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Preface

We are glad to put the first Annual Report of the WIT Consortium into your hands. We
hope it will please you as we have made all attempts to be as professional in compil-
ing this report as we have always been in our research. We are glad that in addition to
the research contributions from Karlsruhe and Campinas (Brazil) the sponsors can now
benefit from contributions from Hamburg University. This demonstrates that the WIT
Consortium wants to operate globally, by attracting attractive researchers from wherever
they are as long as they are attracted by the WIT philosophy. This is to attract attractive
sponsors by providing them the most attractive geophysical research products.

Peter Hubral

Karlsruhe, February 16, 1998
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– Review –
Seismic Reflection Imaging

Peter Hubral, Joerg Schleicher, Thilo M¨uller1

The research performed in seismic reflection imaging can be assigned to three major
categories. These are

A. True amplitude image transformations

B. Macromodel-independent zero-offset simulation

C. Imaging in general

A.) The ultimate aim of any kind of true-amplitude reflection imaging is to provide
possibilities of compensating seismic primary reflections for their geometrical spreading
loss. In this way, it becomes possible to extract reflection coefficients from reflector im-
ages in all kinds of migrated or unmigrated seismic sections. In a series of papers, Tygel,
Schleicher, Hubral et al. have continuously developed the Unified Approach to Seismic
Reflection Imaging. Two basic articles on this theory were published in Geophysics and
received a Honorable Mention at the SEG Meeting in Dallas 1997. Various practically
useful seismic image transformations (also called by the CPW Consortium: Data map-
ping) are based on chaining (or cascading) the migration and demigration operators.
All these transformations are in true amplitudes. Apart from their direct use in seismic
processing, all image transformation can also be employed in velocity-model updating
and in data regularization. The theory of Seismic Image Waves, as partly described in the
articles by Mann et al. (Reference!) and Schleicher et al. ”Seismic constant-velocity rem-
igration” (Geophysics. 62, p.589-597) involving represents another approach to achiev-
ing the same goals. Here, the above image transformations are described by some partial
differential equations that allow to “animate” the seismic images.

B.) In seismic reflection imaging, in particular in true-amplitude imaging, macro-
velocity models play a dominant role. However, and most excitingly, we find that zero-
offset sections can also be simulated from multicoverage reflection data without knowing
the macro-velocity model. More precisely, only the near-surface velocity needs to be
known. Instead of using a macro-velocity model to determine stacking surfaces as in
DMO or MZO, a maximum-coherency search algorithm can be employed. The stacking
surfaces, which are given analytically, are determined by optimizing three search para-
meters. The stacking surfaces implicitly involve optimally illuminating curved reflecting
elements (reflector mirrors). This not only enhances the reflections but also provides
important wavefield attributes. These are needed for a number of purposes: macro-

1email: Peter.Hubral@physik.uni-karlsruhe.de
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velocity model determination (after zero-offset simulation), true-amplitude imaging, re-
flector characterization. The theory goes back to fundamental theoretical contributions
of Hamilton, Bortfeld, Hubral and Gelchinsky. The subject will be extensively explored
in the future.

C.) Special topics of imaging like time-lapse migration, image enhancement, and
remigration techniques will be included or continued in future research programs. Other
auxiliary research as, for instance, on better algorithms for the necessary Green's func-
tions computations, will also remain a part of the general research in reflection imaging.
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2.5D true-amplitude Kirchhoff migration and
demigration

J.L. Martins, J. Schleicher, M. Tygel, L.T. Santos1

keywords:Kirchhoff migration, Kirchhoff demigration, efficient migration, analytic
migration, true amplitude

ABSTRACT

Kirchhoff-type migration and demigration for three dimensions are exceedingly expen-
sive processes in laterally inhomogeneous media due to the intense numerics required.
For simpler types of media, however, the formulas to be implemented simplify consid-
erably. For 3D in-plane wave propagation in 2D media, i.e., the 2.5D situation, 2D
ray tracing is sufficient for full 3D true-amplitude migration or demigration. In 1D me-
dia, both imaging operations require the solution of certain integrals of a semi-analytic
character which can be implemented in an even cheaper way. For some specific veloc-
ity distributions (such as constant velocity, constant velocity gradient, constant gradient
of quadratic slowness and constant gradient of logarithmic velocity) fully analytic ex-
pressions can be derived. If the velocity distribution in the true earth model can be
reasonably well represented by one of the considered situations, a very fast approximate
true-amplitude Kirchhoff-type migration can be performed. Moreover, simple models in
which the algorithms perform fast and accurately can be of great value for (a) validating
the algorithms so as to ensure correct results in the desired realistic situations and (b)
gaining insight on how to interpret the results.

INTRODUCTION

Kirchhoff-type migration (Schneider, 1978; Bleistein, 1987; Schleicher et al., 1993) and
demigration are not only two of the most important tools in seismic imaging with a broad
range of practical applications but also form the basis for the derivation of many other
imaging operations (Tygel et al., 1996). Although full 3D Kirchhoff-type migration and
demigration become more and more feasible in practice due to the developments in mod-
ern computer technology, they are still quite expensive methods to perform. This fact
motivated us to study Kirchhoff-type migration and demigration for simpler types of me-
dia in order to provide cheaper and faster although maybe less accurate alternatives.

Following the lines of Bleistein (1986), we derive the corresponding representations

1email: js@ime.unicamp.br
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for the true-amplitude migration and demigration integrals in two-and-one-half dimen-
sions, i.e., considering 3D wave propagation in a medium that does not vary in the hor-
izontal direction perpendicular to the seismic line. The stack involved in Kirchhoff-type
methods needs to be performed over a 2D data slice instead of a 3D data volume, and also
the necessary Green's functions can then be computed using 2D instead of 3D dynamic
ray tracing.

For the case of a purely vertically inhomogeneous medium, the resulting formulas
can be further simplified such that instead of 2D dynamic ray tracing for the computation
of the Green's functions, only the solution of some simple integrals along the ray paths
is necessary.

For four basic vertical velocity distributions (constant velocity, constant gradient
velocity, constant gradient of quadratic velocity and constant gradient of logarithmic
velocity), analytic formulas for the stacking lines migration and weight functions for
Kirchhoff-type migration and demigration can be found. For these velocity distributions
– and for any true distribution that can be reasonably well approximated by one of them
– Green's functions computations are no longer necessary and thus, an efficient true-
amplitude migration or demigration becomes possible.

CONCLUSION

Kirchhoff-type migration and demigration are not only two of the most important tools
in seismic imaging with a broad range of practical applications but also form the basis
for the derivation of many other imaging operations (Tygel et al., 1996). When applied
to 3D complex geological structures, both operations can become exceedingly expen-
sive. For the purpose of a more efficient application of these tools in the seismic practice,
we have derived the corresponding representations for the true-amplitude Kirchhoff-type
migration and demigration integrals in two-and-one-half dimensions, i.e., considering
3D wave propagation in a medium that does not vary in the horizontal direction perpen-
dicular to the seismic line. Applying the stationary phase method to the out-of-plane
integral of the full 3D representation using the medium particularities (Bleistein, 1986;
Bleistein et al., 1987), we have shown that in this situation a 2D operation is sufficient
to perform a Kirchhoff-type migration or demigration including a full 3D geometrical-
spreading correction. To compute the corresponding stacking lines and weight functions,
only 2D instead of full 3D dynamic ray tracing is required in the macro velocity model
supposed to be known. If the medium depends on the depth coordinate only, dynamic
ray tracing can be replaced by the numerical solution of some simple integrals along
the ray paths. For four basic vertical velocity distributions (constant velocity, constant
gradient of velocity, constant gradient of quadratic slowness, and constant gradient of
logarithmic velocity), analytic formulas for the stacking lines and weight functions have
been derived and numerically compared. If the velocity distribution in the true 3D earth
model can be reasonably well represented by one of the considered cases, a very fast ap-
proximate true-amplitude Kirchhoff-type migration or demigration within 2D data slice
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can be performed using the analytic or semi-analytic expressions instead of a full 3D
true-amplitude migration.

REFERENCES

Bleistein, N., Cohen, J., and Hagin, F., 1987, Two and one-half dimensional Born inver-
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A unified Born–Kirchhoff representation for acoustic
media

A. Novais, L.T. Santos, M. Tygel, and B. Ursin1

keywords:Born, Helmholtz-Kirchhoff, Born-Kirchhoff, Reciprocal

ABSTRACT

For the modeling of a single target reflector in a smooth inhomogeneous elastic anisot
media, it has been recently shown that the volume Born integral can be transformed
a surface scattering integral on the reflector. This surface integral has been called B
Kirchhoff as it relates very naturally to the Kirchhoff-Helmholtz integral, thus providin
the theoretical link between the two approaches. Here we specialize the derivation
main properties of the Born-Kirchhoff integral in the acoustic case, and use a sim
synthetic example to provide a comparison between the new integral and its clas
counterparts.

INTRODUCTION

The Born (volume) and Kirchhoff-Helmholtz (surface) representation integrals are
most widely used descriptions of reflected and transmitted wavefields due to sm
interfaces (see, e.g., Bleistein, 1984; Frazer and Sen, 1985; Lumley and Beydoun,
Wapenaar and Berkhout, 1993; Chapman and Coates, 1994; Druzhinin, 1994, and
et al., 1994).

Although representing basically the same phenomena, the two integrals result
quite independent formulations, and are traditionally kept as completely separate ob
Moreover, besides their fundamental distinction as volume and surface integrals (W
naar and Berkhout, 1993), the representations of Born and Kirchhoff-Helmholtz pre
also other differences, namely (a) Born assumes weak medium perturbations, uses
earized scattering coefficient and the resulting integral is reciprocal and (b) Kirchh
Helmholtz imposes no contrast restrictions for the medium inhomogeneities, appr
mates the reflected field and its normal derivative on the reflector using the plane-w
reflection coefficient and the incident field, and the resulting integral is non reciproca

Under the application of a generalized form of the divergence theorem as prese
in Bleistein (1984) we follow the lines of Spencer et al. (1995), de Hoop and Ble
tein (1996) and Ursin and Tygel (1997), to transform the Born volume integral int

1email: myemail@anywhere
9



10

corresponding surface scattering integral. This new integral, called the Born-Kirchhoff
integral by Ursin and Tygel (1997) in the context of elastic, anisotropic media, provides
the natural theoretical link between the Born and Kirchhoff-Helmholtz representations.

In this work, we provide a quick derivation of the Born-Kirchhoff integral for the
case of acoustic inhomogeneous media, as well as summarize its main properties. Fur-
thermore, we examine its application to a simple synthetic example to compare the ob-
tained results with the ones corresponding to its classical counterparts. We also take
into the comparison a modified, reciprocal, Kirchhoff-Helmholtz integral introduced by
Deregowski and Brown (1983).

We consider two unbounded, inhomogeneous acoustic media, separated by a smooth
interface�. We also consider a reference medium characterized by smooth compression
modulusk(x) and smooth mass density�(x), wherex = (x; y; z) denotes the location
vector in a fixed, global Cartesian coordinate system. The model parameters of the upper
m medium coincide with those of the reference medium. The lower medium has per-
turbed parametersk(x) + �k(x) and�(x) + ��(x). The total acoustic pressure due to a
point source located atxs = (xs; ys; zs) in the upper medium, is denoted in the frequency
domain byP (x; !; xs). It satisfies the acoustic wave equation.

For observation points in the upper medium, the total pressure field can be decom-
posed into the superpositionP (x; !; xs) = P I (x; !; xs) + PR(x; !; xs), whereP I is the
incident wavefieldandPR is thescattered or reflected wavefield.

It is our aim to discuss various approximate integral representations for the reflected
pressurePR(x; !; xs) at a given receiver positionxr = (xr; yr; zr). We first briefly re-
view the two classical ones of Born (volume integral) and Kirchhoff-Helmholtz (surface
integral). We present two alternative representations both given as surface integrals.

CONCLUSION

We have investigated the relationship between the Born volume representation integral
and its counterpart Kirchhoff-Helmholtz surface integral for the model of two acoustic
inhomogeneous media separated by a curved reflector. Following similar results recently
provided by Ursin and Tygel (1997) for elastic, anisotropic media, we have transformed
the Born volume integral into a surface Born-Kirchhoff integral of the same form as the
classical Kirchhoff-Helmholtz integral. This integral provides the desired link between
the two approaches. Still another representation, the Reciprocal-Kirchhoff surface in-
tegral has been presented, following a heuristic suggestion of Deregowski and Brown
(1983).

For a simple model of an anticlinal reflector between two homogeneous acoustic
media, we have computed the different seismograms corresponding to the described four
integral representations. For the same model, we also computed, as a reference, the
corresponding seismogram using a central time and central space second-order, finite-
differences scheme. Some discussion and comments on the obtained results were also
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provided.
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On the application of true-amplitude DMO

A.S. Oliveira, M. Tygel, and E. Filpo1
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ABSTRACT

Constant-velocity, true-amplitude migration to zero offset (MZO) is broken int
caded operations: (a) standard normal moveout (NMO) and (b) true-amplitude
out (DMO) corrections. The output of the sequence NMO and true amplitude
plied to a constant-offset (CO) section is a simulated zero-offset (ZO) sectio
the geometrical spreading of primary reflections is the same as would be ob
real experiment. For constant velocity, 3-D true-amplitude DMO can be carr
two-dimensional, in-line Kirchhoff-type stacking. Moreover, both the stacking
weights are given analytically by means of simple formulas. For inhomoge
dia, we extend the algorithm by replacing both in the previous stacking curve
weight formulas the original constant velocity by the NMO velocity at the ou
At least for mild lateral velocity variations, this approach offers an efficient ap
tion to full MZO as it avoids expensive dynamic ray tracing computations. Syn
real seismic data examples are presented.

INTRODUCTION

Zero-offset simulation is required before post-stack migration to fulfill the exp
flector model imaging condition. As pre-stack migration is a far more expensi
compared to post-stack migration, the effort of accurately simulating a zero
tion is justified. In fact, the main objective of true-amplitude MZO is exactly t
a stack of ZO sections such that a further application of true-amplitude post-
migration yields the result that would be obtained by true-amplitude depth
applied directly to the original data.

For a constant-velocity background, true-amplitude MZO can be perform
step or may be split into the two independent processes of normal moveout
true-amplitude dip moveout (DMO). True-amplitude MZO or DMO can be con
carried out as a weighted, Kirchhoff-type summation in which the stacking c
weights are given by simple analytic formulas. More explicitly, it has rece

1email: tygel@ime.unicamp.br
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shown (Tygel et al., 1998) for true-amplitude DMO in the case of 2.5-D geometry

V (�0; t0) =
1p
2�

Z
A
d� KDMO(�; �0; t0)D

1=2
� Un(�; tn)

�����
tn=�DMO(�;�0;t0)

; (1)

whereUn(�; tn) denotes the NMO corrected CO section as a function of midpoint and
NMO time (�; tn), andV (�0; t0) is the simulated ZO output placed at the coincident
source-receiver location and ZO time(�0; t0). Also,D1=2

� Un(�; tn) is the anti-causal half
derivative with respect to NMO timetn, namely

D
1=2
� Un(�; tn) =

1

2�

Z 1

�1
d! ei!tn j!j1=2 e�i�4sgn(!) Ûn(�; !) ; (2)

The true-amplitude DMO is designed to replace the geometrical-spreading of primary
reflections in a given common-offset section by the corresponding one that would be
observed in an actual zero-offset section. The geometrical spreading is a function of the
reflector's dip and curvature.

Expression (1) will be applied to a simple synthetic example to verify correct am-
plitude recovery. We next adapt the algorithm to use it in a real data example. This is
done by replacing the constant velocity in the weighting function by the NMO velocity
of the point in the simulated ZO section where the output is to be placed. This simple
and inexpensive adaptation is, in general, not expected to give rise to significant dip mis-
positioning and, moreover, for mild velocity variations, it provides reasonable geometric
spreading compensation.

An important issue when dealing with amplitude preserving processes is spatial alias-
ing. As is well known (see, e.g., Yilmaz, 1987, Section 4.3.5), spatial aliasing arises for
dipsdt=dx in which

dt

dx
� 1

2Fmax��
; (3)

whereFmax is the maximum temporal frequency in the data and�� is the spatial sam-
pling rate. Application of Kirchhoff-like methods has to be accompanied by anti-aliasing
filters. These are essentially dip-dependent, temporal-frequency filters which have the
net effect of reducing the amplitudes at greater dips. As a consequence, the geometrical-
spreading compensation for the true-amplitude DMO proposed here, should fail for dips
that satisfy condition (3).

Coarse spatial sampling in the short offset range can also limit the ability of the
method, particularly for dealing with geometrical-spreading compensation. This is sim-
ply because in this range, dips are coarsely sampled in the impulse response, the problems
being more serious for larger times and velocities. As an alternative, we may consider
either to spatially interpolate the data or to restrict the application of this technique only
to larger offsets. Also 3-D data can usually pose more severe problems of coarse spatial
sampling. In this case, interpolation cannot be avoided.
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CONCLUSION

An effective, computationally simple constant-velocity true-amplitude DMO of Kirch-
hoff type, has been successfully applied to real data with moderate lateral velocity vari-
ation. The true-amplitude feature of the method guarantees that in the simulated ZO
section, CO geometrical-spreading factors of primary reflections are automatically re-
placed for the corresponding ones that would be observed in a true ZO experiment. True-
amplitude DMO as presented here may offer a cheaper alternative to full (dynamic ray
tracing based) true-amplitude MZO in AVO studies.

One difficulty of true-amplitude DMO/MZO is related to coarse spatial sampling,
which may degrade image quality and reliability of AVO curves. Assuming that the AVO
curve is independent of frequency, AVO analysis of dipping reflectors can be restricted
to an appropriate non-spatially aliased frequency band, so that the problem of low spatial
CMP sampling in offset domain is minimized. Also, true-amplitude processing in the
near offset range and in 3D data will normally demand fine interpolation.
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ABSTRACT

Configuration transform operations such as offset continuation have a variety of uses in
seismic processing. Offset continuation, i.e., the transformation of one common-offset
section into another can be realized as a Kirchhoff-type stacking operation for 3D wave
propagation in a 2D laterally inhomogeneous medium. By application of a suitable
weight function amplitudes of the data are transformed by replacing the geometrical-
spreading factor of the input reflections by the correct one of the output reflections. The
necessary weight function can be computed via 2D dynamic ray tracing in a given macro-
velocity model without any knowledge about a possible reflector. Numerical examples
show that such a transformation can be realized with high accuracy.

INTRODUCTION

Configuration transforms like dip-moveout correction (DMO), migration to zero-offset
(MZO), shot or offset continuation (SCO and OCO), and azimuth-moveout correction
(AMO) have become a field of great interest in exploration seismics. The objective of
a configuration transform is to simulate a seismic section as if obtained with a certain
measurement configuration using the data measured with another configuration. This
type of imaging process is not only useful in the seismic processing chain for an im-
proved stack, i.e., for data reduction and signal-to-noise enhancement, but also for wave-
equation-based trace interpolation to reconstruct missing data and for velocity analysis.
Recent publications in the area, that demonstrate the use of configuration transforms for
these purposes, include the following ones on MZO (Bleistein and Cohen, 1995), OCO
(Fomel and Bleistein, 1996), SCO (Bagaini and Spagnolini, 1996), AMO (Biondi et al.,
1996), and DMO (Canning and Gardner, 1996; Collins, 1997).

The objective of the true-amplitude offset continuation (OCO) to be presented in this
paper is to transform one common offset section into another common-offset section with
a different offset, such that the geometrical-spreading factors are automatically accounted
for. It is based on the general 3D Kirchhoff-type formula for configuration transforms
of Tygel et al. (1996). In that paper, a unified approach to amplitude-preserving seismic

1email: lucio@ime.unicamp.br
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reflection imaging is provided for the case of a 3D seismic record with an arbitrary mea-
surement configuration and assuming a laterally and vertically inhomogeneous, isotropic
macro-velocity model.

We consider here a 2.5D situation, i.e., 3D wave propagation in a 2D (isotropic, ver-
tically and laterally inhomogeneous) earth model. There exist no medium variations in
the out-of-planey-direction perpendicular to the seismic line. In particular, all reflec-
tors can be specified by in-plane(x; z)-curves. Moreover, all point sources, assumed
to omnidirectionally emit identical pulses, and all receivers, assumed to have identical
characteristics, are distributed along thex-axis so that only in-plane propagation needs to
be considered. For the 2.5D problem, the full 3D geometrical-spreading factor of an in-
plane ray can be written as product of in-plane and out-of-plane factors (Bleistein, 1986).
Both quantities can be computed using 2D dynamic ray tracing (Cerven´y, 1987).

