9: Comparison of the point source and corrected line source seismogram after our hybrid approach
and the conversion given by Vidale and Helmberger (1987) at x = 83 km (see Fig. 8) for a realistic subsurface structure.

DISCUSSION
The examples show that the proposed method can be applied in a range of scenarios. A general limitation
is the restriction to 2.5D heterogeneous models. Wave propagation within complicated 3D models and
the corresponding 3D effects cannot be modeled with a 2D approach. However, in many cases the real
underground structure can be approximated by a 2.5D structure and in these cases, the correction method
allows a fast calculation of waveforms and absolute amplitudes without time and memory intensive 3D
simulations. For very complicated ray paths, such as trapped or strongly deflected rays, the hybrid approach
of FD and ray tracing allows a reliable calculation of the 3D seismograms. By calculating many different
rays (reflections and refractions) for one location and the corresponding arrival times a 2D FD seismogram
as a whole can be properly corrected. A further limitation is observed for the layered structure. If the
considered phase is contaminated with other phases, the conversion cannot be applied correctly because
the travel paths of these phases differ. In these cases the quality of the conversion procedure depends on
the relative amplitude of the considered phase to the contaminating phases.
CONCLUSIONS
We propose a hybrid modeling method to simulate 3D waveforms and amplitudes based on seismograms
calculated with 2D FD and on the actual ray paths determined by ray tracing. The approach is based on the
equivalence of point sources in 2D FD modeling and line source in 3D modeling. Compared to formerly
published correction procedures there is no limitation on the particular FD code. We showed by comparison
of 3D and corrected 2D seismograms for models of various complexities the applicability of the correction
method to underground structures of realistic velocity contrasts and complexity. As 2D FD full waveform
calculations are less time and computer memory intensive compared to 3D simulations, this method allows
a quick calculation of accurate waveforms and amplitudes for 2.5D heterogeneous structures.
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ABSTRACT
Current algorithms for the estimation of Common Reflection Surface (CRS) parameters are based on
one- or multi-parameter coherency analysis (semblance) schemes applied to the data. Such procedures, besides computationally expensive, leads to significant uncertainties on the searched parameters. Conventional semblance methods can be avoided for a number imaging tasks if local slopes can
be directly extracted from prestack data, for example, by filtering schemes. Although the idea is not at
all new, recent literature shows its revival for various purposes, such as velocity analysis, tau-p imaging, migration to zero offset and time migration. Here, we discuss several different ways of extracting
the desired slope information from the data. We propose a simple, straightforward correction to linear
plane-wave destructors. The correction is based on the observation that additionally to the local slope,
also its inverse can be extracted from the data in a fully analogous way. Combining the information
of both extractions yields a simple but powerful correction to the local slopes. In our numerical examples, the naive application of simple linear plane-wave destructors with our simple, straightforward
correction produced results of high quality, even in an example with a rather high noise level and
interfering events.

INTRODUCTION
The estimation of kinematic attributes of locally coherent events, in seismic data or seismic images, is
an essential step for several recent developments in seismic data processing and velocity model building.
Perhaps, the most visible ones are those connected with seismic tomography in which, not only traveltimes
but also slowness components of events and possible other time-domain attributes are used for velocity
model building. Famous examples are stereo-tomography (Billette and Lambaré, 1998; Billette et al.,
2003) and NIP-wave tomography (Duveneck, 2004). Locally coherent events are also applied to velocityindependent time imaging Fomel (2007b).
The estimation of kinematic attributes is usually performed in two steps. The first one is a detection
step based on local coherence analysis and the second one is an extraction step based on the coherence level
and continuity of the event. This report investigates different implementations of plane-wave destructors
for automatic detection of locally coherent events.
Two implementations use small moving windows through data. In the first algorithm, a single slope
at the center of the window is computed by linear least squares. The second algorithm implements the
prediction-error filter approach proposed by Fomel (2002). We compare these moving-window strategies
with a global inversion of the slope field proposed by Fomel (2002). The global slope estimation admits
different alternatives of smoothing the slowness field (Fomel, 2007a) by regularization, but is computationally demanding. The slope estimation using local windows is computationally very fast compared to the
global estimation alternative and less dependent on prior information.
We present numerical experiments using the local and global strategies for slope estimation on a simple
synthetic data, corrupted by white noise. These initial results suggest that the estimation of event slopes
using local windows can be a very efficient alternative to the detection of locally coherent events.
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PLANE-WAVE DESTRUCTORS

The extraction of local slopes is done by so-called plane-wave destructors. Let us briefly review the underlying theory.
Linear plane-wave destructors
The differential equation for a local plane wave is given by
ψx (x, t) + p ψt (x, t) = 0,

ψ(0, t) = f (t),

(1)

where ψ(x, t) is the wavefield, x is the offset, t is time, and p is the local slope (ray parameter or slowness),
which may depend on x and even on t, p = p(x, t). In the case that p depends only on x, equation (1)
admits the simple solution,
Z x
ψ(x, t) = f (t − P (x)), P (x) =
p(y) dy.
(2)
0

In particular, if p is constant, we have
ψ(x, t) = f (t − p x).

(3)

Our goal is to estimate the local slope p(x, t) for any seismic section which, in general, containing not
only plane-wave events but also curved ones.
The first approach is basically the technique presented in Claerbout (2004). For each pair (x0 , t0 ) in the
seismic section, we select a small window of points xi , tj with (i, j) ∈ W around that point. Let ψx (xi , tj )
and ψt (xi , tj ) be the discretized values for the derivatives ψx and ψt , respectively, in the selected window.
We compute the partial derivatives in the Fourier domain. In order to accomplish with equation (1), we
minimize the quadratic residual
X
2
R(p) =
[ψx (xi , tj ) + p ψt (xi , tj )]
(4)
(i,j)∈W

where W denotes the window. The solution is easily found as
P
(i,j)∈W ψx (xi , tj )ψt (xi , tj )
P
.
hpi = hp(x0 , t0 )i = −
2
(i,j)∈W ψt (xi , tj )
where (x0 , t0 ) is the center of the selected window.
One measure for the fit is given by the normalized correlation,
i2
hP
(i,j)∈W ψx (xi , tj )ψt (xi , tj )
R(hpi)
i hP
i.
E(x0 , t0 ) = 1 −
= hP
R(0)
2
2
(i,j)∈W ψx (xi , tj )
(i,j)∈W ψt (xi , tj )
Observe that 0 ≤ E ≤ 1. In fact, E has all the properties of the classical semblance
P
2
1
i∈Wx ψ (xi , t0 + hpi(xi − x0 ))
P
,
S(x0 , t0 ) =
2
Nx
i∈Wx ψ (xi , t0 + hpi(xi − x0 ))

(5)

(6)

(7)

where Nx is the number of traces in the window Wx in x.
It is to be noted that equation (1) can be equivalently written as
qψx (x, t) + ψt (x, t) = 0,

(8)

where q = 1/p. This points towards the possibility of extracting q in the very same manner as described
above for p. The solution for q, corresponding to equation (5) for p, reads
P
(i,j)∈W ψx (xi , tj )ψt (xi , tj )
P
hqi = hq(x0 , t0 )i = −
.
(9)
2
(i,j)∈W ψx (xi , tj )
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Comparing equations (5) and (9), we see that estimation of p or q is equivalent and requires the computation
of the same quantities. Those are also the quantities that enter the computation of E(x0 , t0 ) in equation
(6), which can be easily seen to be nothing more than
E(x0 , t0 ) = hpi hqi .

(10)

If we suppose that the estimates are proportional to the true value of the corresponding quantity, i.e.,
hpi = α p

hqi = β

and

1
,
p

(11)

then equation (10) becomes
E(x0 , t0 ) = αβ .

(12)

Generally, the proportionality factors α and β are due to the noise in the data and thus both smaller than
one. Under the further assumption that α ≈ β, we have
E(x0 , t0 ) ≈ α2 ,
and thus
α≈

(13)

√
E.

Combining equations (11) and (14), we obtain another estimator for the slope:
s
√
hpi
hpiE = hpi/ E =
.
hqi

(14)

(15)

Our numerical experiments indicate that this estimator is more robust than the one of equation (5) in the
presence of noise.
Nonlinear plane-wave destructors
We compared the two linear estimators above with the nonlinear plane-wave destructors proposed by Fomel
(2002). The nonlinear slope estimation is based on the frequency-domain equation
dΨ(x, ω)
+ iωpΨ(x, ω) = 0 .
dx

(16)

The solution to this equation defines the prediction-error filter
P (x + ∆x, ω) − eiωp∆x P (x, ω) = 0 .