The common-offset measurement configurations are parameterized by their midpoint
and half-offset coordinates�j andhj . The indexj = 1 is related to the input common-
offset configuration andj = 2 to the output configuration. On the measurement surface
z = 0 and along the seismic liney = 0, these coordinates define the locations of pairs
of sourcesSj = S(�j) = (�j � hj; 0; 0) and receiversGj = G(�j) = (�j + hj; 0; 0). At
each receiver positionGj , a scalar wavefield induced by the corresponding point source
at Sj is recorded. In the following, we assume that each (real) seismic trace in the in-
put section has already been transformed into its corresponding analytic (complex) trace
by adding the Hilbert transform of the original trace as imaginary part. Therefore, the
output common-offset section will be also considered analytic. The analytic traces will
be denoted byU(�j; tj), wheretj is the time coordinate of the respective input or output
sections. Both these sections are then described byU(�j ; tj) for a fixedhj as well as
varying�j (confined to some apertureAj) andtj (confined to some interval0 < tj < Tj).

CONCLUSION

In this paper we have formulated a new Kirchhoff-type approach to a true-amplitude
offset continuation (OCO) for 2.5D in-plane reflections in 2D laterally inhomogeneous
media with curved interfaces. Constructing true OCO amplitudes (in our sense) implies
that in the transformed common-offset reflections the geometrical-spreading factor of
the original common-offset reflection is replaced by the new one for the same reflection
points. This goal is achieved by a weighted one-fold single-stack integral in the time
domain along specific stacking lines. We stress that the operation does not rely on any
prior knowledge about the arbitrarily curved reflectors to be imaged and is theoretically
valid for any reflector dip. Thus, the true amplitude weight function can be computed by
2D dynamic ray tracing performed along ray segments that link the two common-offset
pairs of source and receivers to certain points in the macro-velocity model.

First numerical results show that a true-amplitude OCO can be realized with high
accuracy. In this way, an amplitude-variations-with-offset (AVO) analysis becomes pos-
sible in any arbitrary offset domain.
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ABSTRACT

ne-stack demigration is a natural asymptotic inverse to classical
-stack migration. Both operations can be made true amplitude
ection of weight functions. Isochrone-stack demigration can be
g purposes. The idea is to attach to each reflector in the model a
n appropriate stretch and reflection coefficient, so that the model
-amplitude migrated section. The modeling is then realized by a
ration operation. An example of a simple cases is computed and
ed.

INTRODUCTION

hoff depth migration is a seismic imaging operation that transforms
to a depth-migrated section in which the migrated migrated seismic
tors are free from geometrical spreading losses (see, e.g., Bleistein,
al., 1993). Neglecting all other factors that affect amplitudes (e.g.,
uation losses) and also assuming no multiple arrivals present in the
the true-amplitude migration output at each point of a reflector is
ction coefficient. This coefficient pertains to the primary reflection
to the receiver position in the given measurement configuration.

on the reflector is the specular reflection point of this ray.

flector in the migrated section appears as a certain spatial wavelet.
y say that the reflector image is a certain strip of varying width.
this spatial wavelet are determined by the input temporal wavelet,
alled stretch factor that describes the frequency shift of the pulse
rocess (Brown, 1994; Tygel et al., 1994b).

ck or Kirchhoff migration integral can be understood, in an as-
l et al., 1994a), as the inverse operation to the classical Kirchhoff
en, 1985). In the same way as the Kirchhoff integral can be used to
ident wavefield from the reflector location to the receiver point, the
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Kirchhoff migration integral serves to reconstruct the Huygens' secondary sources along
the reflector in position and strength from the measured wavefield at several receiver
positions along the seismic line.

As discussed by Hubral et al. (1996) and mathematically shown by Tygel et al.
(1996), there exists another, structurely similar, inverse to the Kirchhoff migration in-
tegral (also in an asymptotic sense). This is given by an isochrone-stack demigration to
be performed on a depth-migrated section. In other words, in the same way as the Kirch-
hoff migrated section is constructed by stacking the original seismic data along certain
model-based stacking lines (or surfaces) without the need to determine the location of the
reflection traveltime surfaces in the seismic section, its inverse can be realized by a sim-
ilar stack along related lines (or surfaces) without knowing the location of the reflectors
in the migrated section. The stacking lines (or surfaces) are simply the isochrones, i.e,
the lines of equal reflection time between a given source and receiver. These isochrones
(ellipses or ellipsoids in the constant-velocity case) are defined by the same traveltimes
as the diffraction traveltime curves (hyperbolas or hyperboloids in the constant-velocity
case) that define the stacking lines (or surfaces) for migration. Thus, all that is to be
known to actually perform the inverse stacking process calledKirchhoff demigrationis
the same macro velocity model that was used for the Kirchhoff migration before.

The fact that the Kirchhoff migration integral has two inverse integrals (in an asymp-
totic sense) has led us to the conclusion that it should be possible to use the second (i.e.,
Kirchhoff demigration) to achieve the goals of the first (i.e., Kirchhoff modeling). In this
paper, we elaborate on how this can be done.

To better explain the idea of modeling by demigration, let us firstly comment on the
basic characteristics of modeling and migration, so as to appreciate their similarities and
differences.

Modeling, as we understand it, means the analytical or numerical simulation of a
physical process given all the equations and parameters for its complete description. In
our case, the physical process to be simulated is seismic wave propagation. It is de-
scribed, e.g., by the acoustic wave equation and the parameters are the velocity and den-
sity distributions within the medium, the source and receiver locations, and the source
wavelet together with appropriate boundary and initial conditions. Modeling is, then, the
implementation of the wave equation (e.g., using finite differences or the Born or Kirch-
hoff representation integrals) or its approximate solutions (like ray theory) to obtain a
simulated approximate equivalent of the seismic data that would have been recorded if
the very same experiment had been actually carried out. For the meaningful case of a lay-
ered model, we need, in particular, the precise location and description of the interfaces,
as well as the appropriate boundary conditions on them.

Demigration, on the other hand, although it may provide very similar results, uses a
conceptually different approach. The aim of demigration is to reconstruct a seismic time
section out of a corresponding depth migrated section. In other words, demigration aims
to invert the process of migration. Of course, as migration is based on the wave equa-
tion, also its inverse process, demigration, has to have its fundamentals in that equation.



23

As opposed to modeling, however, we do not have to precisely know all the true model
parameters to actually perform the demigration process. Neither the true velocity distri-
bution in the earth, nor the source wavelet nor, above all, the position of the reflecting
interfaces have to be known in order to apply a demigration. All that is needed is, in fact,
the macro-velocity model that has been used for the migration process which produced
the migrated section. Of course, the better the macro-velocity model is, the better will
be the corresponding migrated section. This is, however, a problem of migration and not
of demigration. Even if the velocity model used for the original migration was very poor
and thus the migrated image is of very bad quality, demigration will work without any
restrictions, if only the same model is used for demigration.

After we have stated the similarities and differences of modeling and demigration,
let us address the basic question of this paper: How can we make use of the demigra-
tion procedure for modeling purposes? Well, for a given subsurface model, we have to
appropriatelysimulatea corresponding depth-migrated sectionas ifobtained from a pre-
viously applied Kirchhoff migration. The time section obtained by demigration of this
artificially constructedmigrated section will then be a reasonable equivalent to the one
directly obtained from conventional modeling applied to the original subsurface model
or from the physical process of wave propagation itself.

Of course, the construction of the mentioned artificial migrated section has, in princi-
ple, to be done from the very same parameters that are needed for modeling. This artificial
section is then to be demigrated. Note that, although a natural choice is to assume the
true velocity distribution for this purpose, this is not necessarily the case. We might also
use any other demigration velocity model if we are able to construct the corresponding
artificial migrated section.

Constructing an artificial migrated section is not very difficult if one is only interested
in the correct modeling of the wavefield at points on the reflection traveltime curves
corresponding to the target reflectors. To achieve truly modeled reflection times and
wavefield amplitudes, all one has to do is to put the desired wavelet with the correct
amplitude, that is, the reflection coefficient, along the reflector image in the artificial
migrated section. Application of the true-amplitude demigration algorithm to this section
will then result in a seismic data section which, within the validity limits of zero-order
ray theory, is correct. In this sense, the modeling has been successfully done.

The situation is not as simple, however, if one also considers the points in the resulting
time section which are slightly away from the reflection traveltime curves. This is due
to the fact that like migration, also demigration is subjected to a certain wavelet stretch,
while modeling is not. So, to obtain the very same section as by any other conventional
modeling method, demigration has to handle the pulse stretch correctly. This can be
achieved by placing the correctly stretched signal (againas if obtained from migration)
to the reflector. Demigration will then, because it is the inverse process to migration,
“unstretch” the wavelet, so that the resulting modeled section does not suffer from any
stretch.

Unfortunately, this is, however, a tedious way of solving the problem, because for
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each dip and each different source receiver pair, a differently stretched wavelet is to be
used. Further investigations are to be carried out on whether it is possible to use the
information of the reflector location during the demigration process (which, of course,
could not be done for a true demigration, but is a reasonable proceeding for modeling by
demigration), to eliminate the stretchduring the modeling-by-demigration process, thus
making it possible to use the very same constructed artificial migrated section for the
computation of time sections for various different seismic data acquisition geometries.

CONCLUSION

We have suggested a new forward modeling scheme that we have called modeling by
demigration. For a given subsurface model, the process consists of (a) transforming the
model into a fictitious, true-amplitude depth-migrated section and of (b) applying to this
artificially generated migrated section a true-amplitude demigration. For a single reflec-
tor situation where a caustic point is present, we have compared the results obtained
by the proposed scheme with their conventional Kirchhoff and ray-theoretical counter-
parts. For this example, modeling by demigration combines the advantages of Kirchhoff
modeling and dynamic ray tracing, treating diffractions and caustic events correctly. In
particular, the results provided by the new method have suffered less from pulse stretch
or amplitude losses than conventional Kirchhoff modeling.
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ABSTRACT

The size of the aperture has an important influence on the results of (Kirchhoff-type) mi-
gration and demigration. For true-amplitude imaging, it is crucial not to have apertures
below a certain size. For both, the minimum migration and demigration apertures, theo-
retical expressions are established. Both minimum apertures depend on each other and,
although a time-domain concept, are closely related to the frequency-dependent Fres-
nel zone on the searched-for subsurface reflector. This relationship sheds new light on
the role of Fresnel zones in the seismic imaging of subsurface reflectors by showing that
Fresnel zones are not only important in resolution studies but also for the correct de-
termination of migration amplitudes. It further helps to better understand the intrinsic
interconnection between pre-stack migration and demigration as inverse procedures of
the same type. In contrast to the common opinion that it is always the greatest possible
aperture that yields the best signal-to noise enhancement, it is in fact the selection of
a minimum aperture that should be desired in order to (a) enhance the computational
efficiency and reduce the cost of the summation, (b) improve the image quality by mini-
mizing the noise on account of summing the smallest number of traces, and (c) to have a
better control over boundary effects. This paper demonstrates these features rather than
addressing the question of how to technically achieve them.

INTRODUCTION

Kirchhoff-type pre-stack migration based on summation and zero-order ray theory con-
cepts is presently considered the most important 3-D migration scheme because it can be
implemented on massively parallel computers at acceptable costs (Kao, 1992). Its inverse
process called demigration recently also gained importance for the purpose of macro-
velocity model determination, updating and validation (Fagin, 1994). Kirchhoff-type mi-
gration (demigration) can be mathematically described by a diffraction-stack (isochrone-
stack) integral (Hubral et al., 1996; Tygel et al., 1996). Its efficiency and accuracy is,
amongst other influences, strongly dependent on the migration (demigration) aperture.

1email: js@ime.unicamp.br
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To carry out a diffraction-stack migration or isochrone-stack demigration in practice may
become very computer-time consuming if large data volumes are to be imaged as is com-
monly the case in 3-D seismic surveys. Thus, the determination of a minimum aperture
that leads to an optimum image with the least stacking effort is surely a desirable task. In
this paper we address the important role which Fresnel zones have in this connection in
the framework of the theory of pre-stack true-amplitude migration and demigration.

The problem is explained with the help of the following understandings. Suppose
that an elementary seismic wave is excited at a point source atS, reflected atMR, and
recorded by a geophone at pointG. It travels along the primary reflection raySMRG
from S to G. The region of the reflector that influences this elementary reflection is its
so-called Fresnel zone (for a certain frequency) on the reflector� at the reflection point
MR. The same concept applies to the primary reflected paraxial raySMRG from a point
source atS in the vicinity ofS to a geophone atG in the vicinity ofG. The measurement
configuration (e.g., common shot or common offset) is described, as quantified below,
by a 2-D parameter vector� that uniquely defines one source locationS(�) and one
receiver locationG(�) on the measurement surface. The parameter vector� serves as a
coordinate vector in the seismic record section. All possible locations of source-receiver
pairs(S(�); G(�)) define the range of possible values of� that is called the apertureA
of the seismic experiment.

Diffraction-stack or Kirchhoff migration can be used to correctly image pointMR

on the searched-for reflector� from primary seismic reflections along the reflection-
traveltime surface�. To construct this image, one requires the diffraction-traveltime (or
Huygens) surface for pointMR This is computed by treating pointMR as if it were a
diffraction point. All raysS MRG define the Huygens surface ofMR. This surface is
tangent to the reflection-time surface� in the seismic record section at the particular
parameter vector� = �� that defines the source-receiver pair(S;G) for which the ray
SMRG is a specular reflection ray (Tygel et al., 1995a). The summation of all seismic
traces along the Huygens surface within an a priori specified apertureA yields a pre-stack
depth-migrated image of the reflector atMR when placing the resulting sum into point
MR. If another pointM in the(x; y; z)-space is chosen that does not fall into the depth-
migrated strip of the reflector image, no significant summation value is to be obtained
(Bleistein, 1987; Schleicher et al., 1993).

The size of the migration apertureA has an important influence on the migration
amplitude that must not be underestimated. This has been investigated in various pub-
lications (Katz and Henyey, 1992; Hoxha, 1994; Krebs, 1994; Stolt and Benson, 1986).
Most recently, Sun (1997) discussed the aperture boundary effects of Kirchhoff-type mi-
gration in great detail. To determine the optimum size of the migration aperture, one
has to consider the trade-off between the necessity to guarantee sufficient constructive
interference of the migrated signals (for which a certain aperture size is required) on the
one hand and the desire to economize on the number of traces as well as to stack as little
noise as possible on the other hand. In this paper, we show how a minimum aperture
Amin can be determined so that a best possible migration amplitude at pointMR upon the
subsurface reflector� is obtained. This is done by means of extending the concept of the
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projected Fresnel zone, which has been defined by Hubral et al. (1993) for a zero-offset
configuration, to arbitrary measurement configurations. This concept plays a key role
in pre-stack depth migration where the seismic reflection strip attached to the reflection-
time surface� in the seismic record (i.e., in the(�; t)-space) is imaged onto its related
depth-migrated strip attached to the reflector� (Tygel et al., 1994).

The concept of a diffraction-stack migration can be easily extended to that of an
isochrone-stack demigration. The set of all possible raysSMIG with constant traveltime
t(S;MI ; G) = t defines the isochrone for the source receiver pair(S;G) and for that
time t. This isochrone is tangent to the reflector at the reflection pointMR. A stack of
the migrated image along the isochrone—the isochrone stack—describes then the inverse
procedure to the diffraction stack, i.e., it describes the demigration (Hubral et al., 1996;
Tygel et al., 1996). For the isochrone stack there exists a minimum demigration aperture
Emin defined on the planez = 0. As shown below using time-domain concepts,Emin

is determined by the actual frequency-dependent Fresnel zone upon the reflector� for a
characteristic frequency, as well as by the length of the source wavelet attached to� in
the vicinity of the receiverG. In other words, the minimum apertures of migration and
demigration,Amin andEmin, are related in the same way as the projected and the actual
Fresnel zone of the reflector atMR.

It is to be clearly stated that the problem of how the tangency points of Huygens and
reflection time surfaces (or also of the isochrone and the reflector) can be determined in
a practically feasible way remains yet unsolved. The principal purpose of this paper is to
establish the basic relationships between minimum apertures and Fresnel zones so as to
demonstrate that seismic migrated and demigrated images can be improved by correctly
choosing the size of the aperture. Although the fundamental problem of determining
the stationary point directly from the data in an economic way remains unsolved, it is
nevertheless important to understand and quantify the minimum aperture concept as this
is bound to play a significant role in future migration algorithms. By establishing this
concept on a sound theoretical basis, we aim to pave the way for the complete solution
to the problem of how to design an optimal migration (and demigration).

Note the fundamental role played by the Fresnel zone in pre-stack true-amplitude
migration. As is well-known (Berkhout, 1984; Lindsey, 1989; Knapp, 1991), the Fresnel
zone is a key concept in the study of lateral resolution of seismic migration. Moreover,
we will see below that it is the projected Fresnel zone that determines the minimum
migration aperture. In fact, Fresnel zones do not only play a role in the migration of
seismic reflections, but also in the demigration process. The demigration aperture is
directly related to the Fresnel zone upon the reflector� which is to be imaged. In these
considerations, the concept of the Fresnel zone, which was originally introduced in the
frequency domain (see, e.g. Sommerfeld, 1964), becomes a time-domain meaning where
the role of the period of a monofrequency wave is now played by the length of a transient
signal. This time-domain meaning is the same as introduced in Knapp (1991) as aFresnel
zone for broadband databut differs from the recent one of Br¨uhl et al. (1996).
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CONCLUSION

Like any other migration (and demigration) methods, Kirchhoff-type migration depends
on the size of the chosen migration aperture. However, whereas in other methods likef -k
migration the migration aperture should be as large as possible, we have shown in this
paper that this is not the case in Kirchhoff-type migration. If the measurement aperture
is larger than necessary, it can be restricted to the actual region of tangency, where the
diffraction and reflection traveltime surface “strips” touch, because it is from this region
where all necessary information is actually gathered in a diffraction-stack migration. The
restriction to that region not only economizes on the summation procedure, but it also
enhances the S/N ratio when summing up noisy traces. Therefore, in the case of true-
amplitude migration, where suitable weights are applied in the summation, this will result
in a more reliable reconstruction of the interface reflection coefficients in dependence on
the reflection angle. In this work, we have shown that the accurate control over the
migration aperture becomes a must when stacking noisy traces.

Basic to this was the understanding of how the minimum migration and demigra-
tion apertures actually depend on the properties of the reflector an the overburden. The
time-domain concepts of minimum apertures can be related to the frequency-dependent
Fresnel zone. The role played by the period of a monofrequency wave in the definition of
the Fresnel zone is taken by the length of the wavelet. The size of the minimum migra-
tion aperture is determined by the very same matrix that also defines the projected Fresnel
zone in the seismic record. In the same way, the minimum demigration aperture is given
by the Fresnel-zone matrix itself. We extended the concept of a projected Fresnel zone to
arbitrary offset rays. Furthermore, we also presented a 3-D inversion method to compute
the projected Fresnel zone of a primary reflection for any arbitrary seismic measurement
configuration. The information that is needed for this computation is obtained from two
traveltime surfaces. The first one is the reflection traveltime surface that is picked from
the data. The second one is the diffraction traveltime surface that is constructed by means
of a macro-velocity model. However, no knowledge about the reflector is needed. Pro-
jected Fresnel zones can consequently be computed with almost no extra effort, when a
diffraction stack migration is to be performed. Because of the direct relationship between
the projected Fresnel zone and the minimum diffraction-stack migration aperture, the lat-
ter can be computed during a diffraction-stack migration. As indicated earlier, there is
still the fundamental and unsolved problem to find a technically feasible method for the
determination of the tangency point where the minimum aperture is to be centered. How-
ever, even without a direct application in the stack, the minimum aperture can serve as
a measure of reliability of migration (or demigration) amplitudes. Amplitudes obtained
with apertures smaller than the derived minimum ones have no meaning.
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2.5-D True-Amplitude Kirchhoff Migration to Zero
Offset in Laterally Inhomogeneous Media
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keywords:MZO, migration to zero offset, Kirchhoff imaging, true amplitude

ABSTRACT

proposed new Kirchhoff-type true-amplitude migration to zero-offset (MZO) for 2.5-
mmon-offset reflections in 2-D laterally inhomogeneous layered isotropic earth mod-
oes not depend on the reflector curvature. It provides a transformation of a common-
t seismic section to a simulated zero-offset section in which both the kinematic
main dynamic effects are correctly accounted for. The process transforms primary
mon-offset reflections from arbitrary curved interfaces into their corresponding zero-
t reflections automatically replacing the geometrical-spreading factor. In analogy to
ighted Kirchhoff migration scheme, the stacking curve and weight function can be
puted by dynamic ray tracing in the macro-velocity model which is supposed to be
lable. In addition, it is shown that an MZO stretches the seismic source pulse by the
ne of the reflection angle of the original offset reflections. The proposed approach
ntitatively extends the previous MZO or dip moveout (DMO) schemes to the 2.5-D
tion.

INTRODUCTION

importance of preserving seismic reflection amplitudes in seismic processing, imag-
and inversion is widely recognized. As a result, amplitude-preserving imaging meth-
have been developed that encompass a whole spectrum of seismic imaging proce-
s. One of the aims of the efforts to preserve amplitudes is the extraction and inver-
of angle-dependent reflection coefficients at selected points on a target reflector. The
domain to extract this information appears to be the seismic image after pre-stack
ation (Beydoun et al., 1993), e.g., from common-offset sections.

re-stack common-offset migration in laterally inhomogeneous media cannot be re-
ed by standard post-stack migration, as the stacking process, although improving
ignal-to-noise ratio, destroys the quantitative amplitude information contained in the
. Moreover, it is cheaper to perform a zero-offset migration than a common-offset
ation in an amplitude-preserving way. For that reason, a process is desirable that
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transforms a seismic common-offset section into its corresponding simulated zero-offset
section whereby amplitudes (i.e., geometrical-spreading factors) are correctly accounted
for. The true-amplitude Kirchhoff MZO described in this paper is a seismic reflection-
imaging process that is exactly designed to achieve this aim.

Of course, a true-amplitude Kirchhoff-type MZO must be designed in such a way
that a subsequent true-amplitude Kirchhoff zero-offset migration leads to the same re-
sult as a direct pre-stack common-offset migration applied to the original data. We
recall that a true-amplitude Kirchhoff migration is defined to remove the geometrical-
spreading loss from seismic reflection amplitudes (Newman, 1985; Bleistein, 1987; Bort-
feld and Kiehn, 1992; Schleicher et al., 1993; Sun and Gajewski, 1997). As a conse-
quence, true-amplitude migration outputs can be used as a measure of the local (angle-
dependent) reflection coefficients. The two-step process consisting of true-amplitude
Kirchhoff MZO and zero-offset migration works as follows. The MZO operation auto-
matically replaces the geometrical-spreading factors of the common-offset reflections by
the ones pertaining to the corresponding zero-offset reflections, keeping all other fac-
tors affecting the common-offset reflection amplitudes (in particular the reflection or
transmission coefficients) unchanged. The zero-offset migration thereafter eliminates
the zero-offset geometrical-spreading in the migration output.

For constant-velocity media, MZO can be decomposed into a two-step process, con-
sisting of first applying a normal-moveout correction (NMO) followed by a dip-moveout
correction (DMO). As the latter operation does not depend on the constant velocity and
is easily implemented, this decomposition is, for the purpose of finding the correct ve-
locity, routinely incorporated into the seismic processing sequence. It remains a good
approximation as long as the velocity variation is not large. Forel and Gardner (1988)
have shown that it is advantageous to invert this order, i.e., to first carry out the velocity-
independent DMO before performing a conventional velocity analysis using a slightly
modified NMO. In inhomogeneous media with stronger lateral variations of the velocity,
however, neither of the above decompositions is properly defined. MZO has to be carried
out as a one-step procedure.

MZO and DMO for constant-velocity media are widely investigated and used, lead-
ing to valuable results even for slightly varying velocities. As pointed out by Hale (1984),
one great advantage of these methods is that a single 2-D operation suffices to kinemati-
cally describe a full 3-D constant-velocity DMO or MZO, thus saving a lot of computer
time. This advantage, however, turns out to be a drawback when the dynamic problem is
addressed. Although a full 3-D true-amplitude MZO for laterally inhomogeneous media
can be derived along the lines of Tygel et al. (1996), this turns out not to be a stable
process. Because of the above indicated collapse of dimensions, the ray-theory weights
become zero when the out-of-plane medium variations vanish.

As an alternative to the full 3-D description, we have considered here the corre-
sponding 2.5-D problem. In this way, we obtain a substantial extension of the constant-
velocity case while avoiding the indicated difficulties. As it is now common use in ex-
ploration seismics, the term “2.5-D” means that we consider 3-D wave propagation in a
2-D (isotropic, laterally inhomogeneous, layered) earth model. There exist no medium
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variations in the out-of-planey-direction. In particular, all reflectors can be specified by
in-plane(x; z)-curves (Figure 1). Finally, all point sources, assumed to omnidirection-
ally emit identical pulses, and all receivers, assumed to have identical characteristics, are
distributed along thex-axis so that only in-plane propagation needs to be considered. For
the 2.5-D problem, the full 3-D geometrical-spreading factor of an in-plane ray can be
written as a product of in-plane and out-of-plane factors (Bleistein, 1986). Both quanti-
ties can be computed using 2-D dynamic ray tracing (Cerven´y, 1987).

For a constant-velocity medium, we analytically subdivide the derived true-amplitude
Kirchhoff MZO into NMO plus DMO. The resulting true-amplitude DMO transforma-
tion is then compared to some previously described time-domain smear-stack DMOs. As
the principal interest of this paper is in the dynamics of MZO and DMO, we confine this
comparison to the ones that explicitly address the effects on amplitudes. For that reason,
several important papers on DMO, whose main emphasis are on kinematic aspects, are
left out. We have focused our attention on the Born-DMO of Bleistein (1990) and Liner
(1991) and the true-amplitude DMOs of Black et al. (1993) and of Fomel and Bleistein
(1996). The amplitude effects of constant-velocity MZO and DMO on reflections from
curved reflectors have been recently investigated by Bleistein and Cohen (1995), Goldin
and Fomel (1995), and Fomel and Bleistein (1996). Their results are quite similar to ours,
but obtained under the explicit use of the constant-velocity assumption.

A comprehensive analysis on true-amplitude, constant-velocity DMO has already
been given by Black et al. (1993) who derived true-amplitude DMO weights for the case
of primary reflections due to planar, dipping reflectors. Moreover, synthetic and field
data examples of the application of the above two-step common-offset migration strategy
have been provided in the same paper. The problem of a depth-dependent velocity has
been addressed more recently. Dietrich and Cohen (1993) derived the analytic expression
for the stacking curve in a medium with a constant vertical velocity gradient. They also
heuristically suggested a DMO weight function which, however, does not correctly take
into account the amplitude effect of the stacking process itself. Artley and Hale (1994)
extended constant-velocity DMO to the case of a velocity that may vary arbitrarily with
depth. Already in this case, ray tracing needs to be performed through a given veloc-
ity model to numerically compute the stacking curves. Their work only addresses the
kinematic aspects of v(z) DMO and does not contain any considerations on amplitudes.

This paper generalizes what has been done so far in the literature in two ways. It
(1) presents a 2.5-D true-amplitude Kirchhoff MZO that is designed to work for any 2-D
laterally inhomogeneous layered medium for which 3-D wave propagation can be ade-
quately described by zero-order ray theory and it (2) investigates its correctness, concern-
ing not only the kinematic but also the dynamic, i.e., true-amplitude, aspects of primary
reflections from arbitrarily curved reflectors. In analogy to a weighted Kirchhoff migra-
tion scheme, the stacking curve and weight function can be computed by dynamic ray
tracing in the available macro velocity model.

At first sight, it may seem that, once the macro-velocity model is sufficiently accu-
rate, it makes more sense to directly implement in one step a pre-stack true-amplitude
common-offset migration and not perform a true-amplitude MZO at all. However, even
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if the main idea is to obtain a full pre-stack depth-migrated image, it may still be advan-
tageous to perform the two-step procedure consisting of a true-amplitude MZO followed
by a zero-offset migration because (a) the spatial extent of an MZO stacking curve is
very limited in comparison to that of a pre-stack common-offset Kirchhoff migration
and (b) a subsequent true amplitude zero-offset migration needs only a simple weight
(Hubral et al., 1991; Schleicher et al., 1993). Moreover, the stack of all obtained sim-
ulated zero-offset sections will lead to a better stacked section than the conventional
process of constant-velocity NMO/DMO.

MZO, although not necessarily true-amplitude MZO, may also be considered for ve-
locity analysis. Because of the limited spatial extent of the MZO stacking curve, MZO
image gathers, which are often also called DMO gathers, are cheaper to produce than
conventional pre-stack-migration image gathers. They are, however, of similar practical
value to estimate velocity errors.

CONCLUSION

In this paper, we have formulated an approach to a true-amplitude migration to zero offset
(MZO) for 2.5-D in-plane reflections in 2-D laterally inhomogeneous media with curved
interfaces. Constructing true MZO amplitudes (in our sense) implies that in the simulated
zero-offset reflections the original geometrical-spreading factor of the common-offset
reflections is replaced by that of corresponding actual zero-offset reflections for the same
reflection points. This goal is achieved by a weighted one-fold single-stack integral in
the time domain along specific stacking curves. These turn out to coincide with the MZO
inplanats as defined by Hubral et al. (1996). Not relying on any property of the arbitrarily
curved reflectors to be imaged, the true amplitude weight function can be computed by
dynamic ray tracing performed along ray segments that link the zero-offset and common-
offset source and receiver points to certain points in the macro-velocity model. The
procedure closely parallels that of a pre-stack Kirchhoff-type common-offset migration,
where the rays from the sources to the receivers are connected by “diffraction points.”
It therefore makes sense to refer to the proposed MZO approach as a Kirchhoff-type, or
shortly, a Kirchhoff MZO.

Using standard asymptotic considerations, our analysis has shown how, irrespective
of the chosen weight, any single-stack MZO affects the amplitude of the resulting simu-
lated zero-offset reflections. The MZO output is seen to be proportional to the zero-offset
geometrical-spreading factor, while the proportionality factor is dependent on the reflec-
tor overburden only and not on the reflector dip and curvature. This important result
was crucial to the formulation of a true amplitude MZO weight function valid for curved
reflectors in inhomogeneous media. Note also that the proposed general true amplitude
Kirchhoff MZO for inhomogeneous media may not only be of use for the general 2.5-D
situation described here, but it may also help to find analytic expressions for stacking
curves and weight functions in simpler types of media, e.g., for a velocity distribution
that varies with depth only.
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Analyzing the result of a Kirchhoff MZO in the vicinity of the desired zero-offset
reflection time, we found a simple and geometrically appealing formula for the pulse
stretch seismic reflections are subjected to when migrated from common-offset to zero
offset. It turned out that the factor describing the pulse stretch is just the cosine of the
reflection angle of the original common-offset reflections. Although this expression for
the pulse stretch was obtained from studying Kirchhoff MZO, it is common to any other
MZO method that is kinematically equivalent to the proposed approach.

The discussed theoretical features of 2.5-D true-amplitude Kirchhoff MZO have been
demonstrated with the help of two simple numerical examples. We have seen that the
amplitude recovery of a true-amplitude MZO is quite good. Note, however, that portions
that are insufficiently illuminated by the original common-offset experiments cannot be
expected to be correctly recovered in the simulated zero-offset sections.

Being designed a priori for 2-D laterally inhomogeneous velocity models, our ap-
proach differs from all MZO or DMO schemes proposed so far in the literature. To en-
able a comparison, we tailored our general formulas to the constant-velocity case. For the
purpose of comparing different MZO and DMO integral methods, we have also shown
how a two-fold smear-stack DMO integral is related to a one-fold single-stack Kirchhoff
MZO or DMO integral. We have seen that for a constant velocity, the proposed method is
kinematically equivalent to the known schemes. The constant-velocity form of the weight
function derived in this work differs somewhat. This is due to the slightly different con-
ceptions that other authors have of what a true amplitude MZO should achieve. The
closest relatives to the present MZO weight are the ones of Bleistein (1990) and Black et
al. (1993). Also Bleistein and Cohen (1995), Goldin and Fomel (1995), and Fomel and
Bleistein (1996) have similar results for a curved reflector overlain by a constant-velocity
medium.

We stress once more that this work generalizes the previous constant-velocity results
to laterally inhomogeneous media, which has been so far an open problem. We were
able to provide a substantial and natural extension of previously proposed schemes. We
finally remark that the present Kirchhoff MZO was obtained along the same lines as the
fairly general theory presented in Hubral et al. (1996) and Tygel et al. (1996), tailoring
it to the specific problem of a 2.5-D true amplitude MZO. Other true-amplitude imaging
problems, including other configuration transforms, may be tackled in a corresponding
manner.
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ABSTRACT

Linear scattering theory in anisotropic media is useful for describing modeling, inver-
sion and migration algorithms. The single-scattering or Born approximation leads to
a volume scattering integral which is further simplified by using the geometrical ray
approximation (GRA) for the Green's functions from the source and receiver to the scat-
tering point.
Discontinuities of the medium parameters which are confined to smooth surfaces will
reflect and refract the propagating waves. This is often described by the Kirchhoff-
Helmholtz integral, which uses the Green's representation of the reflected field and the
Kirchhoff approximation for the field and its normal derivative at the surface. The re-
flected field and its derivative are often approximated by multiplying the corresponding
parts of the incoming field with the plane-wave reflection coefficient computed for the an-
gle between the incoming ray and the surface normal (Kirchhoff approximation). Besides
the inconsistency of imposing both the field and its normal derivative on the surface to
represent the field away from it, the Kirchhoff-Helmholtz integral gives rise to a reflected
response which is non-reciprocal.
The Born and Kirchhoff-Helmholtz integrals have traditionally been treated as com-
pletely separate formulations in the studies of reflection and transmission of waves due
to smooth interfaces. A simple use of the divergence theorem applied to the Born volume
integral gives a reciprocal surface scattering integral, which can be seen as a natural
link between the two formulations. This unifying integral has been recently derived in the
context of inversion. We call it the Born-Kirchhoff-Helmholtz (BKH) integral.
The properties of the BKH integral are investigated by a stationary-phase evaluation, and
the result is interpreted in ray theoretical terms. For isotropic media, explicit expressions
are given.
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INTRODUCTION

Linear scattering theory provides a suitable framework for describing modeling, inver-
sion and migration algorithms (Bleistein, 1987; Beylkin and Burridge, 1990; Schleicher
et al., 1993; Chapman and Coates, 1994; Spencer et al., 1995; Burridge et al., 1995; de
Hoop and Bleistein, 1996). The parameters of the medium are split into two parts corre-
sponding to a background or reference medium and a perturbed medium. The parameters
of the reference medium are usually smoothly varying functions, while the perturbations
are considered to act as point scatterers or reflecting or refracting interfaces. Assuming
single scattering, the Born approximation is readily derived.

By using the geometric ray approximation (GRA) of the Green's functions in the ref-
erence medium, the Born approximation provides a standard volume integral (Wu, 1989;
Beylkin and Burridge, 1990). Asymptotic ray theory for anisotropic media is described
in detail in Cerven´y (1985) or, in more compact form in Chapman and Coates (1994).

The discontinuities of the medium parameters are often located on smooth surfaces
which reflect and refract the propagating waves. The response from such an interface
may be formulated as a surface scattering integral. The classical approach is the use
of the Kirchhoff-Helmholtz integral (Pao and Varatharajuli, 1976; Frazer and Sen, 1985;
Tygel et al., 1994; Goldin, 1991). This is the result of the application of Green's represen-
tation theorem to the reflected field as a surface integral involving the Green's function
of the reflected field and its normal derivative. The reflected field and its derivative are
approximated by the corresponding parts of the incoming field, multiplied by the plane-
wave reflection coefficient that pertains to the angle between the incoming ray and the
surface normal. This is the so-called Kirchhoff approximation (see, e.g., Bleistein, 1984).

Although very widely used in practice for the construction of synthetic seismograms,
as well as for inversion schemes to localize the reflector and to determine other attributes
of the reflector, the Kirchhoff-Helmholtz integral presents several inconsistencies. First,
is not correct mathematically as the representation theorem from which it is based does
not permit to assign arbitrary both the field and its normal derivative independently. Sec-
ond, the obtained expression is non-reciprocal, which violates a fundamental physical
property of the reflected field.

In the same way as de Hoop and Bleistein (1996), we use a more general version
of the divergence theorem (see Bleistein, 1984, equation (2.82)) to transform the Born
volume integral into a surface scattering integral. We find it instructive to prove this
important relationship in two simple ways. The first method is to approximate the di-
vergence volume scattering integral along surfaces that are normal to the gradient of the
steeply varying parameters of the medium. This is similar to a technique which was used
by Ursin and Haugen (1996) to derive the plane-wave scattering matrix in anisotropic
media. Secondly, the volume scattering integral is divided into two parts, where the two
new volumes are separated by the reflecting interface. The parameters in these two parts
are represented by a smoothly varying reference medium and two perturbations, each of
which is also a smooth function. The new integral now involves the jumps in the parame-
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ters and geometrical factors at the interface. This parameterization is similar to the one
used by Banik (1987) and Haugen and Ursin (1996) for approximating the plane-wave
scattering matrix. One may also use the average parameters of the two media in contact,
to define the background medium (Aki and Richards, 1980; Ursin and Haugen, 1996).

Properties of the new integral surface scattering can be derived by evaluating the in-
tegral by the method of stationary phase and comparing the result with the GRA for the
reflected wave. In particular, this provides a relationship between the point-scattering
coefficients and the linearized plane-wave reflection coefficients, as given by Beylkin
and Burridge (1990) for aPP -reflection in isotropic media. The complete results for
isotropic media have also been summarized. Since the scattering coefficients are recip-
rocal, they must be related to the plane-wave reflection coefficients, which have been
normalized with respect to the normal energy flux (Chapman, 1994). Reflection coeffi-
cients normalized with respect to amplitude do not satisfy reciprocity.

Furthermore, comparing the stationary-phase approximation and the GRA solution,
gives a relation between the total geometrical spreading from the source to the reflection
point and to the receiver, and the geometrical spreading factors from the source and
receiver to the reflection point. A relation is also obtained for the phase shifts due to
caustics along the reflection ray. These relations have been obtained by Goldin (Goldin,
1991) (1991) and by Schleicher et al. (Schleicher et al., 1993) (1993) for isotropic media.

The scattering integrals are all derived assuming single scattering which is valid only
for small perturbations of the parameters of the medium. Since the expressions are linear
functions of the perturbations, they produce independent contributions to the scattered
field. In a complicated medium, there may then be contribution both from point scatterers
and reflecting/refracting interfaces. We also consider the GRA Green's function for a
single wave type, but with possible mode conversion from the source to the scattering
point to the receiver. The total scattered field is, of course, a sum of such waves (Chapman
and Coates, 1994; Cerven´y, 1985).

CONCLUSION

We have reviewed the Born scattering theory in anisotropic media and expressed the
scattered field as a volume integral using the GRA Green's functions. By applying the
divergence theorem, this was changed into a volume scattering integral involving the
gradient of the elastic parameters.

For media with large gradients or discontinuities in the parameters, we derived recip-
rocal surface scattering integrals. The stationary-phase approximation of these integrals
gave a relationship between the scattering coefficients and the linearized, weak-contrast
plane-wave reflection coefficients, which have been normalized with respect to the nor-
mal energy flux. For isotropic media, explicit expressions can be found in the Appendix.

Comparison of the GRA Green's function for a reflected wave and the asymptotic
value of the new surface integral resulted in a relationship between the complex amplitude
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function of the reflected wave and the amplitude functions of the waves from the source to
the reflection point and the receiver to the same point. This involved the Fresnel matrix,
which is the second-derivative matrix of the total traveltime with respect to the surface
coordinates.
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Imaging B:

Macromodel-independent Zero-offset Simulations
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The common-reflecting-element (CRE) method revisited
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ABSTRACT

The common-reflecting-element (CRE) method is a useful alternative to the fam
common-midpoint (CMP) stack or migration to zero offset (MZO). Like these two m
ods, the CRE method aims at constructing a stacked zero-offset section from a
common-offset sections. It requires no more than the near surface values of the ve
field to be known. The CRE method deserves more attention as it appears to be one
best tools to construct a stacked zero-offset section and simultaneously derive a lat
inhomogeneous macro velocity model with a minimum a priori knowledge. The macr
locity model can then be used in a post-stack or pre-stack migration. Another advan
of the CRE method over both the CMP stack and MZO is that it does not suffer from p
stretch. In the one-dimensional case, it reduces to the CMP optical stack. Finally
CRE method also provides important insight into the conventional MZO process, w
is commonly implemented with a normal-moveout correction followed by a dip-mov
correction applied to the original common-offset section.