(17)

This solution defines a prediction filter for a neighbouring trace that is nonlinear in the slope p. The
numerical implementation is based on rational approximations for the exponential (Fomel, 2007b).
We tested two implementations of nonlinear plane-wave destructor, these being the estimation of p
in a local window and the global estimation of p in the whole section. The global estimation requires
regularization to produce stable results. We required the solution to have a minimum gradient. Each
nonlinear iteration solves the linear system
F(p0 )δpd + F(p0 )d = 0 ,
λ1 Dx δp = 0 ,

(18)

λ2 Dt δp = 0 ,
where F(p0 ) represents the operator convolved with the data, d; Dx and Dt are difference operators and
λ1 , λ2 are the regularization parameters. Moreover, δp represents the correction to the slope field to be
estimated, i.e., the correction vector for all individual values of p for all points in the section, and p0 is the
slope field prior to the current iteration.
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Figure 1: CMP, NMO, Slope and Semblance sections. Noise level = 0%.

SYNTHETIC EXAMPLES
Automatic NMO correction
We tested the indicated technique in two different applications. The first is an automatic NMO correction
based on local slopes. To compute the NMO section, we use the fact that the ray parameter for the reflection
ray in the CMP gather is given by the traveltime slope (see, e.g., Castagna and Backus, 1993), i.e.,
p=

dT
Cx
=
,
dx
T

where T =

q
T02 + C x2 .

(19)

where T0 is the zero-offset (ZO) traveltime and C is a parameter. If we know the local slope p = p(x, t) in
the CMP gather, we can use equations (19) to eliminate the velocity-dependent parameter C from equation
(19). Then, we find the new moveout equation,
T0 = T0 (x, t) =

p

t2 − C x2 =

p

t2 − t x p(x, t)

(20)

as a function of the local slope. The procedure that achieves the NMO correction is then to transfer the
sample in the CMP section at (x, t) to the NMO section at (x, t0 ). This can be done fully automatically.
The results for noise-free data from a simple synthetic model of a horizontally stratified medium are
shown in Figure 1. We have plotted the CMP section and the corresponding NMO section using the slopes
estimated using equation (5). Figure 2 shows the results for the same model with 30% added noise to the
CMP section. For the noisy data, the derivatives of the wavefield have been smoothed by a two-dimensional
moving average with a window of Nt = 10 and Nx = 5. Both results are satisfactory, demonstrating that
the estimation of local slopes is sufficiently stable to permit an automatic NMO correction even for noisy
data.
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Figure 2: CMP, NMO, Slope and Semblance sections. Noise level = 30%.
Extraction of local slopes
In the second example, we tested the extraction of the local slopes as an event attribute. This type of
application has its meaning in the context of stereotomography or the CRS stack, where event dips are
crucial parameters.
For our tests we devised a model with a single trough-shaped reflector separating two homogeneous
interfaces (see Figure 3). We modeled synthetic data with the Kirchhoff integral and added white noise at
a level of 20% of the maximum amplitude. For the subsequent slope extraction, we then applied an AGC.
Note the distorted bow-tie structure in the data. This was chosen to make it a little harder to extract correct
slopes.
Next we applied the above slope extraction techniques to these data. The resulting semblance and
slope sections are shown in Figures 4 and 5, respectively. Also shown in these figures are the paths of
maximum semblance along which the slopes are extracted from these panels. As before, the derivatives
of the wavefield were smoothed with a two-dimensional moving average with a window of Nt = 10 and
Nx = 5.
For the extraction of the slopes, one possible measure of reliability is the semblance section. However,
establishing a semblance threshold above which all values are considered reliable and below which all values are discarded tuns out not to be a very successful strategy. If we choose the threshold to be a semblance
value of 0.75, we obtain the picture in Figure 6. We recognize that while some regions of the events are
well represented, there are large parts of the events where no slope will be extracted. Unfortunately, this
cannot be remedied by decreasing the threshold, which mainly leads to the extraction of more and more
incorrect slope values.
The quality of the extracted slope values can be evaluated in Figure 7. Except for the nonlinear planewave destructors in the whole section, practically all extracted slope values correspond nicely to the true
values along the three events. However, as expected from Figure 6, there are quite considerable gaps where
no slope values have been extracted.
There is another way of extracting slopes. This is already indicated in Figures 4 and 5. It consists of
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Figure 3: Model and data for the slope extraction. Top left: Model and ray family. Top right: Kirchhoff
data. Bottom left: Kirchhoff data with 20% random noise. Bottom right: Noisy data after AGC.

extracting the slope values along the maximum-semblance curve, independently of the absolute semblance
at the location. The results of this procedure are shown in Figure 8. We observe high-quality slope values
along the first part of the event. The quality of the extracted slopes drops only where the events interfere,
thus altering the true slope values. In this region, the windowed nonlinear plane-wave destructors seem
to do the best job. However, the simple and fast corrected estimate of equation (15), when guided by any
of the chosen semblance functions, also provides very good slope estimates. The whole-section nonlinear
plane-wave destructors suffer more from the interfering events.
The consequence of eliminating slope values with semblance below a threshold can be understood with
the help of Figure 9. We see that even though large parts of perfectly well estimated slope values have
already been discarded, still some of the bad estimates pass the criterion. The windowed nonlinear planewave destructors suffers the least, since its semblance exceeds the threshold almost everywhere. Still in this
case, the eliminated slopes are better estimates than some of the retained ones. This is another indication
that simple semblance masking is not the best way to proceed in order to extract reliable slope values from
the data.
It is to be remarked that the results of the whole-section nonlinear plane-wave destructors depend on the
regularization parameters for the damping of the roughening operator in the optimization. To understand
this dependence, Figure 10 shows the extracted slopes along the first arrival as a function of the regularization parameter. We see that stronger damping leads to more stable slope values. On the other hand, the
estimated values become lower and lower, thus more and more underestimating the true slopes. Note that
in addition to the effects on the extracted slopes, stronger damping leads to faster convergence and higher
semblance values.
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CONCLUSIONS

In this paper, we have shown how local slopes can be extracted from a seismic section. Local slopes are
important attributes for a number of different tasks, ranging from velocity analysis to an automatic NMO
correction, CRS stack, and stereotomography.
We have discussed several different ways of extracting the desired slope information from the data.
We have proposed a simple, straightforward correction to the linear plane-wave destructors of Claerbout
(2004). The correction is based on the observation that additionally to the local slope, also its inverse can
be extracted from the data in a fully analogous way. Combining the information of both extractions yields
a simple but powerful correction to the local slopes.
In our numerical examples, the naive application of simple linear plane-wave destructors with our simple, straightforward correction produced results of high quality, even in an example with a rather high noise
level and interfering events. Only a windowed application of nonlinear plane-wave destructors produced
slightly better results. The application of nonlinear plane-wave destructors in the whole section at once
under regularization with a roughening operator as proposed by Fomel (2002) turned out to be strongly
dependent on the chosen regularization parameters. Moreover, in the region of interfering events, the extracted slope values where of lower quality.
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Figure 4: Final semblance sections and curves of maximum semblance along the first arrival. Top left:
Calculated using equation (6). Top right: Calculated using equation (7) along short lines with the extracted
slope at every point. Center left: Maximum semblance of the two above. Center right: Optimization of the
classical semblance [equation (7)] using the previous p as initial value. Bottom left: Calculated using the
nonlinear plane-wave destructors of Fomel (2002) in the whole section. Bottom right: Calculated using the
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ABSTRACT
As exploration targets have gotten deeper, cable lengths have increased accordingly, making the conventional two term hyperbolic traveltime approximation produce increasingly erroneous traveltimes.
To overcome this problem, many traveltime formulas were proposed in the literature that provide
approximations of different quality. In this paper, we give an overview over a number of those approximations and compare their quality. Moreover, we propose some new traveltime approximations
based on the approximations found in the literature. The main advantage of our approximations is that
some of them are have rather simple analytic expressions that makes them easy to use, while achieving
the same quality as the better of the established formulas.