INTRODUCTION

The ultimate goal of all seismic reflection-imaging methods consists of providing a de
migrated image of the subsurface reflectors and of possibly deriving their litholog
attributes from the signals distributed along the reflector images. It is well accepted
the success with which this task can be achieved highly depends on the accuracy
macro velocity model. Different imaging techniques, including the common-midpo
(CMP) stack (Yilmaz, 1987), migration to zero offset (MZO) (Dietrich and Cohen, 19
Tygel et al., 1996), post-stack migration (Stolt, 1978; Schneider, 1978) and pre-s
true-amplitude migration (Bleistein, 1987; Schleicher et al., 1993) require different
grees of accuracy of the macro velocity model in order to construct the respective im
in either the time or depth domains. Therefore, one of the key issues to be addres
seismic reflection imaging is: What is the best imaging technique for an insufficie
known macro velocity model and how can the original estimate of the macro velo
model be refined as part of the imaging procedure? To this end, we revisit Gelchin
(1988) common-reflecting-element (CRE) method.

1email: myemail@anywhere
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Given a set of common-offset (CO) sections, the CRE method is designed to construct
a stacked zero-offset (SZO) section for a two-dimensional isotropic inhomogeneous earth
model. This SZO section can then be subjected to a post-stack time or depth migration
with the macro velocity model that is obtained as a byproduct of the CRE method. Other,
better known, schemes to achieve the same goal are the CMP stack and migration to zero
offset (MZO). MZO is either realized as a single, direct transformation using a given
macro velocity model (which we call direct MZO) or, under a constant-velocity assump-
tion, as the sequence of normal-moveout (NMO) and dip-moveout (DMO) corrections
(which we call NMO+DMO).

The CRE method differs from direct MZO and NMO + DMO in the following sense.
Firstly, it suffers from only minor residual reflection-point dispersal, thus falling some-
where between the MZO method (no dispersal) and the NMO method (full dispersal).
Secondly, unlike direct MZO or NMO, the CRE method does not stretch the seismic
pulse, i.e., each reflection in the SZO section has the same pulse length as a true ZO
reflections. One of the most important features of the CRE method when compared to an
MZO stack is that itdoes not requirea macro-velocity model, but only the near-surface
velocity (that is assumed to be constant in the vicinity of each point under investigation
along the seismic line). Its principal and probably most useful advantage in comparison
to the CMP and MZO stacks is that it provides, in addition to the SZO section, impor-
tant parameters for the construction of a macro velocity model that may even be laterally
inhomogeneous. These parameters are given in the form of two specificwavefront at-
tributesthat can be assigned to each obtained primary SZO reflection event, namely the
radius of curvatureRo and theemergence angle�o of a fictitious wavefront emerging
at the earth's surface. This wavefront belongs to the fictitious wave that is assumed to
originate at the so-called normal-incidence point (NIP),Co, on the target reflector�D.
This fictitious wave is referred to as the NIP wave (Hubral, 1983) and its path of propa-
gationCoXo as the normal ray. Both the radius of curvature and emergence angle of the
emerging NIP wave, once assigned to each primary reflection in the SZO section, define
what is called theradiusgramandanglegramsections (Berkovitch and Gelchinsky, 1989;
Berkovitch et al., 1991; Keydar et al., 1995). These two auxiliary sections, in addition to
the SZO section, are input to either generalized Dix-type formulas or more general trav-
eltime or tomography inversion schemes (Hubral and Krey, 1980; Goldin, 1986; Keydar
et al., 1995) generate an accurate macro velocity model.

The fact that the CRE methods needs as an input parameter the near-surface velocity
provides no principal difficulty as this is usually available prior to a full velocity analysis.
In a marine environment, the water velocity that is generally known can be used. In land
seismics, usually some preprocessing like redatuming (assumed to be already done when
the CRE method is to be applied) also needs a near-surface velocity field that can be used.

In contrast to the MZO described by Tygel et al. (1996), the CRE method is based
on kinematic considerations and is not an amplitude-preserving process. The reader is
also to be reminded that the CRE method is only one of a set of so-calledhomeomorphic
imagingmethods (Berkovitch et al., 1991, Gelchinsky et al., 1993a,b; Keydar, 1994;
Cruz, 1994; Keydar et al., 1995), which include, e.g., thecommon-evolute-element(CEE)
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method and others, by which amplitude aspects may be taken into account (Steentoft and
Rabbel, 1995).

The CRE method has seen considerable study over the past decade in the construc-
tion of SZO sections (Rabbel et al. 1991; Steentoft and Rabbel, 1992a,b; 1994; Steentoft,
1993; Gelchinsky et al., 1993a,b; Keydar, 1994) and in the estimation of the laterally in-
homogeneous macro velocity models (Berkovitch and Gelchinsky, 1989; Berkovitch et
al., 1991; Steentoft, 1993; Keydar et al., 1995). From the more practical point of view,
the works of Steentoft and Rabbel (1994) and Olalde (1996) provide a variety of syn-
thetic and field data examples with impressive results. Those readers who need to be
convinced of the value of the CRE method by looking at its actual implementation are
referred to the above publications. For instance, Steentoft and Rabbel (1994) imple-
mented a corresponding algorithm and applied it to the Marmousi data. They came to
the following conclusions. The CRE algorithm automatically produces SZO sections
the quality of which is at least comparable to standard NMO- and DMO-processed seis-
mograms. High-energy arrivals are successfully processed even in situations where the
NMO method fails. The coherency of the CRE-derived image was superior to the CMP
stack. Moreover, CRE stacking is very accurate with respect to detecting the directional
properties of the reflected wavefields.

Critical to the success of the CRE method is the two-parameter coherency analysis
which yields the emergence angle and the radius of curvature as stacking parameters.
It turns out that both these parameters possess a significant independency in the CRE
moveout expression, so as to allow a stable operation. The examples contained in the
above cited papers fully confirm this statement. This fortunate situation is in contrast
with the strong instability one encounters, for instance in the conventional CMP stacking,
when trying to estimate the stacking velocity by means of a fourth-order Taylor expansion
of the NMO traveltime.

The present paper mainly aims at shedding new light on the basic principles underly-
ing this interesting method and at deriving in a simple way the main formulas involved.
We find that such a didactical approach is still lacking in the literature and maybe this has
been one of the reasons the CRE method has not yet attracted the due attention it deserves
as a useful tool of constructing good SZO sections. After reviewing the CRE method, we
provide new derivations and new results, in particular regarding the pulse stretch.

Apart from this Introduction and the Conclusions, this paper is composed of six prin-
cipal sections and one appendix. The first section provides fundamental concepts of the
CRE method that will be used throughout this paper. The second section presents the
strategy used in the CRE method to construct an SZO section, by means of determin-
ing the radiusgram and anglegram, from the complete set of CO sections. In the third
section, we describe the three principal implementation steps of the CRE procedure. In
the fourth section, the CRE method is tailored to the one-dimensional (1-D) case. There,
we will observe that the optical stack proposed by de Bazelaire (1988), which provides
a well-known alternative to the standard CMP method, can be looked upon as a special
case of the CRE method. The fifth section shows very simply why the SZO reflections
obtained by the CRE method suffer from no pulse stretch. In the sixth section, we pro-
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vide a birds-eye view of the main features of the CMP, CRE, NMO + DMO, and MZO
stacks. This we do to better understand the CRE method in the framework of the other
existing methods to construct SZO sections. Finally, the Appendix provides a brief re-
view of some original CRE formulas that can be compared with the new ones derived in
this paper.

CONCLUSION

The principal features of the CRE method, about which - so we hope - the reader has
now gained a better understanding and new insight, consist of(a) the construction of a
stacked zero-offset (SZO) section from a set of CO sections with only an estimate of
the near-surface velocity, and(b) the computation of two wavefront attributes (the radius
of curvature and emergence angle) for each ZO reflection in the SZO section. Both
wavefront attributes are fundamental for traveltime inversion techniques (e.g., based on
generalized Dix-type formulas) in order to estimate an accurate macro-velocity model.
Simulating SZO sections by an MZO plus a subsequent stack has definitely found a much
broader practical application than the CRE method. The two main reasons seem to be the
lack of a more didactical explanation of the CRE method together with the absence of
significant synthetic and real data examples. With this paper, we hope to have provided
a contribution to the former reason, as well as indicated more recent work where such
examples have been carried out.

We also suggest an alternative scheme to construct an optimal CRE gather and its
corresponding radiusgram and anglegram. The somewhat complicated formulas found
in the original formulation of the CRE method considering source-receiver coordinates
(Gelchinsky, 1988) have been replaced by simpler expressions in terms of midpoint and
half-offset coordinates.

We have shown that in the 1-D case the CRE stack reduces to the optical stack (de
Bazelaire, 1988). Even in the case of horizontal reflectors below a 1-D velocity model,
where even the CMP stack suffers from no reflector-point dispersal, the CRE stack can
be advantageous for constructing SZO sections. The CRE stacking curves can then be
better approximations of the primary reflection trajectories than the RMS-velocity based
CMP-stacking hyperbolas (de Bazelaire, 1988). In addition, we have shown that

a) the seismic pulses of the ZO reflections constructed by the CRE method are not
stretched when compared to true ZO reflections, (i.e., the frequency of a pulse
is not altered by constructing a ZO reflection in the final SZO section from a given
CO reflection).

b) the CRE method, unlike the CMP stack, suffers from some residual reflector-point
dispersal only. Like the CMP stack, it selects only specular primary reflections
along optimally specified stacking lines.

c) a CRE gather can be constructed from a set of CO sections in a parallel way as this
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is conventionally done from a set of CS records. All that is needed is to transform
the source-receiver coordinates into midpoint–half-offset coordinates.

The following remarks about the implementation of the CRE method seem to be in
order. The first remark is that one should, in principle, be suspicious of the actual im-
plementation of the two-parameter estimation involved in the CRE method, in particular
with the stability of the process. The meaningful synthetic and real data examples de-
scribed in the literature attest that this is a robust process. The reason might be that
both parameters, namely the angle and curvature radius, contribute to the CRE traveltime
moveout with significant independence. Although a sound theoretical measure has not
yet been provided, the fact is that in all applications, the parameter selection were car-
ried out successfully without any sophisticated coherency analysis being developed. The
second remark is that the two-parameter CRE moveout expression is expected, in most
situations, to resolve or minimize the so-called conflicting-dip problems, that may be
particularly when dealing with two-dimensional data. In fact, the emergence angle and
wavefront curvature radius are fundamental physical and geometrical characterizations of
the reflection arrivals, certainly better suited to the separation of the reflections than, for
example the coefficients of the NMO traveltimes in the conventional CMP stack. Con-
cerning the effectiveness of the CRE method in reducing the reflection-point dispersal, it
would be very desirable to be able to quantify this reduction, in terms of the medium in-
homogeneity (e.g., values of velocity gradients). Although this is still an open question,
it is rather clear that the ray-theoretical foundations of the CRE method should lead to
good results for those media where the zero-order ray description is valid. This includes
most of the situations encountered in practice. Where it definitely fails, all other stacking
methods based on the same principles should also fail.
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A new look at subsurface illumination in seismic imaging

G. Höcht, R. Jäger and P. Hubral1

keywords:Imaging Stacking

ABSTRACT

To improve the illumination of the subsurface is the purpose of every seismic acquisit
and imaging method. The success of standard seismic/stack imaging routines, suc
Kirchhoff-type Pre-stack Depth Migration or NMO/DMO/stack depends on the require
macro-velocity model. From kinematic point of view they also implicitly assume wi
respect to the illumination a fixed shape of the reflector. In contrast a common-reflect
surface stack is a selective stack depending only on the near-surface velocity. It acco
for different reflector shapes and enables us to establish the macro velocity model a
the zero-offset simulation.

INTRODUCTION

In this paper we give an insight into different stacking routines from a kinematic point
view. As representative for standard imaging methods we have chosen the NMO/DMO
and the pre-stack depth migration (PreSDM). The latter two processes are for comp
son implemented in the form of unweighted Kirchhoff-type (target-oriented) procedure
With the objective to improve images and the macro-model determination we introdu
the so-called common-reflection-surface (CRS) stack, which is closely related to “mu
focusing” proposed by (Berkovitch et al., 1994). The CRS stack provides in our opini
a new powerful approach to construct simulated zero-offset (ZO) sections from m
ticoverage reflection data. In addition to the simulated ZO section we obtain importa
wavefield attributes that enable us to construct the macro-velocity model ((Hubral, 198
(de Bazelaire and Viallix, 1994)).

MACRO-VELOCITY-MODEL BASED IMAGING

To explain in simple terms the ”standard illumination” of a subsurface reflector poi
R involved in all standard reflection imaging methods, we have constructed Fig. 1. T

1email: ghoecht@gpiwap4.physik.uni-karlsruhe.de
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shows a dome-like subsurface reflector in the lower constant-velocity half space and trav-
eltime curves from the reflector in the midpoint(x)-half-offset(h) and time(t) domain. All
common-offset (CO) reflection-time curves define the so-called CO-reflection-time sur-
face of the subsurface reflector in the (x-h-t) space. The reflections from the subsurface
reflector pointR are found in the (x-h-t) space along the so-called common-reflection-
point (CRP) trajectory, which is confined to the CO-reflection-time surface.There exists
a simple analytic formula in the constant-velocity case for the CRP trajectory.

NMO/DMO/Stack

In NMO/DMO/stack the reflections from pointR along the CRP trajectory are trans-
ported into pointP0 by summing the seismic data in the (x-h-t) space along the Kirchhoff-
type MZO-stacking surface. This corresponds to the following traveltime surface: First,
construct the zero-offset (ZO) depth-migrated image of pointP0, which is the lower half-
circle isochrone ofP0 centered atX0 in Fig. 1. Then demigrate this isochrone back into
the (x-h-t) domain for the respective offset 2h.

PreSDM

In pre-stack depth migration the reflections from pointR distributed along the CRP tra-
jectory (bold curve in the (x-h-t) space in Fig. 1 and 2) are transported into pointR. This
is achieved by summing all seismic data in the (x-h-t) space along the Kirchhoff-type
CO migration pre-stack surface. This surface corresponds to the traveltime surface in the
(x-h-t) space constructed for a ”diffractor point” atR.

CRS Stacking

In Fig. 2, we have placed into pointR an arc pertaining to the reflector circleCR. This
arc becomes in 3D a surface, which justifies the terminology CRS. The arc is assumed to
have the same orientation and radius of curvature as the searched-for reflector atR. The
trajectories define a travel-time surface in (x-h-t) space, which we call the CRS surface
for pointR. Our purpose is to find this surface and then use it as a stacking surface for
pointP0. This is implemented in the following way.

Select an arbitrary pointP0 in the (x-t) plane, for which one wants to find the am-
plitude value of the CRS stack. Affix at the resulting ZO isochrone in the depth domain
different circular reflector arcs (”test mirrors”) and perform for each of them a coherency
analysis along the corresponding CRS surface in the time domain. For the CRS surfaces
of those test mirrors, which lead to large coherency values, we subsequently perform
the CRS stack. These surfaces will obviously pertain to actual reflector mirrors that lo-
cally approximate the searched-for reflectors. As search parameters we use, atX0, the
incidence angle� and the radius of a hypothetical wavefrontRN that results if the cho-
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Figure 1:
Lower Half: Dome-like structure touched at point R by the ZO isochrone (half-circle with center
atX0) of P0.
Upper half: CO-reflection-time surface in (x-h-t) space, to which the CRP trajectory of point R
is confined. Shown are also the NMO/DMO-stacking surface and the pre-stack-depth-migration
surface. Both are tangent to the CO-reflection-time surface along the CRP trajectory.

sen circular mirror explodes. The intention of the latter procedure will become clear in
laterally inhomogeneous media.

NMO/DMO/stack and PSDM versus CRS stacking

We observe that the NMO/DMO/stack always assumes a curvature of the reflector equal
to that of the ZO isochrone. Likewise PreSDM decomposes the reflector into ”diffraction
points”, i.e. a radius of curvature that equals zero. Only CRS stacking can obviously
account for the right shape of the reflector since the radius of curvature is one of the search
parameters. Note that the CRS stacking surface can be spatially limited over the range
(aperture) where the reflections are, so that a minimum amount of noise is added when we
consider noisy data. Such a spatial limitation is not easy to achieve a priori for the CO
stacking curves required for the NMO/DMO/stack or PreSDM. Therefore NMO/DMO
and PSDM does not provide the best reflector illumination but has the advantage that one
does not have to consider a coherency analysis and event selection. However to consider
the search can be quite rewarding.



58

−1000 −800 −600 −400 −200 0 200 400 600 800 1000
0

100

200

300

400

−600

−400

−200

   0

 0.2

 0.4

 0.6
De

pt
h 

[m
]  

   
   

   
   

   
   

   
   

   
   

   
   

Ti
m

e 
[s

]

Half−offset [m]

P0

X0

R

x

h

t

CR

Midpoint [m]

         CRS Surface

CRP Trajectory

CO-Reflection-Time Surface

ZO Isochrone

Reflector

Figure 2:
Lower Half: As in Fig. 1. Dashed is a segmentCR of a circle that possesses the same curvature
as the reflector at R.
Upper half: CO-reflection-time surface from dome-like reflector and the common-reflection-arc
surface gained by circular approximation of the reflector at R.

IMAGING WITHOUT MACRO-VELOCITY

The above proposed CRS stack can be generalized for laterally inhomogeneous macro-
velocity models, which would involve substantial ray tracing. Our purpose is to establish
the CRS surface with only the knowledge of the constant near-surface velocityv0, using
a very good analytic approximation of the non-analytic CRS stacking surface in inhomo-
geneous media.

In order to achieve the goal we replace the a priori unknown true 2D velocity model
by an auxiliary constant-velocity modelv0, wherev0 is the constant near-surface velocity
of the true velocity model. In addition to a CRS stack in constant velocity media we
introduce a third search parameter which we callRNIP . It equals the radius of curvature
of a hypothetical wavefront emerging atX0 in the auxiliary media, resulting from a point
source in the chosen point where the test mirror is affixed to the ZO isochrone. The re-
sulting three parameters�, RN andRNIP , pertain to the emerging normal ray atX0 in
the true as well as in the auxiliary velocity model. They can consequently be found with
the help of a three-parameter coherency analysis. No ray tracing is involved in finding the
CRS surface of the reflector mirror, even though the true 2D velocity model away from
the constant velocity near the surface may be quite complicated.These attributes - and
there can be more than one set assigned to a pointP0 - are useful not only with respect
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to solving kinematic (related to finding the macro-velocity-model) but also dynamic (re-
lated to the amplitudes, Fresnel zones, etc. of the wavefield) inversion problems.

CONCLUSION

In the view of the authors, CRS stacking offers exciting new approaches to solve seis-
mic reflection imaging and inversion problems in 2D and 3D laterally inhomogeneous
media. It is important to stress that macro-model independent CRS stacking in laterally
inhomogeneous media is implemented without any raytracing. The attributes obtained
in connection with macro-model independent CRS stack are useful to derive the macro-
velocity model. Thereafter one can perform a PostSDM of the stack section. Both the
stack section and its attributes are in their combination very helpful to address moreover a
number of seismic reflection-imaging and inversion problems related to reflector charac-
terization, high-resolution studies, noise suppression, multiple identification suppression,
separation of diffraction from reflection events, etc.
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Eigenwave based multiparameter traveltime expansions

Thilo Müller, Martin Tygel, Peter Hubral and J¨org Schleicher1
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ABSTRACT

Three different 2-D traveltime approximations for rays in the vicinity of a fixed zero-of
ray are presented and analyzed. All traveltimes are given as three-parameter expan
involving the emergence angle of the zero-offset ray with respect to the surface no
as well as two wavefront curvatures associated with the zero-offset ray, namely the
mal wave and normal-incidence-point wave. A comparison of all three multiparam
traveltime expansions is carried out.

INTRODUCTION

Traveltimes of rays in the (paraxial) vicinity of a fixed (central) ray can be descri
by certain parameters which refer to the central ray only. The traveltime approxima
directly obtained from paraxial ray theory are the parabolic and the hyperbolic expan
((Schleicher et al., 1993)). An appealing alternative traveltime description, has
recently proposed by (Gelchinsky et al., 1997). In this new representation, the par
rays can be specified so as to focus at a certain point of the zero-offset ray or
extension to this ray. For this reason, Gelchinsky's expression has been referred
the multi-focus traveltime. In the second-order approximation the multi-focus travelt
agrees with its parabolic and hyperbolic counterparts. In this paper we provide si
derivations of all above mentioned formulas and examine their behaviour for a synt
model.

THE TRAVELTIME EXPANSION FORMULAS

In the following, we refer to Figure 1.

1email: Thilo.Mueller@physik.uni-karlsruhe.de
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Figure 1: Construction of the fo-
cusing wave. Shown is the normal
ray from X0 to NIP . Also de-
picted are two of all possible parax-
ial rays (SRG andSRG) that in-
tersect this central ray at a com-
mon focus pointP . These set of
rays defines a fictitious wave called
the focusing wave that starts atX0

with the wavefront�S , focuses at
P , is reflected at the reflector� and
emerges again atX0, now with the
wavefront�G.
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Parabolic and hyperbolic traveltimes

Following the formalism of (Bortfeld, 1989) tailored to the present two-dimensional
propagation, the2� 2 propagator matrix

T =

 
A B
C D

!
(1)

describes a first-order relationship
(

�xG = A �xS +B �pS ;
�pG = C �xS +D �pS ;

(2)

where�xS and�xG are the source and receiver offsets of the paraxial ray with respect to
the central ray.�pS and�pG denote the corresponding slowness projection differences
of these rays onto the seismic line at the initial and end points, respectively. All these
quantities are measured with respect to a fixed coordinate system attached to the tangent
to the measurement surface atX0. Using the fact that the down-going segment of the
normal ray connectingX0 toNIP is the reverse ray to the up-going segment fromNIP
toX0 and along similar lines as in (Bortfeld, 1989), we can find the useful relations

A = D = (KNIP +KN )=(KNIP �KN ) ; (3)

B = (cos2 �0=v0) [2=(KNIP �KN )] ; (4)

wherev0 is the velocity atX0,KNIP andKN are the curvatures of the Eigenwaves NIP-
wave and N-wave ((Hubral, 1983)), respectively. The so-calledsymplecticityproperty of
propagator matrices, namely the relationAD�BC = 1, produces the remaining element
C. Following (Bortfeld, 1989) or (Schleicher et al., 1993), we use midpoint and offset
coordinates

xm =
�xG +�xS

2
; h =

�xG ��xS
2

; (5)
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to find for the parabolic traveltime

tpar(xm; h) = t0 + (2 sin �0=v0) xm + (cos2 �0=v0) (KN x2m +KNIP h
2) ; (6)

and for the hyperbolic traveltime

t2hyp(xm; h) = [t0 + (2 sin �0=v0) xm]
2 + (2t0 cos

2 �0=v0) (KN x2m +KNIP h
2) : (7)

In the above formulas,t0 denotes the two way traveltime along the central ray.

MULTI-FOCUS TRAVELTIME

For the computation of the multi-focus traveltime we consider the bundle of primary
reflection rays that focus a fixed pointP . As depicted in Figure 1, we imagine that
all these rays describe a certain fictitious wave, which we call afocusing wave. For
each of the focusing raysSPRG, the source and receiver offsets�xS and�xG are no
longer independent but are related by the condition that it has to pass through the fixed
point P. Our problem is to find a traveltime approximation for the rays paraxial to the
central ray and satisfying thisfocusing condition. Let us now designate by�S and�G

the initial and final wavefronts of the focusing wave, respectively. We approximate�S by
a circle, calling its curvatureKS . Similarly, we define the curvatureKG of the circular
approximation of the wavefront�G at X0. Let S0 andG0 denote the points where the
focusing raySPRG hits the initial and end wavefronts�S and�G, respectively. Let us
now consider the paraxial raySPRG to be constituted by two ray segments. The first
one connectingS to P and the second one describes the remaining path of the reflected
ray fromP toR and from there toG. We may then write the traveltimestS andtG along
these two ray segmentsSP andPRG in the form

tS = t0S +�tS ; tG = t0G +�tG ; (8)

wheret0S and�tS are the traveltimes along the ray segmentsS0P andSS0, respectively.
The definitions oft0G and�tG are analogous. Note thatt0S coincides with the trav-
eltime along the central-ray segment fromX0 to P and t0G coincides with the sum of
the traveltimes along the central-ray segment fromP to NIP and fromNIP to X0.
Approximating the ray segmentsSS0 andG0G by straight lines, we find, using simple
geometrical arguments

�tS =
1

KSv0

�q
1 + 2KS sin�0�xS +�x2SK

2
S � 1

�
(9)

�tG =
1

KGv0

�q
1 + 2KG sin�0�xG +�x2GK

2
G � 1

�
: (10)

Our problem reduces, thus, to the determination of the curvaturesKS or KG. For that
matter, we find it convenient to draw the line normal to the central ray at pointP and
consider it as anauxiliary interface. We also set a local coordinate system atP to locate
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ray points and slowness projections which refer to rays arriving to and leaving from this
auxiliary interface. We may now define the two auxiliary propagator matrices

T1 =

 
A1 B1

C1 D1

!
; T2 =

 
A2 B2

C2 D2

!
; (11)

which correspond to the two (central) ray segments fromX0 toP and fromP toX0 being
reflected atNIP , respectively. For the two segmentsSP andPRG of the paraxial ray
SPRG (see Figure 1), the two matricesT1 andT2 set up the first-order relationships

0 = A1 �xS +B1 �pS ; (12)

�p = C1 �xS +D1 �pS (13)

and

�xG = 0 +B2 �p ; (14)

�pG = 0 +D2 �p : (15)

Note that the focusing condition at pointP has been incorporated in the above equation
systems by imposing the ray offsets of both segmentsSP andSRG atP to vanish and
their slowness projections atP to be equal (denoted by�p). Using simple algebra on
the above equations provides a relationship between the source and receiver offsets for a
focusing ray, namely

�xG = � (B2=B1) �xS : (16)

The traveltimest1 andt2, along the raysSP andPRG, can be written following (Bort-
feld, 1989) and (Hubral, 1983) as

t1 = t0S +
sin�0
v

�xS +
cos2 �0KS

2v
(�xS)

2 ;

t2 = t0G +
sin�0
v

�xG +
cos2 �0KG

2v
(�xG)

2 ;

(17)

wheret0S andt0G are the traveltimes along the respective central rays and

KS =
A1

B1

v

cos2 �0
; KG =

D2

B2

v

cos2 �0
; (18)

are the wavefront curvatures of the fictitious focusing wave at the initial pointS and end
pointG, respectively. To determine the quantitiesA1=B1 andD2=B2, we make use of
thechain ruleof propagator matricesT = T2 T1, as well as the symplecticity relations
Ai Di�Bi Ci = 1, (i = 1; 2). After some algebraic manipulation of the above equations,
we find the relationsKS = (A+B2=B1)=B andKG = (A+B1=B2)=B. Together with
the focusing condition, as well as the representations (3) and (4) ofA andB in terms of
KN andKNIP , we obtain the final result

KS =
1

1 �  (KN �  KNIP ) and KG =
1

1 + 
(KN +  KNIP ) ; (19)
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Figure 2: The upper part shows the traveltime surface in the midpoint-half-offset domain
as computed for the velocity structure depicted in the lower part.

where
 = (�xG ��xS)=(�xG +�xS) (20)

is the focusing parameterof (Gelchinsky et al., 1997). Now, putting all intermediate
results together, we come up with the multi-focus formula

tmulti = tS + tG ; (21)

inserting the relationships (8), (9), (10), (19) and (20).

NUMERICAL EXPERIMENTS

In order to illustrate the presented traveltime approximations, we have chosen a syn-
thetic 2D-model, where a dome-like structure is overlain by a smoothly curved interface
as shown in Figure 2. Layer velocities are assumed to be constant, wherev1=2300m/s
andv2=2800m/s correspond to the first and second layer, respectively. The reflection
response of the dome structure has been calculated by a ray tracing algorithm. The cor-
responding traveltime surface in dependence of midpoint and half-offset coordinates,x
andh, respectively, is displayed in Figure 2 as well.

For a fixed midpoint coordinatex=–455m the traveltime approximations (given in
equations (6), (7) and (21)) are calculated for the reflected wave field from the dome-
like reflector. Therefore the angle of incidence�0 of the zero offset ray, as well as the
curvaturesKNIP andKN of the two eigenwaves need to be known. For the case of a
known velocity model, simple geometrical considerations yield these parameters. In the
present case these parameter are:�0 = 33:3o, KNIP = 2:06 � 10�41=m andKN =
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Figure 3: The exact traveltime curve of Figure 2 is compared to the three traveltime
approximations discussed in the text, as computed for an arbitrarily chosen midpoint.

5:43 � 10�51=m. The resulting traveltime surfaces are given in Figure 3. In order to
make comparison with the exact traveltimes visual, 2D-slices of the traveltime surfaces
for constant half-offsetsh=0m, 500m, 1000m, 2000m are depicted (see Figure 4).

For the zero-offset (h=0m) case it can be seen that all three traveltime approximations
fit very good to the exact curve. Even away from the chosen midpoint (x=–455m) the
results are good. For intermediate half-offset (h=500m, 1000m) the approximations are
still very good for the hyperbolic and the multi-focus representation. The parabolic ap-
proximation is good at the chosen midpoint but deviates from the exact curve for distant
midpoint coordinates. For larger offset (h=2000m) all three traveltime representations
deviate from the exact traveltime response. However, the multi-focus traveltime approx-
imation gives still a good fit on the branch for positive midpoints.

CONCLUSION

Second- and higher-order traveltime expansions have been of great use for seismic process-
ing for a long time. For CMP data, the one-parameter, hyperbolic NMO-traveltime is still
routinely used for velocity analysis, stacking and inversion.

Alternatively, using a full multi-coverage data set along a seismic line, three-parameter,
second-order traveltime expansions can be used. In this paper, we have compared the par-
abolic and hyperbolic traveltimes derived from paraxial ray theory (see, e.g., (Bortfeld,
1989); (Schleicher et al., 1993)) with the multi-focus traveltime of (Gelchinsky et al.,
1997). For this purpose, we have reformulated the three approximations in terms of the
same three parameters, namely the emergence angle of the normal ray, as well as the
wavefront curvatures of theN - andNIP - eigenwaves introduced by (Hubral, 1983).

For various tested examples, the hyperbolic and multi-focus approximations gave, as
expected for seismic models consistently better results than the parabolic traveltime.
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Figure 4: Shown are 2D cross-cuts for constant half-offsets of the four traveltime surfaces
of Fig. 3. Displayed are the exact traveltime (solid line), the multi-focus traveltime
(dotted line), the hyperbolic traveltime (dashed line) and the parabolic traveltime (dash-
dotted line).
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ABSTRACT

A new imaging procedure is introduced. The so-called Common Reflection Surface
(CRS)-stack belongs to the class of zero offset simulation techniques. But in contrast
to conventional methods (e.g.: CMP-stacking, NMO/DMO/stack) it needs no velocity in-
formation. Besides that, it is capable of using much more traces for the imaging process
as conventional methods. So, the S/N-ratio is highly increased with this method. In this
paper CRS-stacking is explained and applied to a synthetic noise-polluted data set as
well as compared to standard techniques as NMO/stack and NMO/DMO/stack.

INTRODUCTION

Conventional imaging techniques (e.g.: CMP-stacking, NMO/DMO/Stack) have two ma-
jor drawbacks. Firstly, they require the knowledge of a macro velocity model, which has
to be extracted from the data first. But, the derivation of an adequate velocity model is not
always possible. Secondly, all the above mentioned methods use only a limited number
of the acquired data for the imaging process ((H¨ocht et al., 1997) and (Garabito et al.,
1997)).

CRS-STACKING

To overcome these limitations a stacking trajectory (or surface) has to be used which is
velocity independent and capable of describing arbitrary traces in the vicinity of a chosen
ZO-location.

Recent publications ((Tygel et al., 1997)) showed that there exist traveltime descrip-
tions which meet those needs. A formulation which can directly be obtained from parax-
ial ray theory is the hyperbolic traveltime expansion ((Schleicher et al., 1993))

t2hyp(xm; h) = [t0 + (2 sin �0=v0) xm]
2 + (2t0 cos

2 �0=v0) (KN x2m +KNIP h
2) ; (1)

wheret0 is the ZO-traveltime,�0 is the emergence angle of the ZO-ray,v0 is the velocity
at the ZO-location,xm andh are midpoint and half offset coordinates, respectively.KN
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andKNIP are the curvatures of 2 fictitious waves along the central ray, which were
introduced as the normal-wave and the NIP-wave ((Hubral, 1983)) (see Figure 1).

NIP

SG
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Figure 1: Schematic illustration of the NIP-wave and the N-wave. The left sketch dis-
plays the NIP-wave. All associated rays focus at the normal incidence point (NIP) of a
specific reflector. The sketch on the right hand side shows the situation for the normal-
wave. Here, all associated rays focus on the reflector under consideration. Both waves
have in common that their rays use the same ray branches on their down-going and up-
going ray paths. In other words a NIP-wave is a fictitious wave that explodes at NIP,
while the N-wave is a fictitious wave where the reflector itself explodes.

An alternative traveltime formula was first developed by (Gelchinsky et al., 1997) and
reformulated by (Tygel et al., 1997) using the same parametrisation as for the hyperbolic
traveltime. This relationship is described as the multi-focus traveltime:

tmulti = t0 +
1

KSv0

�q
1 + 2KS sin�0(xm � h) + (xm � h)2K2

S � 1
�
+

+
1

KGv0

�q
1 + 2KG sin�0(xm + h) + (xm + h)2K2

G � 1
�

(2)

where

KS =
1

1 �  (KN �  KNIP ) and KG =
1

1 + 
(KN +  KNIP ) ; (3)

and
 = h=xm (4)

is denoted as the focusing parameter.

Both traveltime formulas enable to calculated the traveltime of an arbitrary ray in
the paraxial vicinity of a central ray. Common to both expressions is their dependence
on parameters which can be calculated along the central ray only (i.e.:t0, �0, KN and
KNIP ). The knowledge of the uppermost velocityv0 at the ZO-location is sufficient.

Calculating the traveltime surface in the (xm-h-t)-domain for a givent0 and a fixed
triple of �0, KN andKNIP describes the same reflection response as a circular reflector
(mirror) located in the subsurface would give. In the constant velocity case this can be
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Figure 2: Iso-velocity model. Velocities range fromv1=1200m/s tov7=4800m/s.

easily explained. Here,KN describes the curvature of the mirror,�0 gives its orientation
and1=KNIP = RNIP (radius of curvature) depicts its distance from the ZO-location.

The idea of CRS-stacking is the following: Place in every subsurface point a mirror
with all possible orientations and curvatures and calculated its reflection response by
means of (1) or (2). This is identical to test for every sample in the ZO-section to be
simulated (i.e. everyt0) all possible combinations of the three stacking parameters�0,
KN andKNIP . Whenever these traveltime surfaces correlate with the measured data
best, the optimal stacking parameters are found and summation along this traveltime
surface intot0 is performed. Because the energy summed intot0 results from trace being
reflected at a common surface (described by the triple (�0,KN andKNIP )) the procedure
is calledCommonReflectionSurface (CRS) stack.

CRS VERSUS NMO/STACK, NMO/DMO/STACK

For an iso-velocity model (see Figure 2) multi-coverage data acquisition has been simu-
lated. Using a ray tracing algorithm the primary reflections of the model were calculated.
Figure 3 shows the modeled ZO-section. It can be regarded as the result the stacking
procedures should optimally produce. In order to make things more difficult, noise was
added to the data. It corresponds to 10% of the maximum amplitude of the first event.
Figure 4 shows the noise polluted ZO-section. One can hardly identify the events. So, in
this situation it would be almost impossible to derive a proper velocity model needed for
NMO and DMO, especially for the deeper events.

But, assuming the velocities are known, the conventional NMO/stack and NMO-
/DMO/stack would image this data set as depicted in Figure 5 and Figure 6, respectively.
Both methods managed to image the first four events quite good. DMO shows, as ex-
pected, more coherent events than simple NMO. Comparing these Figures with the result
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Figure 3: ZO-section from modeled data.

of the CRS-stack (see Figure 7) where no-velocity information other thanv1 was used
shows that in the CRS-image one can even identify even the fifth event and the S/N-ratio
is been increased compared to the other two procedures.

CONCLUSION

A new ZO-simulation technique has been proposed. The CRS-stacking surface approx-
imates the exact traveltime much better than conventional stacking surfaces and can use
any trace in the vicinity of a chosen ZO-location for the imaging process. Thus it sup-
presses noise much more than the other techniques. But the most important and fascinat-
ing feature is the procedures independence of a macro velocity model. Its determination
is the most crucial step in processing and can simply be skipped with the CRS-method.
By means of a synthetic example CRS-stacking has been compared with NMO/stack and
NMO/DMO/stack. It resulted in better stacked images of the CRS method even the cor-
rect velocity model was supplied for NMO. If this had to be derived from the data the
two conventional methods would give much worse images.
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Figure 4: Noise polluted ZO-section from modeled data.
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ABSTRACT

An important seismic reflection-imaging process that is widely applied in practice in an
approximate form is the simulation of a zero-offset (ZO) section from a set of common-
offset (CO) sections. Rather than using the familiar common-mid-point (CMP) stack
(that suffers from reflection-point dispersal when the reflectors are dipping), one aims
now more and more to perform an accurate common-reflection-point (CRP) stack. In
the latter case, all primary CO reflections used for the simulation of a particular ZO
reflection are expected to have a common reflection point. The aims of this paper are
(a) to give some simple analytic formulae for these trajectories for the constant velocity
case, and (b) to extend them to a CRP stacking method for 2-D laterally inhomogeneous
media using only the near-surface velocity.

INTRODUCTION

CRP stacking is a widely investigated subject. Here we want to stress on a selective CRP
stack, which uses only those stacking trajectories in the seismic data domain that per-
tain to actual reflection points. In addition to considering this CRP stacking method in
2-D constant-velocity media, we also show how to construct a CRP stack section using
only the near-surface velocity. In the latter case, which can be looked upon as a brief
- and hopefully new - introduction to the common-reflection-element (CRE) method of
(Gelchinsky, 1988) or as a generalization of the CMP stacking method of (de Bazelaire,
1988), one obtains important wavefield attributes as part of the CRP stack. These at-
tributes can be used to derive the complete a priori unknown 2-D laterally inhomogeneous
macro-velocity model ((Hubral and Krey, 1980)).

CONSTANT-VELOCITY MEDIA

Let us consider Fig. 1, which consists of a curved dome-like subsurface reflector overlain
by a constant velocity medium (v = 2500m=s). Let us assume that different CO profiles

1email: ghoecht@gpiwap4.physik.uni-karlsruhe.de
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have been acquired, and that the CO reflection-time curve from the subsurface reflector
as observed in each CO section [at the mid-pointXh between each shotS and receiver
G, both separated by the constant offset0 < 2h < 2Hmax] is plotted in a common
(t � x) domain, wheret denotes time. Only two CO travel-time curves, for the offset
2h = 0m and2h = 800m, are shown in Fig. 1 in that(t � x) domain. The primary
reflection positions of the subsurface reflector pointR(Xr; Zr) are the pointsPo(Xo; to)
andPh(Xh; th) on the ZO and CO travel-time curves, respectively. If pointPo is ZO
migrated to depth on its own, it provides the lower half-circle of radiusvto=2 centered
atXo. If point Ph on the other hand is CO migrated to depth on its own, it provides the
lower half-ellipse (with focal points atS andG) centered atXh. Both the circle and the
ellipse have to be tangent to the reflector at pointR.