INTRODUCTION
Traveltime approximations play a key hole in the processing of reflection data. They are used in, for
example, migration (Alkhalifah and Larner, 1994; Vestrum et al., 1999; Mukherjee et al., 2001), moveout
correction and velocity analysis (Tsvankin and Thomsen, 1994; Alkhalifah and Tsvankin, 1995; Fomel,
2003) as well as remigration (Fomel, 1994; Hubral et al., 1996; Schleicher and Aleixo, 2007) .
The standard hyperbolic approximation (Dix, 1955) of the P-wave reflection traveltime commonly used
in seismic data precessing is exact for a homogeneous isotropic medium and a planar reflector. It remains a
good approximation for short offsets in layered media with not too strong lateral variations. However,
as exploration targets have gotten deeper, cable lengths have increased accordingly. Increased offsets
have made the conventional two term hyperbolic equation produce increasingly erroneous traveltimes. To
overcome this problem, it is important to include a nonhyperbolic correction to the reflection moveout to
guarantee an accurate determination of the model parameters.
Many attempts have been made over the years to provide higher-order reflection moveout equations
that provide good approximations for higher offsets. Working with a layered earth model, Bolshix (1956)
obtained a sixth-order equation that approximates traveltime. Later, Taner and Koehler (1969) provided a
high-order approximation for traveltimes based on a exact Taylor-series expansion of the traveltime. May
and Straley (1979) used orthogonal polynomials to derive a high-order traveltime approximation. These
approximations based on polynomials, Taylor series or orthogonal polynomials are rather inaccurate for
larger offsets. Therefore other approximations are necessary.
To improve accuracy, various authors proposed a shifted-hyperbola approximation (Malovichko, 1978;
Claerbout, 1987; Sword, 1987; de Bazelaire, 1988; Castle, 1994). This equation describes a hyperbola that
is symmetric about the t-axis and has asymptotes that intersect the time axis x = 0 at a time t = τs that is
different from the zero-offset traveltime τ0 . The shifted hyperbola proposed by Claerbout (1987) contains
a free parameter, called a, that can be used to find the best fitting traveltime approximation. The shifted
hyperbola’s parameter can be related to the anisotropy parameter η (Siliqi and Bousquié, 2000; Ursin and
Stovas, 2006) generating a VTI approximation for traveltime.
However, for a homogeneous transversely isotropic medium with a vertical symmetry axis (a VTI
medium) the hyperbolic approximation is only valid for small offsets, and the velocity coefficient is an
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NMO velocity that differs from the vertical velocity (Thomsen, 1986). Tsvankin and Thomsen (1994)
generalize the results of Hake et al. (1984) and give a forth-order approximation, but this equation rapidly
loses accuracy with increasing offset. Alternatively, they proposed a continued-fraction approximation,
that is valid for long offsets (Tsvankin and Thomsen, 1994; Alkhalifah and Tsvankin, 1995). Based on the
approximation of Tsvankin and Thomsen (1994), Douma and Calvert (2006) proposed new approximations
for the traveltime function based on the Padé approximation or rational interpolation. Stovas and Ursin
(2004), using another methodology, derive a different continued-fraction approximation for the traveltime
function, but this approximation is only valid for short and intermediate offsets. Fowler et al. (2006)
provide a methodology using orthogonal parameters to describe the traveltime approximation. They study
the orthogonal approximations to Tsvankin and Thomsen’s equation and to the shifted hyperbola.
Zhang and Uren (2001) observed that the ray velocity in general transversely isotropic (TI) media can
be approximated by a simple equation. Based on this equation, they provide a traveltime approximation
for P-waves in homogeneous TI media. Additionally, they found a equation for a single horizontal reflector
overlain by transversely isotropic media with a vertical symmetrical axis (VTI medium).
Fomel (2004) provides a anelliptic approximations for qP velocities in VTI media generalizing the
anelliptic approximation result of Muir and Dellinger (1985). Fomel’s (2004) approximation is a long
offset approximation for traveltime function in VTI media.
A tutorial on traveltime approximations in VTI media, summarizing the most practical of the above
formulas, can be found in Fowler (2003). In this paper, we give an overview over a collection of traveltime approximations found in the literature and compare their quality. Moreover, we propose some new
traveltime approximations based on the approximations found in the literature. The main advantage of our
approximations is that some of them are have rather simple analytic expressions that makes them easy to
use, while achieving the same quality as the better of the established formulas.
TRAVELTIME APPROXIMATIONS
In this section we present a collection of traveltime approximations from the literature. The first approximation is the standard hyperbolic traveltime (Dix, 1955),
t2 (x) = 1 + x2 ,

(1)

Here and in everywhere in this paper, we use the normalized half-offset,
x=

h
,
τ0 vnmo

(2)

and the normalized traveltime

τ (x)
.
(3)
τ0
The first attempts to improve on equation (1) were higher-order approximations based on Taylor series and
orthogonal polynomials (Taner and Koehler, 1969; May and Straley, 1979). However, those approximations do not reach to much father offsets than equation (1).
The first approximation that extends to farther offsets is the so-called shifted hyperbola. It was proposed
and studied by a number of authors (Malovichko, 1978; Claerbout, 1987; Sword, 1987; de Bazelaire, 1988;
Castle, 1994). It has the general form
i
1 hp
1 + S x2 − 1 .
(4)
t(x) = 1 +
S
t(x) =

Malovichko (1978) considered a layered medium and expressed the parameter S as that S = µ4 /µ22 , where
µj is the jth velocity momentum, given by
, N
N
X
X
j
µj =
∆τk Vk
∆τk ,
(5)
k=1

k=1

where Vk is the interval velocity of the kth layer and ∆τk is the vertical traveltime in the kth layer. Claerbout (1987) suggests to use a free parameter a = 1/(1−S) in the shifted hyperbola to fit the approximation
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to the observed traveltime. He gives no interpretation of a in terms of medium parameters. In the shifted
hyperbola of Castle (1994), S is no longer a constant but is allowed to vary with offset, i.e., S = S(x).
For VTI media, Siliqi and Bousquié (2000) and Ursin and Stovas (2006) expressed the parameter S as
S = 8η + 1.
To further improve accuracy for large offsets in VTI media, Tsvankin and Thomsen (1994) proposed to
use the continued-fraction approximation
t2 (x) = 1 + x2 −

2ηx4
.
1 + (1 + 2η)x2

(6)

Based on the approximation of Tsvankin and Thomsen (1994), Douma and Calvert (2006) proposed new
approximations for traveltime function based on Padé approximation or rational interpolation.
Stovas and Ursin (2004), using another methodology, derive a different continued-fraction approximation for traveltime function. In our notation, it reads
t2 (x) = 1 + x2 −

G x4
,
1 + (1 + 4G)x2

where G is a parameter that depends of the anisotropic parameters  and δ. It has the form


2γ02 δ
2( − δ)
1
+
,
G=
(1 + 2δ)2
γ02 − 1

(7)

(8)

where γ0 is vertical P-wave velocity over vertical S-wave velocity.
Zhang and Uren (2001) observed that ray velocity in TI media can be approximated with a simple
equation. Based on this observation, they provide a traveltime approximation for P-waves in homogeneous
TI media,
i
p
1h
t2 (x) =
1 + x2 /Q + (1 + x2 /Q)2 + 4A x2 /Q ,
(9)
2
They give no rule for how the anisotropy parameter A depends on the actual medium parameters.
Generalizing the anelliptic approximation result of Muir and Dellinger (1985), Fomel (2004) found the
traveltime approximation
q
3 + 4η 2
1
t2 (x) =
th (x) +
t4h (x) + 16η(1 + η)x2 /Q ,
(10)
4(1 + η)
4(1 + η)
where,
t2h (x) = 1 + x2 /Q

(11)

with Q = 1 + 2η. √
Note that t2h (x) is the hyperbolic part of equation (10), however using the horizontal
velocity vh = vnmo 1 + 2η rather than the NMO velocity.
NEW TRAVELTIME APPROXIMATIONS
In this section, we study a few additional traveltime approximations. Most of them are obtained by further
approximation of one of the above formulas, mainly the ones of Zhang and Uren (2001) and Fomel (2004).
Others are the result of adaptations that are based on the numerical experiments.
Using the Padé approximation (Baker and Graves-Morris, 1981) in Fomel’s traveltime equation (10)
we obtain the following expressions. The Padé [2m, 2n] approximation has the form
, n
m
X
X
2
2i
t (x) =
a2i x
b2j x2j .
(12)
i=0

j=0

For a VTI medium, the coefficients for the Padé [2, 2] approximation are
a0 = 1; a2 = (1 + 2η); b0 = 1, b2 = 2η .

(13)
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The coefficients for the Padé [4, 2] approximation for the same equation are
a0 = 1 + 2η, a2 = 2(η + 1)(4η + 1), a4 = 4η 2 + 6η + 1; b0 = 1 + 2η, b2 = 8η(η + 1) + 1.

(14)

Finally, the Padé [4, 4] approximation for equation (10) has the coefficients
a0 = 1 + 8η(η+1)2 , a2 = 24η 2 (2η 2 + 5η + 4) + 13η + 2, a4 = 8η(2η 2 + 3η + 1)(2η 2 + 3η + 2) + 1;
b0 = 1 + 8η(η+1)2 , b2 = 16η 2 (3η 2 + 7η + 5) + 18η + 1, b4 = 4η(η + 1)(2η + 1)2 .