Figure 1: Lower half: Dome-like
structure touched at pointR by the
ZO isochrone (half-circle with center
atXo) of Po.The rayXoRXo denotes
the ZO ray and the raySRG the CO
ray of offset2h. Both are specular rays
and are part of the rays of the CRP con-
figuration atXo that illuminates point
R.
Upper half: ZO reflection-time curve
with point Po and CO reflection-time
curve with point Ph. Both points
are connected by the MZO hyperbola
(solid line) that describes the location
of the CO reflections for pointR as a
function of the offset2h. The exten-
sion of the MZO hyperbola to thex-
axis is dotted.
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CRP trajectories

We can now make the following interesting observation in Fig. 1 concerning all CO
reflections from pointR in the(t�x)domain of offset2h: if the offset2h is continuously
reduced from the given value2h to 2h = 0, then pointPh moves or migrates towardsPo
on what we want to call the MZO hyperbola for pointR. This hyperbola is given by
the following equation (1a), wherev is the medium velocity and2rt = XoT denotes the
distance between the projectionXo of pointPo onto thex-axis and pointT :

t2 = (4=v2)�x2 + (8rt=v
2 + t2o=2rt)�x+ t2o (1a)

with �x(h) = X �Xo = rt
q
(h=rt)2 + 1 � rt (1b)

and 2rt = (v=2)(to= sin�) (1c)

PointT is the point where both the tangent to the ZO reflection-time curve atPo, and
the tangent to the subsurface reflector atR, intersect with t hex-axis. The parameter
� denotes the angle made by the ZO ray emerging atXo with the vertical. The MZO
hyperbola (1a) for pointR is displayed in Fig. 1 as a thick line passing through pointsPh
andPo.

If we consider the 3-D(t � x � h) seismic data domain (here given in form of a
continuous set of CO sections for0 < 2h < 2Hmax), eqs. (1) define together a spatial
curve in that domain. This spatial curve we call the CRP trajectory (Fig. 2) for the
reflection pointR of Fig. 1. The MZO hyperbola (1a) forR is therefore nothing but the
projectiont(�x) of the CRP trajectory into the(x� t) plane of any CO section, e.g. for
2h = 0. Fig. 2 also shows the projectionst(�x(h)) of eqs. (1) into the(t � h) plane
�x = 0 and the projection�x(h) into the(x� h) planet = to.

Since each point on the(x � h) plane defines one shot-receiver pair by itsx � h
coordinates, we call the CRP configuration all shot-receiver pairs with the coordinates
(Xs = Xo+�x�h;Xg = Xo+�x+h)with �x being given by eq. (1b) for0 < 2h <
2Hmax which illuminate pointR. For this all reflected rays pass through pointR.

CRP stack with selected CRP trajectories

Our purpose is now to stack only along CRP trajectories which pertain to actual reflection
points. Let us for simplicity neglect the conflicting dip problem and therefore assume
only one reflection point on the ZO isochrone. To identify this reflection point, we have
to perform a coherency analysis along each CRP trajectory computed for each point on
the ZO isochrone. The final stack for pointPo is then only performed along the CRP
trajectory with the greatest coherency value. The search parameter could be the angle
� of the ZO ray connectingXo with a point on the ZO isochrone (Fig. 1), which as a
result of this stack will then also be determined. We can surely admit more than one CRP
trajectory to contribute to the stack value atPo by specifying a threshold coherency value
rather than selecting only the highest.
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LATERALLY INHOMOGENEOUS VELOCITY

We shall now generalize the constant-velocity CRP stacking to a 2-D laterally inhomo-
geneous velocity medium with a constant near-surface velocityvo. Fig. 3 shows the same
target reflector as Fig. 1. It is now however overlain by two media with the constant
velocitiesvo = 2500m=s andv1 = 3000m=s.

True and auxiliary CRP experiments

In what follows, we have to clearly distinguish between concepts that have the attributes
“true” and “auxiliary”. They relate to either the true or auxiliary CRP experiment defined
below. All graphs referring to results obtained for both experiments are shown superim-
posed with solid or dotted curves, respectively. In the lower half of Fig. 3, we see e.g. the
true normal rayXoRXo. Its two-way time defines the reflection-timeto for the ZO reflec-
tion at pointPo. Fig. 3 also shows the true CO raySRG for a pair of pointsS andG that
belongs to the true CRP configuration where the reflection pointR is kept unchanged. If
its travel-timet = th is plotted at the midpointXh between the sourceS and the receiver
G as a function ofh and�x = Xh �Xo, one obtains the true CRP trajectory of Fig. 4
with its three projections. The traces collected by the true CRP configuration are part of
the true CRP experiment, where each shot is initiated att = 0. The(t� x) projection of
the true CRP trajectory is the curve passing through pointsPo andPh in the upper half of
Fig. 3.

Figure 3: Lower half: Dome-like
structure touched at pointR by the ZO
isochrone of pointPo. The rayXoRXo

denotes the ZO ray and the raySRG
the CO ray for the true CRP experi-
ment. PointR� is the auxiliary reflec-
tion point of pointR, i.e. the center of
curvature of a wavefront originating at
R and emerging atXo.
Upper half: ZO reflection-time curve
(2h = 0m) with point Po and
true (solid) and auxiliary (dotted) CO
reflection-time curves (2h = 800m)
with pointsPh andP �

h . Both points are
connected with pointPo by the(t� x)
projections of the true and auxiliary
3-D CRP trajectories for pointR and
R
�.
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The lower half of Fig. 3 also shows the so-called auxiliary reflection pointR� for the
true reflection pointR. PointR� is defined as the center of curvature of the “hypothetical
wavefront” that originates at pointR on the true reflector and emerges atXo. Fig. 3 also
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Figure 4: Superposition of two iso-
metric views (as in Fig. 2) of the
true (solid curves) and auxiliary (dot-
ted curves) 3-D CRP trajectories and
their 2-D projections forPo.
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shows the straight line fromXo to R�. This can obviously be looked upon as the ray
of an up-going hypothetical auxiliary wavefront originating at pointR� in the auxiliary
velocity medium defined by the constant velocityvo. The true and auxiliary wavefront
curvatures are the same atXo. Observe however that both hypothetical sources atR and
R� need to explode at different times if their wavefronts are expected to arrive at point
Xo simultaneously. If the hypothetical source in the true velocity model atR explodes
at t = 0, its counterpart hypothetical source (in the auxiliary velocity modelvo) atR�

should explode at� = to=2 � r=vo, wherer is the radius of wavefront curvature of both
emerging hypothetical waves atXo.

Let us now consider atR� (i.e. in the auxiliary velocity modelvo) an auxiliary reflec-
tor perpendicular toXoR

�. Let this be illuminated by the auxiliary CRP configuration
at Xo (Fig. 3) for pointR�. This includes the shot-receiver pairs(S�; G�) placed at
X�

s = Xo +�x� � h;X�
g = Xo +�x� + h, where

�x�(h) = r�t

q
(h=r�t )2 + 1 � r�t (2)

and 2r�t = XoT
� = r= sin�

with T � being the intersection point of the normal to the rayXoR
� at R� with the x-

axis.The auxiliary CRP experiment is now defined such that each sourceS� in the auxil-
iary CRP configuration is initiated att = 2� . The auxiliary CRP trajectory atXo = X�

o

for the auxiliary reflection pointR� is then given by eq. (2) and

(t� 2� )2 = (4=v2o)�x
�2 + (8r�t =v

2
o + (2r=vo)

2=2r�t )�x
� + (2r=vo)

2 (3)

We observe in Fig. 4 that, since in practice we are dealing with reflection time surfaces
and wavelets attached to them, the auxiliary CRP trajectory is a reasonable stacking tra-
jectory.

CRP stack with selected CRP trajectories

To explain the essential steps of the CRP stack in unknown laterally inhomogeneous
media, we reconsider Fig. 3. Since our purpose is to get a good approximation of the
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travel times also for large offsets, not only the angle� but also the radii of curvature
of the emerging hypothetical wavefront atXo (originating either atR in the true model
or atR� in the auxiliary model) should coincide. Unlike in the constant velocity case
where this radius of curvature equals the radius of the ZO isochrone, i.e.r = vto=2, it
is unknown in laterally inhomogeneous media and therefore becomes a second search
parameter. Performing e.g. a coherency analysis along the auxiliary CRP trajectories
determines the stacking trajectory as well as radius of curvaturer and emergence angle�
for each pointP0. These are the two most important and most stable wavefield attributes
that can be obtained in addition to the ZO reflection-timeto.

CONCLUSIONS

The accuracy with which a ZO simulation in laterally inhomogeneous media can be
achieved depends upon the velocity distribution above the reflectors. In fact the proposed
CRP stack result may even be better than other ZO simulation stacks for an inadequately
chosen velocity model. The proposed CRP stack is a selective stack, i.e. search para-
meters have to be found by coherency analysis, and enables us to derive the velocity
model.
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ABSTRACT

Optimal electromagnetic wave-propagation velocities and subsurface images for ground-
penetrating radar (GPR) data can be specified by using a new imaging method. This
implies in principle nothing else but time- or depth-migrating the radar time-domain
reflection data by continuously changing the constant migration velocity. Rather than
time-migrating the unmigrated GPR section we, however, propose to remigrate the al-
ready time-migrated section by a new one-step remigration operator. This allows us to
create many time-migrated images for different constant migration velocities. In this way,
the computation time for the time-migration process is very much reduced. Considering
time-migrated sections, one observes that time-migrated reflector images “propagate”
when the constant migration velocity is continuously changed. For this “propagation”
there exists a wave-equation-type partial-differential equation (PDE). With the proposed
scheme time-migrated sections can thus be looked upon as snapshots depicted for a cer-
tain migration velocity. The time-migrated reflector images in the snapshots consequently
behave like “waves”, which are called image-waves (Hubral et al., 1996). The concept
of seismic image-waves thus helps very much to understand the remigration and veloc-
ity determination process. This is applied to a real GPR-data example acquired in a
concrete-body environment within which a steel-cable frame is buried. It will be shown
that by the proposed method one is able to perform a quick migrated–image scan in order
to find a reliable migration velocity leading to the best time-migrated image.

INTRODUCTION

Seismic data processing methods have been successfully applied to Ground-Penetrating
Radar (GPR) data by various authors (Maiyala, 1992; Fisher et al., 1992a,b, 1994). It
is possible to treat GPR data for the purpose of subsurface imaging like seismic data
when the geological environments are of low attenuation loss or unconductive. This is
generally the case for GPR frequencies in the range(0:1 � 1:0)109 Hz, see Davis et al.
(1989). In a high resistive geological environment (� = 0) the electromagnetic wave
propagation can therefore be assumed to dominate the conduction. For that matter one

1email: bi23@rz.uni-karlsruhe.de
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can treat radar wave propagation similar to acoustic wave propagation. One can also
use various seismic methods to process the radar data, such as wave-equation migration.
It will be shown in the description of the method that one can in fact approximate the
electromagnetic (EM) radar-wave propagation, by a scalar wave propagation if certain
requirements are fulfilled. Radar waves then propagate in

a medium with the propagation velocity

v =
1p
��
; (1)

where� and� are the electric permittivity and the magnetic permeability, respectively.

Wave-equation migration is one of the most important processing steps, either for
seismic or GPR data, because it can be viewed as solving the imaging problem by “mov-
ing the reflected/scattered energy from the surface back to the respective subsurface re-
flecting/scattering points ” thus providing their subsurface depth-migrated image. The
work of Fisher et al. (1992b) pioneers the application of migration to single-channel
GPR profiles. It successfully applies reverse time migration to GPR data, thus allowing
for a high-resolution interpretation of a stratigraphic soil sequence over a complicated
fluvial environment. A successful wave-equation migration requires, however, the prop-
agation velocity above the subsurface reflectors of interest. For near zero-offset reflection
data this is difficult to obtain. Moreover the accuracy requirements for the velocity are
also quite different for depth migration or time migration. A higher accuracy is required
for the depth migration and a smaller one for the time migration. This makes the latter
process more attractive in seismic and GPR imaging even though depth migration (with
a very good migration velocity) is certainly the more desirable task to be solved. It is,
therefore, a principal task in reflection imaging to find a time-migration algorithm, which
permits improving the (possibly wrong) propagation velocity in an easy and efficient way.
Such kind of imaging procedure is offered and discussed.

The imaging process required to construct from a given time-migrated zero-offset
section other ones for a continuum of migration velocities is subsequently referred to as
“remigration”. This term generalizes the terms residual or cascaded migration (Rothman
et al., 1985; Larner and Beasley, 1987) or velocity continuation (Fomel, 1994; Goldin,
1990). By a remigration time-migrated images for updated migration velocities are ob-
tained. This is achieved by applying a migration operator to an already time-migrated
section rather than to the unmigrated zero-offset data. Only the two-dimensional case is
subsequently considered.

DESCRIPTION OF THE METHOD

In this work we demonstrate the usefulness of seismic image waves (Hubral et al., 1996)
to perform an optimal time-migration imaging procedure on the GPR data. The proce-
dure involves nothing else but to “propagate” (or velocity-continue) reflector/scatterer
images in the time-migrated section by constantly changing the migration velocity. This
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change is, however, implicitly done by the remigration equation given below. Thus we
can very quickly establish the (most) correctly time-migrated image, and its migration ve-
locity. Throughout the work we only consider the time-migration process and recall that
a time-migration image differs from a depth-migration image only by a simple velocity-
dependent vertical depth-to-time scaling operation.

Useful solutions for radar signals can be found by considering the equation (Ward
and Hohmann, 1989; Born and Wolf, 1980)

r2p = ��
@p

@t
+ ��

@2p

@t2
; (2)

which can be derived from Maxwell's equations for the case of a 2-D homogeneous
isotropic medium. The constants�, � and� are the electric permittivity, magnetic perme-
ability, and conductivity of the medium, respectively. The above equation (2) is obtained
after decomposing the electromagnetic field into uncoupled electric and magnetic vector
components. This is possible as we work with media that are homogeneous with re-
spect to the propagation velocity. In the above casep(x; z; t) describes either the electric
or magnetic vector, i.e.,p = [px; py; pz ]T . As we are interested only in one arbitrary
component, we denote this withp(x; z; t). The first term on the right side of (2) rep-
resents conduction of charge. It causes attenuation of the electric-magnetic field. The
second term describes the displacement of the charge caused by the propagating electro-
magnetic field. Equation (2) leads for small values of� to the same eikonal equation and
rays as the scalar wave equation

@2p

@x2
+
@2p

@z2
=

1

v2
@2p

@t2
; (3)

for which � = 0 and wherev is the radar-propagation velocity given byv =
1p
��

[see

Eq. (1)].

REMIGRATION EQUATION

With the remigration equation one solves the following initial-value problem (Mann and
Jaya, 1997), generalized to 3-D case,

p(x; y; t; v0) ! p(x; y; t; v) ; v0 < v; (4)

involving the PDE (Fomel, 1994; Hubral et al., 1996; Schleicher et al., 1997; Mann and
Jaya, 1997).

@2

@v@t
p(x; y; t; v) + vt ~r2p(x; y; t; v) = 0: (5)

wherep denotes a scalar variable as e.g., pressure or any component of the electromag-
netic wavefield (see equation 3).~r2 corresponds to@

2

@x2
for 2-D case and~r2 to @2

@x2
+ @2

@y2

for 3-D case.
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The initial value condition also allows for

p(x; y; t; v0 = 0) = p0(x0; y0; t0); (6)

wherep0(x0; y0; t0) is the ZO or CMP-stacked section. The initial-value problem (5) and
(6) can be solved by using some finite-difference schemes as recently showed by Mann
and Jaya (1997) or by spectral theory (Jaya et al., 1996).
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8 10 12 14 16
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Figure 1: Zero-offset radar time section. The distance between two adjacent zero-offset
traces is 0.02 meter. The sample rate is 0.039 ns.

CONSTANT-VELOCITY SCAN

Only by solving for one operator equation (5) one has as the result a sequence of time-
migrated panels for many migration velocities. The only task of the interpreter is then
to pick the best focused (i.e., the best migrated) image from the time-remigrated panels.
The migration velocity used in that best migrated image may therefore define a reliable
velocity model. This is the key of using remigration for the velocity scan.

Thus, the constant-velocity scan procedure may be performed in three cascaded ways:

� searching for a target zone with a gently curved/dipping reflector where a prede-
fined or a-priori “constant-velocity” region may be assumed,

� doing the remigration or in this case perturbing the (unmigrated/migrated) section
by continuously changing the migration velocity,

� scanning the animated images produced by the above step and searching for a fo-
cusing events caused by a collapses of presumably hyperbolic-like events.

REAL DATA EXAMPLE: RESULT AND DISCUSSION

For the renovation of the surface layer of a bridge, a set of holes have to be drilled into
the concrete body in order to anchor the new layer. Because of the safety of the drilling
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Figure 2: Panel of time-migrated images. The migration velocity of 0.11 m/ns is used
for the upper image. In the lower image we depict the time-migrated image for migration
velocity of 0.13 m/ns.

worker and because of stability reasons of the bridge, the reinforcement steels should not
be damaged by this work. Therefore it was necessary to determine very precisely the
position of the steel cables. For their detection we used electromagnetic waves in the
GPR-frequency range of 900 MHz. The transmitter and receiver dipole were oriented
parallel to the cables, while the antenna crossed them perpendicular. The resulting time
section consists of 900 scans, which are in fact common offset traces. We then have
applied a static shift in order to get the ZO time section. The spatial-trace and the time-
sample interval are�x = 0:02 m and�t = 0:039 ns, respectively. Since we can assume
that the electrical conductivity� in this case is small, the proposed remigration technique
can be applied to estimate the velocity which is necessary for the determination of the
cable depth.

Strong diffraction pattern at two-way traveltimes of about 1 to 3 ns indicate the steel
cables (see figure 1). This plays a very important role in the determination of the migra-
tion velocities. The reason is very simple; the remigration process lets the hyperbola-like
diffraction pattern collapse into its so-called focusing point. This is the case when the
migration velocity corresponds to the medium velocity. This fact immediately justifies to
perform a migration-image scan in order to search for the correct migration-velocity and
the best possible image. However, horizontal reflector elements are not changed at all by
changing the constant migration velocity.

Figure 2 and 3 show a set of remigration results for a velocity range0:11 � 0:17
m/ns with the migration velocity step0:02 m/ns. By the above remigration algorithm
this scanning procedure is in fact very easily performed as many time-migrated images
result from applying equation (5) to the time-migrated image wavefieldp(x; t; v). One
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Figure 3: Panel of time-migrated images. The migration velocity of0:15 m/ns is used for
the upper image. In the lower image the time-migrated image is depicted for migration
velocities of0:17 m/ns.

observes that the remigration process acts very clearly on the diffraction pattern as we
have mentioned above. The only task of the interpreter is to pick the best focused (i.e.,
the best migrated) image. The best result is obtained for the range of migration velocities
of v = 0:11 � 0:13 m/ns. Figure 4 shows a cross section of the concrete bridge body
for a length of11 m which corresponds to the coordinate range of7 � 18 m of the GPR-
profile. The estimated positions of the steel cables are indicated by small dots. Note that
the reflection from the interface concrete-air in the depth0:7 m is out of the recording
range.

CONCLUSIONS

Traditional time-migration schemes are based on the scalar wave-equation. They can
only provide one post-stack time-migrated section for one migration velocity at a time.
With the image-wave equation (5) a complete set of time-migrated sections for a con-
tinuum of migration velocities (i.e., a set of snapshots of the propagating image waves)
results as part of one and the same algorithm. We have shown that if the medium that we
work with is homogeneous with respect to the propagation velo city we can employ the
proposed method in a very efficient way. It works very well only for a more or less homo-
geneous velocity medium. It is, however, applicable to image many different structures
such as voids in concrete or limestones, or buried objects like pipes or tanks.

We have shown that the proposed time remigration technique can be used on GPR
data in resistive media, where reflection and diffraction events are recorded. The pro-
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Figure 4: Cross section of the concrete-bridge body. The detected steel cables are in-
dicated by black dots. The horizontal extension corresponds to the coordinate range of
7 � 18 m of the GPR-profile.

posed theory can of course be generalized to 3-D radar data, see e.g., Grasmueck (1996)
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ABSTRACT

Post-stack remigration based on seismic image wave theory has been implemented with a
refined finite difference (FD) scheme. Remigration can be performed in the depth as well
as in the time domain. Post-stack constant velocity migrated sections in the appropriate
domain serve as input data. Zero-offset (ZO) sections or common-midpoint (CMP) stack
sections may be considered as time-migrated sections for migration velocity zero. The
remigration was applied to various 2D synthetic and real data sets and a 3D ZO section
of the Marmousi 3D overthrust model.