(15)

Further expressions for the traveltimes can be obtained from approximating the square roots in the
above formulas. For small values of ε, we have up to the first order
√

1+ε≈1+

ε
.
2

(16)

If we suppose in equation (10) that t2h (x) has a large value compared to 16η(1 + η)x2 /Q, we can apply
the above approximation to find
2

t (x) ≈

3 + 4η 2
t2 (x)
th (x) + h
4(1 + η)
4(1 + η)

≈ t2h (x) +



16 η(1 + η) x2
1+
2
Q
t4h (x)



2η x2
.
Q t2h (x)

(17)

For small values of η, we can neglect the term with η 2 inside the square root of equation (10), thus
t2 (x) ≈

3 + 4η 2
t2 (x)
th (x) + h
4(1 + η)
4(1 + η)

≈ t2h (x) +

s
1 + 16

η x2
Q t4h (x)

2η
x2
,
2
(1 + η)Q th (x)

(18)
(19)

where the second line is again obtained by approximating the square root according to equation (16).
Other approximations are obtained by replacing (1 + η)Q in the denominator of equation (19) by either
(1 + η)2 or Q2 . This yields
2η
x2
t2 (x) = t2h (x) +
(20)
(1 + η)2 t2h (x)
and
t2 (x) = t2h (x) +

2η x2
.
Q2 t2h (x)

(21)

Correspondingly, the application of the square root approximation (16) to formula (9) leads to
t2 (x) = t2h (x) +

A x2
.
Q t2h (x)

(22)

Since this approximation is very similar to equations (17) and (19), it gives us a means of expressing
parameter A of Zhang and Uren (2001) for VTI media in terms of η. The resulting expressions for the
approximation (9) are


q
1 2
t2 (x) =
th + t4h + 8η x2 /Q
(23)
2
and
s
"
#
1
8η x2
2
2
4
t (x) =
t + th +
.
2 h
1+η Q

(24)

286

Annual WIT report 2007

If we want a approximation for t(x) rather than t2 (x), we use again the square root approximation (16)
in equations (17) and (19). This results in equations that exhibit a simple correction term added to the
hyperbolic approximation. They read
η x2
Q t3h (x)

(25)

x2
η
.
3
(1 + η)Q th (x)

(26)

t(x) ≈ th (x) +
and
t(x) ≈ th (x) +

Actually, other good approximations are obtained by replacing 1 + η in the denominator of the last term in
equation (26) by Q = 1 + 2η, being
η x2
,
Q2 t3h (x)

(27)

η
x2
.
(1 + η)2 t3h (x)

(28)

t(x) ≈ th (x) +
or vice versa
t(x) ≈ th (x) +

Alternative expressions are obtained if we approximate the outer root square in equation (10). This
leads to
v
s
u
u
1
1
η(1 + η) x2
t
+
1 + 16
(29)
t(x) = th (x) 1 −
4(1 + η) 4(1 + η)
Q
t4h (x)
s


1
1
η(1 + η) x2
≈ th (x) 1 −
+
t2h (x) + 16
(30)
.
8(1 + η)
8(1 + η)
Q
t2h (x)
Note that an approximation ofp
the remaining square root in equation (30) results again in equation (25).
If we put the factor th (x) (3 + 4η)/4(1 + η) in evidence before approximating the square root, we
obtain yet another approximation of equation (10), which reads
v
s
s
u
3 + 4η u
1
η(1 + η) x2
t
t(x) = th (x)
1+
1 + 16
(31)
4(1 + η)
3 + 4η
Q
t4h (x)
s
s
t2h (x)
3 + 4η
η
x2
+
+
.
(32)
≈ th (x)
2
4(1 + η)
16(1 + η)(3 + 4η) (3 + 4η)Q th (x)
The second square root in equation (32) can be further approximated to yield
"s
#
r
3 + 4η
1
2η
1 + η x2
t(x) ≈ th (x)
+ p
+
.
4(1 + η) 4 (1 + η)(3 + 4η)
Q 3 + 4η t3h (x)
The term in brackets can be shown to be very close to one. Thus, we arrive at
r
2η
1 + η x2
t(x) ≈ th (x) +
.
Q 3 + 4η t3h (x)
Neglecting the η 2 term in the inner integral of equation (31) yields
v
s
s
u
3 + 4η u
1
η x2
t1 +
t(x) ≈ th (x)
1 + 16
.
4(1 + η)
3 + 4η
Q t4h (x)

(33)

(34)

(35)
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Successively approximating the square roots leads to
s
s


3 + 4η
1
η x2
t(x) ≈ th (x)
1+
1+8
4(1 + η)
3 + 4η
Q t4h (x)
"s
#
3 + 4η
1
2η
x2
.
+
≈ th (x)
+ p
4(1 + η) 2(3 + 4η)
Q (1 + η)(3 + 4η) t3h (x)

(36)

(37)

Again, the expression in brackets can be shown to be very close to one. Thus, we can write
t(x) ≈ th (x) +

x2
2η
p
.
Q (1 + η)(3 + 4η) t3h (x)

(38)

From the similarity of equations (34) and (38), we conclude that another possible approximation is the
intermediate expression
t(x) ≈ th (x) +

2η
x2
√
.
Q 3 + 4η t3h (x)

(39)

The first square root in equation (32) can be approximated as
s


3 + 4η
1
≈ 1−
.
4(1 + η)
8(1 + η)

(40)

The second square root of equation (32) can again be approximated in two different ways. The first one is
obtained by replacing 3 + 4η in the denominators of both terms by 4 + 4η. This results in
s
s
t2h (x)
η
x2
1
η(1 + η) x2
+
≈
.
(41)
t2h (x) + 16
2
16(1 + η)(3 + 4η) (3 + 4η)Q th (x)
8(1 + η)
Q
t2h (x)
The second one is obtained by approximating
r


1
4 + 4η
≈ 1+
.
3 + 4η
8(1 + η)

(42)

This yields
s
s


t2h (x)
1
η
x2
1
η(1 + η) x2
+
≈ 1+
.
t2h (x) + 16
2
16(1 + η)(3 + 4η) (3 + 4η)Q th (x)
8(1 + η) 8(1 + η)
Q
t2h (x)
(43)
Using equations (32), (40), (41), and (43) we have two more traveltime approximations, being
s


1
1
η(1 + η) x2
t2h (x) + 16
(44)
t(x) ≈ th (x) 1 −
+
8(1 + η)
8(1 + η)
Q
t2h (x)
and


1
t(x) ≈ th (x) 1 −
8(1 + η)





1
+ 1+
8(1 + η)



1
8(1 + η)

s
t2h (x) + 16

η(1 + η) x2
.
Q
t2h (x)

(45)

As the numerical experiments will demonstrate, approximation (44) becomes more accurate upon replacing
16η(1 + η) by 2η(8 + 7η), i.e., using the approximation
s


1
1
η(8 + 7η) x2
t(x) ≈ th (x) 1 −
+
t2h (x) + 2
.
(46)
8(1 + η)
8(1 + η)
Q
t2h (x)
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By substituting η = 0.25 in the appropriate places in equation (10), we find two more approximations,
s 

r
1
η
(47)
t(x) ≈
4 t2h + t4h + 20 x2
5
Q
and

v
u
u1
t(x) ≈ t
5

s
4 t2h

+

t4h

!
η(1 + η) 2
+ 16
x .
Q

After approximation of the inner square roots, these equations reduce to expression (17) and
s
η(1 + η) x2
t(x) ≈ t2h + 8
.
5Q
t2h (x)

(48)

(49)

An approximation of the remaining square root leads to
t(x) ≈ th (x) +

4 η(1 + η) x2
.
5
Q
t3h (x)

(50)

Another observation results from the numerical experiments. As we will see below, the shifted hyperbola, equation (4) can be numerically improved by using different values for parameter S than the
ones suggested in the literature. Very good traveltime approximations are obtained for S = 1 + 3η and
−1