SEISMIC IMAGE WAVES

Similar to the common scalar wave equation, the so-called image wave equations [(Hubral
et al., 1996)] describe a kind of propagation of imaged seismic reflectors in a fictitious
image space. Generalized to 3D, these equations are given by partial differential equa-
tions (PDE)

4
@2

@v@t
p(x; y; t; v) + vt ~r2p(x; y; t; v) = 0 (1)

~r2p(x; y; z; v) +
@2

@z2
p(x; y; z; v) +

v

z

@2

@v@z
p(x; y; z; v) = 0 : (2)

Eq. (1) refers to the time domain, eq. (2) to the depth domain,~r2 = @2

@x2
in 2D, ~r2 =

@2

@x2
+ @2

@y2
in 3D, resp. In the 4D(x; y; t; v) or (x; y; z; v) image space, each slicev =

const represents a migrated 3D image cube.

IMPLEMENTATION

The corresponding initial value problemsp(x; y; t; v0) ! p(x; y; t; v) in the time and
p(x; y; z; v0)! p(x; y; z; v) in the depth domain are solved with semi-explicit FD schemes.
Eq. (3) exemplarily shows one of the used schemes in the time domain forv0 < v. The
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actually used FD scheme depends on the direction of propagation and the demanded ac-
curacy of the derivation operators. Boundary values were handled due to the zero slope
condition.

pl+1i;j;k =
t�t v�v

48

2
416

�
pli;j�1;k + pli;j+1;k

�
� pli;j�2;k � pli;j+2;k � 30 pli;j;k

�x2

+
16
�
pli;j;k�1 + pli;j;k+1

�
� pli;j;k�2 � pli;j;k+2 � 30 pli;j;k

�y2

3
5

+ pl+1i+1;j;k � pli+1;j;k + pli;j;k (3)

The indexi denotes time,j andk offsets in x- and y-direction, resp.,l velocity. �x,
�y, �t and�v are the intervals in the respective direction. For forward propagation
(�v > 0), time has to be decreased in the actual calculation to achieve a stable process,
and vice versa for backward propagation (�v < 0).

APPLICATION

In order to test the intrinsic consistency of this method synthetic post-stack sections for
constant velocity models were used. Figure 1 a) shows one of these sections. Figure
1 b) shows a snapshot (v = 5 km/s) of the remigration result generated by forward
propagating the migrated image fromv = 0 km/s tov = 6 km/s. Finally, figure 2 shows
a pseudo ZO section generated by backward propagating the previously remigrated image
from v = 6 km/s tov = 0 km/s. The result for the Marmousi 3D overthrust model is
shown in Figure 3 a) and b). Since the underlying velocity model is quite inhomogeneous,
the method fails to image deep reflectors with complex overburden. FD remigration was
also applied to a 2D time-migrated section of a real data set provided by DMT in Bochum,
Germany.

CONCLUSIONS

The FD time and depth remigration based on the image wave theory can transform mi-
grated images in the respective domain to new ones for a continuum of constant veloci-
ties. It results as a part of one and the same algorithm eq. (1) or eq. (2), resp. Post-stack
sections can be time-remigrated without any preceding migration process. Demigration
of time-migrated sections is feasible by backward remigration. The method implies a
constant velocity model and therefore necessarily fails when applied to inhomogeneous
models. As shown in the 2D real data sets, the remigration may still lead to reasonable
results in weakly inhomogeneous models. In strongly inhomogeneous models, remigra-
tion may be used in an iterative process: Using remigration to estimate the velocity in
the uppermost layer, updating the velocity model, performing migration with the updated
velocity model and repeating these steps for all layers.
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(a) (b)

Figure 1: a) Four layers model: ZO section. b) Four layers model: Time-migrated section
for model velocityv = 5 km/s
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Figure 2: Four layers model: pseudo ZO section

(a) (b)

Figure 3: a) Marmousi 3D overthrust model: Clipping of the zero offset section.
b)Marmousi 3D overthrust model: Time-remigrated section forv = 2400 m/s
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ABSTRACT

Pre-stack Kirchhoff depth migration using Fermat-arrival traveltimes has been shown to
produce poor images in areas of complex geologic structure. To avoid this problem, we
propose a method for calculating traveltimes that estimates the traveltime of the non-
Fermat arrival, rather than the Fermat arrival. To calculate traveltimes of non-Fermat
arrivals, we used a method based on Huygens' principle with a curved wavefront as-
sumption. Traveltimes are computed both at grid point and non-grid point of constant
slowness cells. At grid points, the incremental traveltimes are computed using Huygens'
principle. Then, the arrival time at non-grid points is calculated by a nonlinear inter-
polation scheme based on a circular wavefront approach. The images created by using
these non-Fermat arrivals in a Kirchhoff imaging algorithm are superior to those created
using Fermat arrival.

INTRODUCTION

Traveltime computation play an important role in many methods of seismic data process-
ing. For example, Kirchhoff migration requires calculating Green's function, which de-
pend on the traveltimes between survey points on the surface and depth points in the
velocity model. Two main approaches for traveltime computation are used in Kirchhoff
migration. They are ray tracing methods and the eikonal solution methods.

In the last view years, several methods have been proposed for computing traveltimes
in inhomogeneous media on a regular grid to replace the ray tracing method in some ap-
plications (e.g. (Vidale, 1988), (Podvin and Lecomte, 1991) and (Schneider et al., 1992)).
In this new technique, traveltimes for all grid points are calculated, thus avoiding many
of problems associated with ray tracing. However, these finite difference techniques only
calculate Fermat arrivals in general. This causes a severe problem when applied to mi-
gration in a high velocity contrast media.

In this study, a major modification to Schneider's approach is present, the method is
extended to calculate the non-Fermat arrivals.
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METHOD

The method of traveltime calculation with non-Fermat arrivals generalizes the techniques
of (Podvin and Lecomte, 1991). Their technique of a nearest neighbour approxima-
tion to Huygens' construction was used to compute Fermat arrival times only. The new
technique computes non-Fermat arrival times using the curved wavefront approach of
(Schneider et al., 1992), in order to improve the accuracy of the approximation.

When the nearest neighbour approximation to Huygens' principle is used for the trav-
eltime calculation, the time at a grid point is related to the traveltimes at its neighbouring
points. Each of these neighbouring points acts as secondary source emitting an impulse.
The Fermat arrival time at this point can be obtained by choosing the minimum arrival
times from the waves departing from its neighbouring Huygens' sources. However, Huy-
gens' sources are not just limited to the neighbouring grid points. One more approxima-
tion is needed. This approximation is to place a Huygens' source on a non grid point.
The arrival time at this non grid point is calculated by a nonlinear interpolation scheme.

High velocity boundaries may create head waves and also may produce ”scattered”
waves in any direction. These waves can be modeled using reverse propagation toward
the source. The reverse mapping uses exactly the same algorithm as the outward map-
ping. After the outward and reverse propagation, the travel at all target points are com-
puted. At any point (i,j) in a 2D velocity model, the traveltime can be chosen from sixteen
potential arrivals (Figure 1). These are the four cell boundary wave arrivalstcb marked
(a), the four local diffracted arrivalstld marked (b), and the eight interpolated arrivalstint
marked (c).

The Fermat arrivalstFermat at the point (i,j) can then be chosen by

tFermat = min (tcb; tld; tint )

To compute non-Fermat arrivals, the non-Fermat arrivalstnon�Fermat is defined as the
minimum between the local diffracted arrival timetld and the interpolated arrivaltint
without considering cell boundary arrival waves which are caused by waves traveling
along cell boundaries with the faster velocity. Therefore non-Fermat arrival times can be
calculated through

tnon�Fermat = min (tld; tint )

SYNTHETIC EXAMPLE

In this section we apply the Kirchhoff migration with Fermat and non-Fermat arrival
traveltimes to synthetic data in order to compare them and to demonstrate the versatility
and effectiveness of the method.
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Traveltime calculation

The subsurface model for the synthetic data consists of a low velocity anomaly of block
shape situated in the middle of two layers media. The ratio of the velocities of the anom-
aly and the background is 1 to 3. The results of traveltime calculations are shown in
Figure 2a (Fermat arrival traveltime) and in Figure 2b (non-Fermat arrival traveltime),
where constant traveltimes are displayed as contour lines. The circular wavefront gener-
ated close to the point source is strongly distorted after passing through the anomaly.

Figure 3 compares the acoustic wavefield modeling with (a) Fermat and (b) non-
Fermat arrival times. The figure displays the snapshots times 15, 20, 25 and 30 ms.
Fermat times superimposed on the snapshots are located in place with no significant
amplitude. In contrast, non-Fermat arrival contours correspond to main portion of the
wavefield nicely.

Seismograms

The input seismic data were generated by using the finite-difference acoustic forward
modeling program (Sandmeier, 1990). They consist of 9 common-source gathers, where
each section contains 48 traces. The direct waves were muted from all synthetic seismo-
grams before performing the migrations. Figure 4 shows a representative common-shot
gather with total recording time of 80 ms for a source located at 50 m. The seismograms
are complicated. It is not easy to identify the various wave paths and wave types. The
first event is a reflection from the top of the low velocity block. The second strong event
B represents a reflection from the bottom of the block. The bottom of the block is ex-
pected to be reconstructed by migration of this event. Event D are the reflected waves
from the second interface at a depth of 80 m. Event A and C are the diffracted waves
from both (top and bottom) ends of the block. Between the first and the last events, there
are weak event E and F. These weak events are interpreted to be a Fermat traveltime from
the lower block and the second interface which propagates back toward the source.

The contour line (Figure 2a) shows the traveltime from S to B to be 22.8 ms and from
S to C to be 29 ms. Therefore, the two way traveltime at point S to B is 45.6 ms and from
S to C is 58 ms. At 45.6 ms, there is a weak event E on the shot gather shown in Figure
4. It is not the event B which is the reflection from the bottom of the low velocity block.
This example shows that the main reflection event from the bottom of the low velocity
block can not be the Fermat arrival.

From Figure 2b, the two way traveltime from point S to point B is 54 ms. This is the
arrival time of event B which represents the reflections from the bottom block boundary,
in the shot gather in Figure 4. From point S to point C, the two way traveltime is 74 ms.
This is the traveltime of event D.
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Result

Figure 5a shows the result of migration with Fermat arrival times calculated as a finite
difference solution of the eikonal equation. While the upper boundary of the block is well
imaged, the bottom boundary is totally lost. With Fermat arrival times, the weak event E
is mapped to the bottom of the block rather than the main reflected event B. Hence, this
method perform well in the simple parts of the velocity model but it fails in the complex
regions.

Figure 5b shows the result of migration using non-Fermat arrival times. The image is
clearly superior to the Fermat-arrival image. The bottom of the block is properly imaged
and the shape of the reflector at 85 m is closer to the truth. Summation along non-Fermat
arrival energy trajectories has captured more energy in the reflected wavefield than the
Fermat-arrival method.

CONCLUSION

From this example, we conclude that in case the medium contains low velocity areas,
non-Fermat arrival traveltime Kirchhoff migration can significantly improve the image
when compared to the Fermat-arrival traveltime image.
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Figure 1: Three types of arrival candidates at point (i,j) from neighbouring cells. They
are local cell boundary wave (a), local diffracted wave (b) and interpolated wave (c).

(a)

(b)

10

20

30

40

50

60

70

80

90

100

Dep
th (m

)

10 20 30 40 50 60 70 80 90 100

Distance (m)

10

20

30

40

50

60

70

80

90

100

Dep
th (m

)

10 20 30 40 50 60 70 80 90 100

Distance (m)

A

B

S

C

C

B

A

S

Figure 2: Traveltime maps for the layered model with a low velocity block. The source
is of the surface in the center of the model. The traveltime contour lines are drawn at 1
ms intervals. (a) Fermat arrival and (b) non-Fermat arrival maps.
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(a)

(b)

Figure 3: Acoustic wavefield modeling overlaid by Contours of (a) Fermat and (b) non-
Fermat traveltimes superimposed on snapshots of the acoustic wavefield at four different
times.

Figure 4: Common shot seismogram of the model calculated by acoustic finite difference
modeling, showing a complex wave pattern for times in excess of 40 ms.
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Figure 5: Imaged depth section using nine shots. Image using non-Fermat arrival trav-
eltimes (b) produces superior results as compared to the Fermat arrival image (a). The
bottom of the low velocity box is migrated to the correct positions only in case (b).
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ABSTRACT

When a seismic CMP stack or zero-offset (ZO) section is depth- or time-migrated with
different (constant) migration velocities, different reflector images of the subsurface are
obtained. If the migration velocity is changed continuously, the (kinematically) migrated
image of a single point on the reflector, constructed for one particular seismic ZO reflec-
tion signal, moves along a circle at depth, which we call the Thales circle. It degenerates
to a vertical line for a non-dipping event. For all other dips, the dislocation as a function
of migration velocity depends on the reflector dip. In particular for reflectors with dips
larger than45�, the reflection point moves upward for increasing velocity. The corre-
sponding curves in a time-migrated section are parabolas. These formulas will provide
the seismic interpreter with a better understanding of where a reflector image might move
when the velocity model is changed. Moreover, in that case the reflector image as a whole
behaves to some extent like an ensemble of body waves which we therefore call remigra-
tion image waves. In the same way as physical waves propagate as a function of time,
these image waves propagate as a function of migration velocity. Different migrated
images can thus be considered as snapshots of image waves at different instants of mi-
gration velocity. By some simple plane-wave considerations, image-wave equations can
be derived that describe the propagation of image waves as a function of the migration
velocity. The Thales circles and parabolas then turn out to be the characteristics or ray
trajectories for these image-wave equations.

INTRODUCTION

It is well known in seismic migration that an identified and picked reflection-time curve
in a common-midpoint (CMP) stack or zero-offset (ZO) section leads to different (depth
or time) migrated reflector images when different migration velocities are used. To trans-
form these migrated reflector images from one to another in a direct way, i.e., without
going back to the original CMP or ZO section, is a seismic imaging task that can be
achieved by a residual or cascaded migration. In this way, an improved seismic reflector
image for an improved migration velocity is obtained by applying a migration operator to
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the already migrated rather then unmigrated section. Residual migration is based on the
fact that the migrated image obtained from migrating a second time (with the migration
velocity v2) a seismic section that has already been migrated (with the migration veloc-
ity v1) is identical to the one that would have been obtained from migrating the original
CMP or ZO section once, with the effective migration velocityveff =

q
v21 + v22 (Rocca

and Salvador, 1982). Given the first (“wrong”) migration velocityv1 and the desired
effective (“true”) migration velocityveff , a residual migration is nothing more than a
conventional migration with the residual migration velocityv2 =

q
v2eff � v21 (Rothman

et al., 1985). Cascaded migration involves an iterative procedure (Larner and Beasley,
1987). By performingn times a migration with a small velocity increment�v, the de-
sired effective migration velocityveff =

p
n�v2 is finally reached. Is is not difficult to

accept that by choosing a large numbern of steps and a very small velocity increment
�v, a cascaded migration simulates a quasi-continuous change of the migration velocity.
In this paper, we investigate how the image of a selected target reflector or a complete
post-stack (depth- or time-) migrated seismic section changes when the (constant) mi-
gration velocity is continuously changed. This process of continuously changing the
migration velocity until a certain desired (optimum) value is reached is termed a seismic
remigration.

Note that this paper will not deal with other causes for wrongly migrated reflector im-
ages apart from those resulting from an incorrect (constant) migration velocity. The ques-
tion of how to correct for migration errors that occur due to the use of time migration for
media that require depth migration (Black and Brzostowski, 1994) is discussed in Bevc
et al. (1995). Also, this paper does not deal with the question of how the migrated re-
flection point moves locally when an inhomogeneous background macro-velocity model
is perturbed. For this problem we refer to Iversen (1995). Here, we confine ourselves to
a (continuously changing) constant migration velocity.

This paper is structured as follows. In the first section, we give a kinematic expla-
nation of what we call “image waves.” In the second section, we derive their kinematic
features and the corresponding partial differential equations for depth remigration. Fi-
nally, in the third section we give the parallel derivations for the time remigration. Note
that the present derivations of these differential equations differ from those of Hubral et
al. (1996b) who start from “Huygens image waves” and of Fomel (1994) who does not
discuss depth migration at all.

CONCLUSION

Remigration is a process to construct a seismic depth image for a refined velocity model
from another one already available from a previous migration for a different velocity
model. A solution to the general problem has been recently presented (Hubral et al.,
1996a; Tygel et al., 1996). In this paper, we have tried to provide a more geometric
understanding of the process by restricting ourselves to the simple case of a constant
migration velocity.
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When a seismic CMP stack or zero-offset (ZO) section is depth- or time-migrated
with different (constant) migration velocities, different reflector images of the subsurface
are obtained. Here, we have investigated how the migrated image of a single (kine-
matic) reflector changes when the migration velocity is changed continuously. We have
observed that the reflection point constructed for one particular seismic ZO reflection
signal moves along a circle at depth, which we have referred to as the Thales circle. It
degenerates into a vertical line for a non-dipping event. For all other dips, the dislocation
as a function of migration velocity depends on the reflector dip. In particular for reflec-
tors dipping above45�, the reflection point movesupward for increasing velocity. The
corresponding curves in a time-migrated section are parabolas. These formulas will pro-
vide the seismic interpreter with a better understanding of where a reflector image might
move when the velocity model is changed.

Moreover, we have recognized that, under these conditions, the reflector image as
a whole behaves to some extent like an ensemble of “body waves” which we therefore
called image waves. In the same way as physical waves propagate as a function of time,
we can say that remigration image waves propagate as a function of migration velocity.
Different migrated images can thus be considered as snapshots of image waves at differ-
ent instants of migration velocity. By some simple plane-wave considerations, we have
set up image-wave equations that describe the propagation of image waves as a func-
tion of the migration velocity. The Thales circles and parabolas then turn out to be the
characteristics or ray trajectories for these image-wave equations.

How to generalize the concept of image waves to inhomogeneous media remains an
unsolved problem. At first sight, the restriction to constant velocity seems intrinsic to
the concept. However, at least in media consisting of constant-velocity layers, an appli-
cation of the remigration image-wave equations seems possible using a layer-stripping
approach. Moreover and most intriguingly, even a reflector image below an inhomoge-
neous overburden formally behaves like a wavefront if the overburden is continuously
changed, even though we presently do not know how to construct an appropriate image-
wave equation that describes this propagation.

As this paper is mainly devoted to the intuitive understanding of seismic remigra-
tion, we have refrained from providing synthetic examples. Note, however, that first
applications of a finite-difference version of the time-remigration image-wave equation
to synthetic data indicate that the method is a powerful tool that can even compete with
such renowned constant-velocity migrations as that of Stolt (1978) as soon as reflector
images for more than one migration velocities are required (Jaya et al., 1996).
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Seismic methods in random and poroelastic media: review of contributions.

Our main results on seismics of random and poroelastic media are described in the
following five contributions.

Stefan Bojinski with his coauthors proposes a new method of characterizing a randomly-
heterogeneous medium (e.g., a fractured reservoir or a reservoir with randomly distrib-
uted fluid patches). He shows how to find a ties between the statistics of the wavefield
fluctuations with the statistics of the medium. He demonstrates his results using labo-
ratory measurements on fractured fiber-reinforced composites. This method can be of
interest for seismic reservoir monitoring.

Norbert Gold and Sergei Shapiro suggest an optimal way of smoothing in isotropi-
cally heterogeneous elastic media. Their smoothing procedure is optimal from the point
of view of the physics of wave propagation because it is able to provide non-shifted esti-
mations of travel times. This algorithm is of interest for ray-tracing and Green-function
building in significantly heterogeneous elastic media.

Uli Werner and Sergei Shapiro generalized the well-known O'Doherty-Anstey for-
mula for 1-D heterogeneous weakly anisotropic (VTI) media. Using this formula one can
describe the attenuation and velocity of obliquely incident qP- and qS- waves. These
solutions permit also to show that the shear-wave splitting in such media is a frequency-
dependent effect. This contribution is of interest for interpretation of the shear-wave
splitting observations.

The further generalization of the O'Doherty-Anstey formula for 1-D heterogeneous
poroelastic fluid saturated media allows to describe a mechanism of seismic-wave at-
tenuation dominant at low frequencies. This is the inter-layer flow. Sergei Shapiro and
Tobias Müller show how this attenuation depends on the permeability. They also show
the way how the permeability should be averaged to obtain an estimate, which controls
the seismic attenuation in the case of very strong permeability fluctuations. They con-
clude that the permeability, which is required for reservoir modeling differs from the
seismic-attenuation controlling one.