7√
η
.
S = 1−
8
NUMERICAL COMPARISONS
In this section, we compare the above traveltime approximations for a homogeneous VTI medium above a
horizontal reflector with the exact traveltime. Since we are comparing normalized traveltimes, no values for
reflector depth and NMO velocity need actually to be specified. The elastic parameters of the VTI medium
are that of the Greenhorn shale (Jones and Wang, 1981), i.e., c11 = 14.47 km2 /s2 , c33 = 9.57 km2 /s2 ,
c13 = 4.51 km2 /s2 , and c55 = 2.28 km2 /s2 , which were also used by Fomel (2004). In this medium, we
have η = 0.34068.
To make sure that the approximations still hold for other amounts of anisotropy, we also run corresponding tests with values of η between 0.1 and 0.5. All deviations from the true traveltime discussed
below behave very similar for all tested values of η.
The first comparisons involve the traveltime approximations from the literature. In Figure 1, we compare the conventional hyperbolic approximation with NMO velocity (1), approximation (6) of Tsvankin and
Thomsen (1994), the hyperbolic approximation with horizontal velocity (11), and Bolshix’ Taylor-series
approximations of 4th and 6th orders for normalized offsets up to 3 to the exact traveltime. We see that
most of these approximations are rather poor approximations for large offsets. The exceptions are approximation (6) of Tsvankin and Thomsen (1994) and the hyperbolic approximation (11) using the horizontal
velocity. However, the latter show already a deviation at smaller offsets.
In Figure 2 we present the most recent and more accurate traveltime approximations in the literature.
These are good approximations up to much larger offsets. Since approximation (6) of Tsvankin and Thomsen (1994) also has a reasonable quality, it is repeated in Figure 2.
To better appreciate the quality of these approximations, Figure 3 shows the relative error between
the approximations of Figure 2 and the exact traveltime. We see that approximation (10) is the best of
these, with its error never exceeding 4% in the depicted offset range between 0 and 3. The second-best is
approximation (6) with a relative error below 6%. The errors of the other approximation exceeds 6% for
rather small offsets.
The next figures show the relative errors for our collection of new traveltime approximations. In Figure 4 we present the Padé approximations of equation (10) of Fomel (2004). Observe that the best approximation is achieved with the Padé [4,2] approximation, which already has rather complicated expressions
for the coefficients [see equations (14)].
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Figure 1: Comparison of traveltime approximations (1) [Hyp], (6) [TsTh 94], (11) [HypQ], as well as the
4th order and 6th order approximations of Bolshix (1956) with the exact VTI traveltime.
Figure 5 depicts the approximations of the type
t2 (x) ≈ t2h (x) + B(η)

x2

.
t2h (x)

(51)

As we can see, these are rather accurate approximations. None of these approximations exceeds a relative
error of 5%, the best one being equation (49), the error of which remains below 3%.
The approximations for t2 (x) that are not of the type of equation (51) are more disperse (see Figure 6).
Equations (47) and (48) are rather good approximations with relative errors below 4%. The error of equation (18) remains below 5%. On the other hand, the error of equations (23), (24), and (36) increase rapidly,
exceeding the 6% threshold already for rather small offsets.
In Figure 7 we present the approximations of the type
t(x) ≈ th (x) + B(η)

x2

.
t3h (x)

(52)

Again, all of these approximations are rather accurate. None of them exceeds a relative error of 5% in
the chosen range of offsets. Moreover, these approximations possess quite simple expressions that may be
advantageous for theoretical considerations. The best of these approximations with a maximum error of
about 2.5% is the one given in equation (34).
Figure 8 shows the remaining traveltime approximations for t(x). All of them are rather accurate with
relative errors below 4%. Equations (32), (33), (37), and (45), do not start with a zero error at zero offset,
but still have a good overall error behaviour.
Finally, in Figure 9 we compare the shifted hyperbola approximations from the literature with the ones
√
obtained with our suggested choices for S. Note that the choices S = 1 + 3η and S = (1 − 78 η)−1 yield
highly accurate approximations with maximum errors below 2%.
CONCLUSION
Accurate traveltime approximations for large offsets are very important for many tasks of seismic processing. The conventional hyperbolic approximation, which is still used by many processing algorithms for
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Figure 2: Comparison of traveltime approximations (4) (shifted hyperbola) with S = S(x) [Castle 94]
and S = 1 + 8η [SiBo 00], (6) [TsTh 94], (7) [StUr 04], and (10) [Fo 04] with the exact VTI traveltime.
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Figure 3: Relative error of traveltime approximations (4) (shifted hyperbola) with S = S(x) [Castle 94]
and S = 1 + 8η [SiBo 00], (6) [TsTh 94], (7) [StUr 04], and (10) [Fo 04].
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Figure 4: Relative error of traveltime approximation (10) [Fo 04] and its Padé approximations [2,2], [4,2]
and [4,4].
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Figure 5: Relative error of new traveltime approximations for t2 (x) of the type
x2
t2 (x) = t2h (x) + B(η) 2
.
th (x)
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Figure 6: Relative error of other traveltime approximations for t2 (x).
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Figure 7: Relative error of new traveltime approximations for t(x) of the type
x2
t(x) ≈ th (x) + B(η) 3
.
th (x)
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Figure 8: Relative error of other traveltime approximations for t(x).
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Figure 9: Relative error of shifted hyperbola with S = S(x) [Castle 94], S = 1 + 8η [SiBo 00], and new
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moveout correction, time migration, multiple attenuation and velocity analysis, is inaccurate as soon as
anisotropy, wave-mode conversions or significant medium heterogeneity are involved.
Many different formulas to approximate far-offset traveltimes have been proposed in the literature (see,
e.g., Tsvankin and Thomsen, 1994; Fomel, 2004, and the references therein). Most of these are rather
complicated algebraic expressions that are hard to use.
In this paper, we have studied the quality of many of these approximations for a homogeneous VTI
medium above a horizontal reflector. Moreover, by further approximation of the formulas from the literature, as well as by combining some of their properties, we have presented a host of new traveltime
approximations. Our numerical comparisons show that it is possible to find traveltime formulas of a much
simpler type that provide equal or even better approximations to the true traveltime than those proposed
in the literature. The formulas that provided the best approximations to the true traveltime are the shifted
hyperbola with a different choice for the free parameter and the hyperbolic traveltime with a rather simple
correction term.
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The Wave Inversion Technology (WIT)
Consortium
The Wave Inversion Technology Consortium (WIT) was established
in 1997 and is organized by the Institute of Geophysics of the University of Hamburg. It consists of three integrated working groups,
one at the University of Hamburg and two at other universities, being
the Mathematical Geophysics Group at Campinas University (UNICAMP), Brazil, and the Geophysical Institute of the Karlsruhe University. In 2003, members of the Geophysical Department at the Federal University of Pará, Belém, Brazil, have joined WIT as an affiliate
working group. In 2007, members of the Institute of Geophysics of the
TU Bergakademie Freiberg, Germany, and of NORSAR joined WIT
as research affiliates.
The WIT Consortium offers the following services to its sponsors:
a.) research as described in the topic “Research aims” below;
b.) deliverables;
c.) technology transfer and training.
RESEARCH AIMS
The ultimate goal of the WIT Consortium is a most accurate and efficient target-oriented seismic modeling, imaging, and inversion using elastic and acoustic methods. Traditionally, exploration and reservoir
seismics aims at the delineation of geological structures that constrain and confine reservoirs. It involves
true-amplitude imaging and the extrapolation of the coarse structural features of logs into space. Today an
understanding is emerging on how sub-wavelength features such as small-scale disorder, porosity, permeability, fluid saturation etc. influence elastic wave propagation and how these properties can be recovered
in the sense of true-amplitude imaging, inversion and effective media.
The WIT consortium has the following main research directions, which aim at characterizing structural and
stratigraphic subsurface characteristics and extrapolating fine grained properties of targets:
1. Multi-parameter stacking and inversion
2. Macromodel determination
3. Seismic image and configuration transformations (data mapping)
4. True-amplitude imaging, migration and inversion
5. Seismic and acoustic methods in real media
6. Passive monitoring of fluid injection and production
7. Fast and accurate seismic forward modeling
8. Modeling, imaging and inversion in anisotropic media
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COMPUTING FACILITIES
The Hamburg group has access to a 24 nodes (8 CPUs and 64 GB each) NEC SX-6 supercomputer at the
German Computer Center for Climate Research (Deutsches Klimarechenzentrum, DKRZ) for numerically
intensive calculations, and also to a SUN Linux cluster with 256 nodes (2 dual core Opteron, 16 GB
each). A SUN Fire X4600 (8 dual core Opteron, 32 GB) is exclusively available for the group’s computing
demands. Additional computer facilities consist of several SUN workstations and Linux PCs.
The research activities of the Campinas Group are carried out in the Computational Geophysics Laboratory. The Lab has many PC Linux workstations and Sun Ultra 60/80 workstations connected by a dedicated
network, suitable for parallel processing. Educational grants provide seismic packages from leading companies such as Landmark and Paradigm. Besides State Government funds, substantial support both for
equipment and also scholarships are provided by the Brazilian Oil Company Petrobras. An extension of
the Lab with substantial increase of computer power and space is being built in the new facilities of the
Center of Petroleum Studies. The new Lab, expected to be in operation next year, will also have remote
access to the computing facilities of the Petrobras Research Center in Rio de Janeiro.
In Karlsruhe, the research project uses computer facilities that consist of mainly Hewlett-Packard, Silicon Graphics, and Linux workstations. These are networked with a local compute server, a Silicon Graphics
Origin 3200 (6 processors, 4 GB shared memory). For large-scale computational tasks, a Hewlett-Packard
XC 6000 Linux cluster is available on campus. It is currently equipped with 128 nodes (allowing a theoretical peak power of 1.9 Tflops), 2 TB memory, and a 10 TB Lustre file system.
The main computing facility at the Geophysics Graduation Program in Belém is the Seismic Processing
Lab (ProSis). The hardware resources include: workstations (RS3600) from IBM and a SUN SparkStation
20, all networked to a local server SUN Enterprise-3500 with 2 processors; several networked LinuxPCs; for large-scale applications, a cluster of PCs with 20 dual-processor nodes. The proprietary software
packages available for seismic applications are ProMAX, Disco-Focus, and Gocad.
The Institute of Geophysics at TU Bergakademie Freiberg is equipped with 21 Linux PCs with Intel
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dual- and quad-core processors. They are linked by GBit Ethernet and are used for small-scale computations. For large-scale computations, the Freiberg group has access to the Chemnitz High performance
Linux Cluster (CHiC). Furthermore, it is planned to use the SGI Altix 4700 at the ZIH (Zentrum für Informationsdienste und Hochleistungsrechnen), TU Dresden.

WIT research personnel
Denis Anikiev is studying for a bachelor degree at the Department of Physics of Earth at St.Petersburg
State University, Russia. He participated in an exchange program with Hamburg University in 2006,2007
during his work on the "Localization of Seismic Events by Diffraction Stacking". His present research
interests include localization of seismic events, inverse problems for acoustic media, and virtual source
technology. He is a student member of SEG, EAGE, SPE.
Mikhail Baykulov received his diploma in geophysics in 2004 from Saratov State University, Russia.
He confirmed his diploma in 2005 at the University of Hamburg with a thesis on the "Application of the
CRS stack to reflection data from the crystalline crust of Northern Germany". Since 2005 he has been a
Ph.D. student at the University of Hamburg. His present research interests include CRS imaging, migration
velocity analysis, and depth inversion applied to deep seismic reflection data.
Ricardo Biloti received his BSc (1995), MSc (1998) as well as PhD (2001) in Applied Mathematics from
the State University of Campinas (UNICAMP), Brazil. Since May 2002, he has been working for Federal
University of Paraná (UFPR), Brazil, as an Adjoint Professor at the Department of Mathematics. Nevertheless he is still a collaborator of the Campinas Group. His research areas are multiparametric imaging
methods, like CRS for instance. He has been working on estimating kinematic traveltime attributes and on
inverting them to construct velocity models. He is also interested in Numerical Analysis, Numerical Linear
Algebra, and Fractals. He is a member of SBMAC, SIAM, and SEG.
Thomas Bohlen received a Diploma of Geophysics (1994) and a Ph.D. (1998) from the University of
Kiel, Germany. Since 2006 he is a Professor of Geophysics at the Institute of Geophysics at the Technical
University Freiberg where he is the head of the seismics and seismology working groups. His research
interests and experience include: seismic modelling, full waveform inversion, surface wave inversion and
tomography, reflection seismic imaging. He is a member of SEG, EAGE, AGU, ASA, and DGG (member
of the executive board).
Jessé Carvalho Costa received his diploma in Physics in 1983 from the Physics Department, Federal University of Pará (UFPA) and a Doctor degree in Geophysics in 1993 from the Geophysics Department at the
same University. He was a Summer Student at Schlumberger Cambridge Research in 1991 and 1992. He
spent 1994 and 1995 as a post-doc in the Stanford Tomography Project at Stanford University. He held a
faculty position the Physics Department at UFPA from 1989 to 2003. Currently his is Associate Professor
in the Geophysics Department, UFPA. His fields of interest include seismic anisotropy, traveltime tomography and seismic modeling.
Denise De Nil received a diploma in geophysics from Ruhr-Universität Bochum in 2001 with a theoretical
and numerical thesis on surface wave progation. From 2001 to 2006 she has been a research associate at
Christian-Albrechts-Universität zu Kiel, where she has been involved with the development of new analyzing techniques for low quality data in ocean bottom, tunnel and borehole seismics. Since 2006 she is
a research associate at Technische Universität Bergakademie Freiberg. Her present research focusses on
tunnel seismics and numerical modeling of seismic wave propagation. She is a member of Deutsche Geophysikalische Gesellschaft.
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Stefan Dümmong received his diploma in Geophysics in 2006 from the University of Hamburg. Since
2006 he is PhD student in the Institute of Geophysics at the University of Hamburg. His research interests
are imaging procedures and multiple removal techniques. He is a member of EAGE.
Tatjana Feskova is diploma student at the Geophysical Institute, Karlsruhe University. Since 2006 she is a
research student in the working group ’Seismic rock physics’. Her research topics include finite-differecne
modeling and effective media theories.
Dirk Gajewski received a diploma in geophysics in 1981 from Clausthal Technical University and a PhD
from Karlsruhe University in 1987. Since 1993, he has been associate Professor (Applied Geophysics)
at Hamburg University. After his PhD, he spent two years at Stanford University and at the Center for
Computational Seismology at the Lawrence Berkeley Lab in Berkeley, California. From 1990 until 1992,
he worked as an assistant professor at Clausthal Technical University. His research interests include highfrequency assymptotics, seismic modeling, and processing of seismic data from isotropic and anisotropic
media. Together with Ivan Psencîk, he developed the ANRAY program package. He is a member of
AGU, DGG, EAGE, and SEG, and serves as an Associate Editor for Geophysical Prospecting (section
anisotropy).
Håvar Gjøystdal is Research Manager of Seismic Modelling at NORSAR in Kjeller, near Oslo. He also
holds an adjunct position of Professor of Geophysics at the Department of Earth Science, University of
Bergen. In 1977 he joined NORSAR and started building up research activities within the field of seismic
modelling, which to-day include both R&D projects and services and software products for the petroleum
industry. Key topics are ray tracing, seismic tomography, and time lapse seismic modelling. He is a member of SEG and OSEG.
Anderson B. Gomes obtained his Bachelor Degree in Mathematics in 2004, and his Masters Degree in
Geophysics in 2006, both in the University of Pará (UFPA), Brazil. Presently, he is a doctor student in the
Graduate Course in Geophysics of UFPA in the area of seismic methods applied to oil and gas exploration.
He is member of SEG and of SBGF.
Ellen de Nazaré Souza Gomes received her diploma in Mathematics in 1990 from University of Amazônia. She received her Master degree in Applied Mathematics in 1999 from the Mathematics Departament,
Federal University of Pará. In 2003, she received her Doctor degree in Geophysics from Geophysics Department at the same University. Her fields of interest are anisotropy and seismic modeling. She has been
professor at the Federal University of Pará since 1997.
Olaf Hellwig studied geophysics at TU Bergakademie Freiberg, Germany. Between 2004 and 2005 he
spent one year at NTNU Trondheim, Norway. He received his diploma in geophysics in 2007. Since 2008
he is Ph.D. student in the Institute of Geophysics at TU Bergakademie Freiberg. His research interests
focus on modeling of seismic wave propagation in boreholes and imaging of reflectors ahead of the drill.
Zeno Heilmann received his diploma in Geophysics from the University of Karlsruhe in October 2002.
Since November 2002 he has been a research associate at the Geophysical Institute, Karlsruhe University.
Besides the practical application of the CRS stack based imaging workflow in several research projects, he
worked on the development of the CRS stack software, focusing on the influence of rugged topography and
near surface velocity variations. He completed his PhD thesis in February 2007 and is member of EAGE
and SEG.
Einar Iversen received Cand.scient. (1984) and Dr. philos. (2002) degrees in geophysics, both from the
University of Oslo, Norway. He has worked for NORSAR since 1984 and is currently a senior research geophysicist within NORSAR’s Seismic Modeling Research Programme. He received the Best Paper Award
in Geophysical Prospecting in 1996. His professional interests are seismic ray theory and its application to
modeling, imaging, and parameter estimation. He is a member of SEG and EAGE.
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Stefan Jetschny received a Bachelor in Geophysics in 2003 at the TU Bergakademie Freiberg. After
finishing internships at RWE Dea, Hamburg, Baker Hughes Inteq, Celle and Eastern Atlas, Berlin, he continued his studies in 2004 at the Institute of Geophysics, TU Bergakademie Freiberg. In 2005 he wrote his
Diploma thesis at Baker Hughes Inteq in Houston, USA and received a Diploma (Master) in Geophysics in
2006 at the TU Bergakademie Freiberg. His research interests focus on LWD and wireline imaging tools,
processing of borehole imaging data, 2D/3D seismic modelling of full elastic wavefields and the propagation of tunnel surface-waves. He is a member of DGG, SEG, AGU, EAGE and IAMG.
Tina Kaschwich received her diploma in geophysics (2001) and a Ph.D. in geophysics (2006), both from
the University of Hamburg. Since 2005 she has been a research fellow at the seismic modelling group at
NORSAR, Norway. Her research interests are ray tracing and wavefront construction methods, imaging
and illumination studies for survey planning and quality control for different model and wave types. She is
a member of EAGE, OSEG and SEG.
Boris Kashtan obtained his MSc in theoretical physics from Lenigrad State University, USSR, in 1977.
A PhD (1981) and a Habilitation (1989) were granted to Boris by the same University. He is Professor at
St. Petersburg State University, Russia, and since 1996 Boris is head of the Laboratory for the Dynamics of Elastic Media. His research interests are in high frequency methods, seismic modeling, inversion,
anisotropy, and imaging. He regularily visits Germany and spends from weeks to several month at the
University of Hamburg every year.
Mareike Kienast is diploma student at the Geophysical Institute of Karlsruhe. She worked on the application of limited-aperture migration and completed her diploma in 2007. She is a member of EAGE.
Tilman Klüver received his diploma (with distinction) in geophysics from Karlsruhe University in February 2004. Since April 2004, he has been a research associate at Karlsruhe University. His research covers
the application of kinematic wavefield attributes in 2D and 3D inversion schemes as well as their extraction
from seismic datasets. He completed his doctoral thesis in June 2007. He is a member of the EAGE and
the SEG.
Daniel Köhn received his diploma in geophysics from Kiel University in 2005 with a thesis on modeling
of elastic waves by finite differences on a spatially variable grid. From 2005 to 2006 he has been a PhD
student at the Institute of Geophysics at Kiel University, where he has been involved in the "Scherseis
3D" project funded by the German Research Society (DFG). Since 2007 he is a research associate at the
Technische Universität Bergakademie Freiberg. His research interests are Time-Domain-Full-WaveformInversion and numerical modeling of seismic wave propagation.
André Kurzmann studied geophysics at the TU Bergakademie Freiberg. In 2006 he received his diploma
in geophysics. From 2006 to 2007 he worked in several engineering offices. His tasks were supervision,
performance and analysis of geophysical measurements. Since 2007 he is a Ph.D. student at the Institute of
Geophysics, TU Bergakademie Freiberg. His research interests focus on 2D seismic modelling of acoustic/elastic wavefields and 2D full waveform inversion applied to cross-hole tomography. He is a member
of AGU, IAMG and EAGE.
Isabelle Lecomte received an M.S. (1987) in geophysics, an Engineering Geophysics (1988) degree, and
a Ph.D. (1991) in geophysics, all from the University of Strasbourg, France. In 1988-1990, she worked as
a Ph.D. fellow at IFREMER/University of Strasbourg. In 1991-1992, she was a post-doctoral fellowship at
NORSAR, Norway (grant from EU in 1991, and the Research Council of Norway in 1992). Since 1993, she
joined NORSAR permanently as a senior research geophysicist in R&D seismic modelling, and is now a
principal research geophysicist. Since 2003, she is also a part-time researcher at the International Centre for
Geohazards (ICG, Oslo), acting as the theme coordinator for geophysics. She received the EAGE Eötvös
award (best paper, Geophysical Prospecting) in 2001. Her main research interests are seismic modelling
(finite-differences, ray-tracing, Eikonal solvers, hybrid RT-FD), with applications to seismic reflection,
refraction and tomography in oil exploration, and seismic imaging (generalized diffraction tomography)
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including resolution studies. More recent studies concerned seismic imaging with SAR-type processing,
and simulation of PSDM images. She is a member of EAGE, OSEG, and SEG.
L.W.B. Leite is a professor of geophysics at the Graduate Course in Geophysics, and member of the Department of Geophysics of the Federal University of Pará (Belem, Brazil). His main emphasis at the present
time is seismic wave propagation in thin layers for deconvolution and inversion problems.
Jürgen Mann received his diploma in geophysics in 1998 from the Faculty of Physics, Karlsruhe University, with a thesis on Seismic Image Waves. In 2002, he received a doctorate in natural sciences (with
distinction), again from the Faculty of Physics in Karlsruhe, with a thesis on the Common-ReflectionSurface Stack method. Since 1998 he has been a research associate at Karlsruhe University, from 2001 to
2006 he was assistant to Prof. Peter Hubral. His fields of interest are seismic reflection imaging methods,
especially data-driven approaches based on kinematic wavefield attributes. He is active member of the
SEG, member of the EAGE and its research committee, and member of the editorial board of the Journal
of Seismic Exploration.
Kristina Meier is a diploma student in Geophysics at the University of Hamburg. Her research interests
are seismic imaging and velocity model building in random media. Currently, she is working with different
tomographic inversion approaches. She is a member of EAGE.
Joachim Miksat received a diploma in geophysics in 2002 from Karlsruhe University and his PhD in 2006
also from Karlsruhe University. Since then he is working as a post-doctoral fellow in Karlsruhe. His research interests include numerical modeling of seismic wave propagation and earthquake seismology.
Nils-Alexander Müller received his diploma in geophysics in December 2003 from Karlsruhe University,
Germany. His thesis dealt with the implementation of the 3D CRS stack. Since 2004 he has been a research associate at the Geophysical Institute in Karlsruhe. His research covers the 3D CRS stack and the
application of the kinematic wavefield attributes in 3D inversion algorithms. He received his doctorate in
June 2007 and is a member of EAGE and SEG.
Tobias M. Müller received a diploma in geophysics in 1998 from Karlsruhe University and his PhD in
2001 from Free University Berlin. From 2002-2004 he has been a post-doctoral fellow of the Deutsche
Forschungsgemeinschaft at Curtin University of Technology in Perth. Since 2005 he is head of the junior
research group “seismic rock physics” at the Geophysical Institute, Karlsruhe University. His research
interests include seismic waves in random media and rock physics. He is a member of DGG, EAGE, and
SEG.
Nhi Nguyen received his MSc in Continuum mechanics from University of Liege, Belgium in 2002. He
is expected to submit his PhD thesis in 2008 in Institute of Geophysics, University of Hamburg. His main
research interests are full waveform inversion, seismic modeling, seismic wave propagation in seafloor,
surface wave, borehole seismics.
Amélia Novais received her M.Sc. in Mathematics from the Brazilian Institute of Pure and Applied Mathematics (IMPA) in 1993 and her PhD in Applied Mathematics from State University of Campinas (Unicamp)
in 1998. Since 1996, she has been a professor for Mathematics at the Federal University of Sao Carlos (UFSCar), Brasil. She has joined Unicamp in April 2002. Her research interests focus on partial differential
equations and include seismic forward imaging. In particular, she works with finite differences to obtain
the solution of the acoustic and elastic wave equation, as well as with the Born and Kirchhoff approximations. Presently, she also studies image-wave equations. She is a member of SEG, EAGE, SBGf, SBMAC,
and SBM.
Rodrigo Portugal received his B.Sc. (1995), M.Sc. (1998), and PhD (2002) in Applied Mathematics from
the State University of Campinas (UNICAMP), Brasil. In his thesis he studied wavefront construction
in the 2.5D situation and its application to the four Kirchhoff operations, namely: modeling, migration,
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demigration and demodeling. Currently he is an associate researcher of the Department of Geology and
Natural Resources (DGRN) at UNICAMP. His research interests include wavefront propagation, numerical
analysis, seismic imaging and inversion.
Lúcio Tunes Santos received his B.Sc. (1982) and M.Sc. (1985) in Applied Mathematics from the State
University of Campinas (UNICAMP), Brazil. In 1991 he earned his PhD in Electrical Engineering also
from UNICAMP. From 1985 to 1988 he was employed as a Teaching Assistant at the University of Sao
Paulo (USP). Since 1988 he has been working for UNICAMP, first as an Assistant Professor and after 1999
as an Associate Professor. From 1994 to 1995 he visited Rice University as a postdoc researcher and in
1998, 1999 and 2001 he was a visiting professor at the Geophysical Institute of Karlsruhe University (Germany). His professional interests include seismic modeling and imaging as well as nonlinear optimization
and fractals. He is a member of SBMAC (Brazilian Society of Computaional and Applied Mathematics)
and SEG. His present activities include the development of new approximations for the P-P reflection coefficient, alternative attributes for AVO analysis, and finite-difference methods for the eikonal and transport
equations.
Jörg Schleicher received a BSc (1985) in physics, an MSc (1990) in physics, and a PhD (1993) in geophysics from Karlsruhe University (KU), Germany. From 1990 to 1995, he was employed as a research
fellow at KU’s Geophysical Institute. From September 1995 to September 1996, he was a visiting scientist at the Institute for Mathematics, Statistics, and Scientific Computing of State University of Campinas
(IMECC/UNICAMP) in Brazil with joint grants from the Brazilian Research Council CNPq and Alexander von Humboldt foundation. Since October 1996, he has been employed as an Associate Professor for
Applied Mathematics at IMECC/UNICAMP. In 1998, he received SEG’s J. Clarence Karcher Award. His
research interests include all forward and inverse seismic methods, in particular Kirchhoff modeling and
imaging, amplitude-preserving imaging methods, ray tracing, and model-independent stacking. He is a
member of SEG, EAGE, DGG, SBGf, and SBMAC.
Miriam Spinner received her diploma in geophysics in December 2003 from Karlsruhe University, Germany. Her thesis dealt with an extension of true-amplitude Kirchhoff migration to handle data acquired
on a measurement surface with topographic variations. Since 2004 she has been a research associate at
the Geophysical Institute in Karlsruhe. Search interests include the CRS technique and limited-aperture
migration in the context of AVO analysis. She completed her doctoral thesis in July 2007. She is a member
of EAGE and SEG.
Ekkehart Tessmer received an MSc in 1983 in geophysics from Hamburg University and a PhD in 1990
from Hamburg University. Since 1990, he has been senior research scientist at the Institute of Geophysics
at Hamburg University. Since 1994, he has a university staff position. His research interests include exploration seismology, seismic and electromagnetic wave propagation simulation, and migration. He is a
member of DGG, EAGE, and SEG.
Martin Tygel received his B.Sc. in physics from Rio de Janeiro State University in 1969, his M.Sc. in
1976 and Ph.D. in 1979 from Stanford University, both in Mathematics. He was a visiting professor at
the Federal University of Bahia (PPPG/UFBa), Brazil, from 1981 to 1983 and at the Geophysical Institute
of Karlsruhe University, Germany, in 1990. In 1984, he joined Campinas State University (UNICAMP)
as an associate professor and since 1992 as a full professor in Applied Mathematics. Professor Tygel has
been an Alexander von Humboldt fellow from 1985 to 1987. In that period, he conducted research at the
German Geological Survey (BGR) in Hannover. From 1995 to 1999, he was the president of the Brazilian
Society of Applied Mathematics (SBMAC). In 2002, he received EAGE’s Conrad Schlumberger Award,
and in 2007 the Lifetime Achievement Award by the Brazilian Geophysical Society (SBGf). Prof. Tygel’s
research interests are in seismic processing, imaging and inversion. Emphasis is aimed on methods and
algorithms that have a sound wave-theoretical basis and also find significant practical application. These
include, for example, the unified approach of seismic reflection imaging (problem-specific combinations
of true-amplitude migration and demigration) and, more recently, data-driven seismic imaging approaches
such as the Common Reflection Surface (CRS) method. Prof. Tygel is a member of SEG, EAGE, SBGf,
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and SBMAC.
Claudia Vanelle received her diploma in physics in 1997 and her Ph.D. in 2002, both from the University
of Hamburg. Since 1997 she has been a research associate at the University of Hamburg and since 1998 at
the Institute of Geophysics in Hamburg. In 2002 she received the Shell She-Study-Award in appreciation
of her Ph.D. thesis. Her scientific interests focus on true-amplitude migration, ray method, and anisotropy.
She is a member of EAGE and SEG.
Ines Veile is a new diploma student in the Karlsruhe WIT group. She will work on alternative strategies
for minimum-aperture true-amplitude Kirchhoff depth migration. She is member of EAGE and SEG.
Markus von Steht received his diploma in geophysics in Febuary 2005 from the University of Karlsruhe
(TH). The field of study focused on the handling of rugged topography in the CRS stack and its application
to synthetic and real data. His current field of study is the development of a CO CRS stack to handle VSP
and multi-component data. He will complete his doctoral thesis on this topic in early 2008. He is a member
of the EAGE and SEG.
Mi-Kyung Yoon received her diploma from the Technical University of Berlin. From 2001 to 2005 she
worked in the imaging group of the Free University of Berlin. She finished her PhD thesis in February,
2005. Since April 2005 she is working as a research scientist at the Institute of Geophysics in Hamburg.

List of WIT sponsors in 2007

Anadarko Petroleum Corp.
1201 Lake Robbins Dr.
The Woodlands, TX 77380
USA
Contact: Dr. Roger L. Reagan / Dr. Riaz Ala’i
Tel: +1 832 636 1347 / +1 832 636 1550
Fax: +1 832 636 8075
E-mail: Roger.Reagan,Riaz.Alai@anadarko.com

Eni - Divisione Exploration & Production
AESI/E&P
Via Emilia 1
20097 San Donato Milanese MI
Italy
Contact: Mr. Paolo Marchetti
Tel: +39 2 520 62827
Fax: +39 2 520 63891
E-mail: Paolo.Marchetti@eni.it
Fugro Seismic Imaging Ltd
Horizon House, Azalea Drive
Swanley, Kent BR8 8JR
United Kingdom
Contact: Dr. Thomas Hertweck
Tel: +44 1322 668011
Fax: +44 1322 613650
E-mail: Thomas.Hertweck@fugro-fsi.com

Gaz de France
Produktion Exploration Deutschland GmbH
Waldstr. 39
49808 Lingen
Germany
Contact: Mr. Paul Krajewski
Tel: +49 591 612381
Fax: +49 591 6127000
E-mail: P.Krajewski@gazdefrance-peg.com
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Geomage 2003 Ltd.
Beit Lotem
Shilat Business Park
Modi’in 71700
Israel
Contact: Mr. Emil Guberman
Tel: +972 (8) - 979 0605
Fax: +972 (8) - 928 5525
E-mail: info@geomage.com

Landmark Graphics Corp.
1805 Shea Center Drive
Suite 400
Denver, CO 80129
USA
Contact: Mr. Dan Grygier
Tel: +1 303 488 3979
Fax: +1 303 796 0807
E-mail: DGrygier@lgc.com

Petrobras - CENPES/PDEX/GEOF
Av. Hum, quadra 7 s/n, Cidade Universitária
Illha do Fundão
CEP 21.941-598 - Rio de Janeiro, RJ
Brazil
Contact: Eduardo Lopes de Faria
Tel: +55 21 3865 4
Fax: +55 21 3865 4739
E-mail: Eduardo.Faria@petrobras.com.br

Paulsson Geophysical Services Inc. (P/GSI)
1215 West Lambert Road
Brea, CA 92821-2819
USA
Contact: Dr. Björn Paulsson, Dr. Martin Karrenbach
Tel: +1 562 697 9711
Fax. +1 562 697 9773
E-mail: Bjorn.Paulsson,Martin.Karrenbach@paulsson.com

PGS Geophysical AS
Strandveien 4
P.O. Box 354
1326 Lysaker
Norway
Contact: Dr. Martin Widmaier
Tel: +47 6751 4511
Fax. +47 6752 6640
E-mail: Martin.Widmaier@pgs.com
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RWE Dea AG
Central Western Europe
Exploration
Überseering 40
22297 Hamburg
Germany
Contact: Dr. Matthias Riede
Tel: +49 40 6375 2166
Fax: +49 40 6375 3164
E-mail: Matthias.Riede@rwe.com
Saudi Aramco
Geophysical Research & Development Division
P.O. Box 750
Dhahran 31311
Saudi Arabia
Contact: Dr. Mohammed N. Alfaraj
Tel: +966 8747262
Fax: +966 38731020
E-mail: farajmn@mail.aramco.com.sa

TOTAL SA
Geophysical Operations and Technology
Avenue Larribau
64018 Pau Cedex
France
Contact: Dr. Fran¸ois Audebert
Tel: +33 5 59 83 52 71
Fax: +33 5 59 83 42 14
E-mail: Francois.Audebert@total.com
Trappe Erdöl Erdgas Consulting
Burgwedelerstr. 89
D-30916 Isernhagen HB
Germany
Contact: Dr. Henning Trappe
Tel: +49 511 724 0452
Fax. +49 511 724 0465
E-mail: Trappe@teec.de
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