1email: not available
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Another way of the seismics-based permeability estimations (which we consider to be
a new technology) is based on observations of the seismic emission during a bore-hole
fluid injection. This method is proposed and described in the paper of Sergei Shapiro
with coauthors. The corresponding estimates of permeability are of the same global-flow
nature as needed for the reservoir modeling. The method can be further developed to the
case of anisotropic media. This paper is a first result of the cooperative research between
GOCAD and WIT Consortia.

Other two papers should be mentioned as closely related to the above described re-
search directions.

Andrea Weiss explored perspectives of application of the high-order statistical analy-
sis of reflected seismograms to problems of the seismic deconvolution. Her contribution
has been also included in our report.

Sergei Shapiro and Sven Treitel combined the classical z-transform formalism and the
statistical approach for 1-D heterogeneous media. They derived a deterministic variant
of the O'Doherty-Anstey approximation as well as an approximation of the reflectivity
taking into account the effect of multiple scattering. They also shown that the coda of
the generalized primaries is controlled by the fourth statistical moment of reflection co-
efficient series. This paper is now in press (Shapiro S.A., and Treitel S., 1997, Multiple
scattering of seismic waves in multi-layered structures. Physics of the Earth and Planet
Interiors; special issue: Stochastic Seismology) and it has not been included in our re-
port. However, it can be found as an enclosure to this report.
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Seismic characterization of statistical properties of
fractured composite materials

S. Bojinski, S.A. Shapiro, N. Gold, and J. Stanullo1

keywords:Fractured media, wavefield statistics, random media

ABSTRACT

A wavefield propagating in a scattering medium can be split up into coherent and inco
herent parts, whose intensity changes depending on traveldistance and frequency. Loo
ing at the statistics of the transmitted wavefield, we have found a quantity that allows t
characterize a medium and estimate its statistical parameters. Laboratory measuremen
were carried out on FRC (fibre reinforced composite) specimens serving as a model fo
heterogeneous rocks with cracks. The underlying theory (Rytov approximation) neglec
backscattering and assumes wavelengths shorter than the characteristic length of inh
mogeneities.
We introduce the parameterh�2i being a measure for the ratio of incoherent to coher-
ent wavefield intensity. Applying these concepts to real data obtained from ultrasoni
measurements, theoretical predictions for the relation betweenh�2i and frequency are
confirmed. One expects a quadratic power law, resulting in a straight line in a double-
logarithmic diagram. This suggests scattering at large-scale inhomogeneities rather tha
at small individual structures (cracks). The evaluation of P-wave data from upper crus
events shows a similar behaviour. From the calculation ofh�2i, it is possible to infer
medium properties, such as the variance and the correlation length of medium parame
ters.
As a result, we have found a significant and robust parameter extracted from a wave
field that allows a qualitative and quantitative statistical characterization of the medium
penetrated by the wave.

INTRODUCTION

Seismic signals are distorted by medium inhomogeneities due to, among other effec
scattering. This is a commonly observed fact in various seismological applications, suc
as teleseismics or, for a different frequency range, non-destructive testing. Scatterin
mechanisms are inherently dependent on the frequency of the wave, medium contra
and the size of inhomogeneities. What we desire is an inversion based on wavefie
characteristics that yields information on medium properties, i. e. the size and kind o

1email: sbojinsk@gpiwap5.physik.uni-karlsruhe.de
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scattering objects. The effect of random inhomogeneities on the phase velocity has been
studied by (Shapiro et al., 1996). A treatise on wave attenuation caused by scattering can
be found in (Shapiro and Kneib, 1993).
We present a new concept by defining a statistical parameter gained from the wavefield
that relates incoherent to coherent intensity. Based on the Rytov approximation derived
by (Ishimaru, 1978), a random acoustic medium is assumed, with parameters fluctuating
weakly and large-scale inhomogeneities compared to the wavelength.
Considering meanfield theory (Ishimaru, 1978), we then verify the significance of the
introduced statistical parameter with respect to the medium.

RANDOM MEDIA

As the media we deal with are chosen to be random, a brief introduction to the concept
and the mathematical description of random media follows.
Physical quantities that describe a medium, such as density and the Lam´e parameters�
and�, can be conceived as stationary random fields in spacef(~r). These are character-
ized by their statistical moments:

� average value:

hf(~r)i �
1Z

�1

fP1(f) df

(first moment)

� second moment:

hf1f2i �
1Z

�1

1Z
�1

f1f2P2(f1; f2) df1df2

� variance:

�2 = h(f � hfi)2i :

Pi(fi) denotes probability density of realizationfi at ~r and i the realization index.
The angular brackets denote statistical ensemble averaging.
A statistical ensemble contains a set of realizations with identical moments. If the mo-
ments of an ensemble are equal to the moments of the realizations for a given argument,
i. e. space, the medium described by the random field is called an ergodic medium.
The autocorrelation function can be written as

Bf = hf(~r + ~dr)� hfi)(f�(~r)� hfi)i
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and equals the second moment forhfi � 0.

Common autocorrelation functions that describe a random medium are the Gaussian,
the exponential and the von-Karman function. The correlation length, usually denoted
by a, follows from the choice of autocorrelation function and is proportional to the size
of inhomogeneities. It is a measure of how strongly the parameter varies in space.
A complete treatment of random process theory can be found in (S. M. Rytov and
Tatarskii, 1987).

WAVE PROPAGATION IN RANDOM MEDIA

At a point~r in a random medium, the wavefield can be described as

u(~r; t) = hu(~r; t)i+ uf(~r; t) : (1)

hui represents the coherent field (meanfield) anduf is the fluctuation ofu and called
the incoherent field. It ishuf i = 0.
We also define coherent, incoherent and total intensity as

Ic = jhuij2
If = hjuf j2i
It = Ic + If :

In the validity range of the Rytov approximation ((Ishimaru, 1978)), we consider an
acoustic wavefield with neglected backscattering. This implies constant total intensity
(It = const:).
We now introduce the fluctuation parameter� by

� � ju� huij
jhuij =

juf j
jhuij (2)

or alternatively, in terms of intensities

h�2i = If
Ic
: (3)

h�2i represents a measure for the wavefield fluctuation. It depends on frequency, as
higher frequencies are generally scattered more strongly than lower ones, and it is subject
of interest what kind of scattering mechanism we have in the medium. Of course,h�2i
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also depends on medium parameters, such as variance�2 and correlation lengtha, as will
be shown in the following.
The region whereh�2i � 1 is called the weak fluctuation region; forh�2i � 1, the in-
coherent intensity dominates and the wave propagates in a region of strong fluctuations
((Shapiro and Kneib, 1993)).
From (3), it follows forh�2i � 1

h�2i � 2�huiL (4)

with �hui being the meanfield scattering coefficient. For�hui, one obtains for har-
monic waves and by using the Born approximation ((Shapiro and Kneib, 1993))

�hui � �2ak2 : (5)

Hence, combining (4) and (5), we get

h�2i = 2�2a(
2�

c
�)2L (6)

where� denotes frequency andL traveldistance of the wave. Taking the logarithm, a
simple linear expression follows

lnh�2i = ln(2�2a(
2�

c
�o)

2L) + 2 ln(
�

�o
) (7)

which relatesh�2i and� in an easily verifiable way (�o = 1 Hz).

APPLICATION TO REAL DATA

In the field of non-destructive testing, ultrasonic measurements represent a versatile
method for the investigation of materials with respect to their elastic properties. In this
work, real data from such an experiment serve as test input for the theory. The measure-
ment is carried out on a fibre-glass reinforced composite sample (see Fig. 1) that finds
widespread use in engineering and construction applications. Fig. 2 shows a section
comparable with a seismic zero-offset section.

The experimental goal is to characterize and distinguish the sample in terms of in-
creasing degree of damage. Firstly, the measurement is carried out on the undamaged
sample with an induced mean frequency of 10 MHz.
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Figure 1: Enlarged photograph
of a fibre-reinforced composite, a
model for a rock with cracks.
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Then, a strain of 1% is applied perpendicular to the wave propagation direction. Af-
terwards, the measurement is made on the released (presumably internally damaged)
sample, and the procedure gets repeated for strains of 2% and 3% .
The externally applied strain induces cracks within the sample, as displayed in Fig. 1,
and it is reasonable to assume that the number of cracks increases with strain. Micro-
scopical examinations confirm that the crack width does not exceed the order of10�5 m,
as already suggested by Fig. 1. The mean wavelength of the signal is�� = 2:56 � 10�4 m
with c = 2:56 km/s .
A good coupling between source (ultrasonic piezo transducer) and sample is guaranteed
by putting the sample in water during the measurement. For the computation ofh�2i, we
use the transmitted signal (one-way through the sample) for data quality reasons rather
than the reflected signal shown in the lower half of Fig. 2.

RESULTS FOR THE FLUCTUATION PARAMETER h�2i

We now utilize the supplied real data sets as input for the theoretical considerations made
above. We choose the transmitted signal and computeh�2i by the governing equation (3).
Theh�2i - frequency relation is being evaluated and discussed as follows:

Fig. 3 shows the overall dependence between lnh�2i and the frequency� for ex-
periments with different strains having been applied. The frequency ranges from 0 to
16 MHz, comprising the weak fluctuation region. For higher frequencies, the wavefield
fluctuation tends to a constant at high level (saturation occurs), which is not subject of
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Figure 2: The early amplitude represents the input signal; the signal in the lower half of
the section is the reflection at the bottom of the sample.

further interest here.
Qualitatively, a clear distinction can be made between different states of the sample, de-
pending on strain. In the range of 3.5 MHz to 12 MHz, the curves display a fairly smooth
behaviour. For lower frequencies (< 3 MHz), some highh�2i amplitudes occur, but they
can be interpreted as artifacts due to the frequency content of the input signal.

Taking a closer look at the smooth part of the curves, Fig. 4 shows thelnh�2i � ln �
dependence for 1% strain. According to equation (7), one expects a linear relation, i. e. a
straight line with a slope of 2, if the assumptions made on the medium are valid. In Fig.
4, the curve, if approximated by a straight line, shows a slope very close to the predicted
value of 2. This is also the case for other strains and even for experiments with induced
mean frequencies other than 10 MHz carried out on an identical sample.
It is important to note that no�4-dependence (Rayleigh scattering) of the fluctuation is
observed.
Again recalling equation (7), quantitative interpretations about the medium are feasible,
which is an important motivation for this work. For a slope of 2 in Fig. 4 and given
((lnh�2i)o; (ln( �

�o
))o), the explicit calculation of�2a is possible.

CONCLUSIONS

We have based our proceeding on the Rytov approximation for wavefields in random me-
dia. This involves large-scale inhomogeneities (a > �) and smooth parameter variation.
If, in our example, scattering happened at individual cracks, we should observe Rayleigh
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Figure 3: lnh�2i - frequency dependence for different strains applied: 0% (solid), 1%
(large dashed), 2% (fine dashed), 3% (dotted).

scattering with a�4 dependence, as� � a. This is not confirmed by the results. On
the contrary, the Rytov approximation works remarkably well. As a consequence, scat-
tering must occur on large-scale objects. This observation gives rise to the assumption
that regions of increased crack density that are themselves fairly homogeneous and large
compared to the wavelength cause the scattering of the wave. Since the wavefield fluc-
tuation only depends on strain, other scattering mechanisms can certainly be excluded.
The size of those regions is determined by the evaluation of�2a.
Similar investigations using teleseismic data have been made by (Ritter et al., 1997) in
order to ascertain statistical inhomogeneities of the lithosphere.
To conclude, we have found a significant and robust parameter derived from the wavefield
that allows to distinguish media with different scattering properties and to characterize
media quantitatively by the computation of�2a.
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ABSTRACT

In the case of complex heterogeneous media, the application of smoothing methods is
often required for ray tracing and imaging. Often used smoothing methods are the av-
eraging of the slowness or the squared slowness. However, these methods are not able
to take into account the difference between scattering caused by fluctuations of the den-
sity and by the Lam´e parameters. So in the case of elastic media we have to derive a
new smoothing method that considers all medium parameters of the elastic medium in
the right way. In this paper we suggest to treat the geophysical problem of the optimum
smoothing (i.e., upscaling) of heterogeneous elastic media as a problem of homogeniza-
tion theory. It is possible to reduce the problem of homogenization to the problem of
calculation of the coherent wavefield (meanfield) in the low frequency limit. So after
calculating analytical expressions for the coherent wavefield in elastic isotropic random
media, we obtain a smoothing algorithm.

INTRODUCTION

In seismic processing it is often very useful to smooth acoustic or elastic media for the
later application of imaging or ray tracing methods (Grubb and Walden, 1995). Since ray
tracing methods can be successfully applied only on media with spatial fluctuations larger
than the wavelength (Cerveny et al., 1977), smoothing is necessary when the medium
contains small scale inhomogeneities. However, the main problem in smoothing elastic
media is to find a method to average the elastic parameters in a way that the difference
between the wavefield in the smoothed and original medium is minimized. Since fluctua-
tions of the Lam´e parameters and the density show different angular scattering behavior,
averaging methods using only the velocities can' t be able to average the medium in a
way that both stiffness and density fluctuations are properly taken into account. Here
we suggest to treat the geophysical problem of the optimum smoothing (i.e., upscaling)
of heterogeneous elastic media as a problem of the homogenization theory. The math-
ematical background of this theory can be found in the classical books of (Bensoussan
et al., 1978) and (Sanchez-Palencia, 1980). It can be shown that instead of solving the
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homogenization problem we can look for the coherent wavefield in the low-frequency
range. Assuming additionally that the heterogeneity is weak, a general analytical recipe
for the upscaling in the case of arbitrary isotropic structures can be obtained. In this
paper we derive the coherent wavefield in elastic random media by means of the elastic
Bourret approximation. Using the low frequency limit of this theory (see Appendix A),
we present a frequency dependent way of smoothing, where the smoothing area is small
compared with the wavelength, so that the result of the low frequency limit of the Bourret
approximation can be applied.

THE METHOD

With all the considerations in the previous sections, we arrive at the following smoothing
method for a point in an isotropic elastic random medium: at first we determine the
averaged medium parameters and their (cross-)correlation functions in a circular area
around this point. Using the grid points in this area we determine the mean values, the
variances and the covariances of the elastic parameters. Equations (A-1) - (A-4) are then
used to calculate the effective wavenumbers for this point. Using the averaged density,
we can replace the real medium parameters by the upscaled medium parameters.

NUMERICAL RESULTS

To demonstrate our smoothing method and to determine the maximum smoothing vol-
ume around a point, we made several numerical tests using a finite difference program.
For reasons of computing time, modeling was done in two dimensions and so the 2D
smoothing algorithm was used.
For all numerical simulations, we used the same background medium, with a P-wave
velocity of 4000m=s, 2300m=s S-wave velocity and2:5g=cm3 density. Upon this back-
ground we added fluctuations of several elastic parameters. Significant frequencies of the
incident wavefield were in the range from 35 Hz up to 150 Hz with a maximum in the
amplitude spectrum at the frequency of 75 Hz.

Example: Fluctuations of� and �

The following medium shows fluctuations of the Lam´e parameters� and�, but no density
fluctuations. In Figure 1, we see the medium parameters in a depth of 200 m.

Applying the 2D smoothing algorithm on the original medium, we obtained the
smoothed medium shown in Figure 2. Note the change in axis description in compar-
ison with Figure 1.
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Figure 1: Parameters of Medium 1 in a depth of 200 m. The standard deviation of the
stiffness tensor elements is 20 %, c11 and c55 (= �) are 100 % correlated.

Figure 2: Parameters of Medium 1 after smoothing using the algorithm in equations (A-3)
and (A-4). Note the significantly reduced fluctuations.

To compare the seismic records, we stacked them along the horizontal axis, resulting
in a single seismogram. In the next Figure we see the stacked seismic sections of the
original and the smoothed media.

We see a very good agreement in traveltime between the unsmoothed medium and
the medium smoothed by using equations (A-3) and (A-4).
It should be noted that in the case of this special medium, the smoothing method using
equations (A-3) and (A-4) results in a medium slightly faster than the medium we obtain
by averaging the slowness.

CONCLUSION

The analytical description of wave propagation in random media, found by the Bourret
approximation, gives us a quick and physically justified smoothing algorithm for elastic
isotropic media in the low frequency limit. In contrast to methods that average the slow-
ness or the squared slowness, our method is sensitive to the kind of medium fluctuation
(�, � or�) and, since the smoothing radius depends on the wavelength, our method is also
frequency dependent. Using synthetic data obtained by finite difference modeling, our
smoothing method showed very good results if the smoothing radius was small enough
and the medium fluctuations were isotropic. As a general rule, we expect our method to
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Figure 3: On the left we see the stacked sections of original (dashed line) and smoothed
medium (solid line). The right picture shows (from bottom to top) the stacked section for
the medium with averaged inverse squared velocity compared with the stacked section of
the unsmoothed medium (dashed line), the stacked section for inverse velocity averag-
ing, our method, velocity averaging and squared velocity averaging (this corresponds to
averaging the stiffness parameters).

yield better results than the other methods for a smoothing radius smaller than1=4 of a
wavelength.
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APPENDIX A

The following equations show the effective medium parameters in the low frequency
limit for an elastic isotropic random medium.
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In the case of 3D random media, we obtain :
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In these equations,� and� denote the wavenumbers of the homogeneous background
medium, where density and elastic parameters have their mean values.�eff and�eff are
the wavenumbers of the effective medium in the low frequency limit.
�2�� is the normalized cross variance of the Lam´e parameters� and�.

For 2D random media, the result reads :
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ABSTRACT

This paper is a first result of the cooperative research between GOCAD and WIT Con-
sortia. We develop a new technique for estimating permeability of rocks using the spatio-
temporal distribution of the borehole-fluid-injection induced seismic emission. We show
here how the technique works in the two different fractured zones in crystalline rocks:
German KTB- and French Soultz experiments.

INTRODUCTION

During hydraulic-fracturing experiments or other experiments with borehole-fluid in-
jections a micro-seismic activity can be observed. This was the case in the German
Continental-Deep-Drilling Borehole at a depth interval of9030�9100m(Engeser, 1996).
About 200m3 of KBr/KCl brine were injected approximately 40 hours. The fluid injec-
tion induced almost 400 micro earthquakes in a spatial domain extending to500� 700m
from the borehole in a lateral direction in the depth range7:5�9km (Zoback and Harjes,
1997).

Very similar situation was observed in France, in the Soultz-sous-Forets area, located
in the Rhine Graben (Alsace). This area is considered as an important laboratory for
development of low-enthalpy geothermal energy (Hot Dry Rock). Previous works have
demonstrated that the underlying granitic basement at Soultz contains a large proportion
of sub-vertical fractures favourably oriented for acceptance of artificial hydraulic circu-
lations. In September 1993, a high flowrate stimulation performed at 1850-3400m depth
in GPK1 well generated a large seismic cloud. More than 9395 seismic events have been
recorded by BRGM and CSMA (Camborn School of Mines, UK) during this period. The
center of the injection zone have been estimated at a depth of 2922 m. Most of the seis-
mic events are oriented N-S and directed mainly towards the North (by about 500m) and
upwards (by about 400m, though downward growth was also observed) (Gerard et al.,
1994)

1email: shapiro@ensg.u-nancy.fr
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In this paper we show how to use the spatio-temporal distribution of such seismic
events in order to estimate the average permeability of rocks. It is well known that the
permeability is a highly fluctuating parameter of rocks strongly influenced by the pres-
ence of cracks and other heterogeneities of the pore space. Its estimations can vary by or-
ders of magnitude even for adjacent locations. Moreover, permeability measurements are
scale dependent. Thus, the large spatial scale measurements of the reservoir permeability
(like seismicity-based estimations) cannot be replaced by laboratory measurements.

The physical background of such estimations is as follows. It is assumed that the
state of stress in the rock is close to a critical one, i.e., the crust is in a failure equilibrium.
Therefore, small perturbations of this state can lead to induced micro seismicity. An
increase of the pore pressure caused by fluid injection changes the effective normal stress
as well as the friction coefficients of the rock mass. Thus, the temporal onset of the
micro seismicity relative to the beginning of the injection is interpreted as a time delay
�t necessary for the pore-pressure diffusion to cause a sufficiently large perturbation�p
of the pressure at a given distanceL to trigger seismic events. The necessary value of�p
is a strongly fluctuating quantity and, therefore, usually the following rough estimation
is used (e.g., Ohtake, 1974; Fletcher and Sykes, 1977; Simpson et al, 1988, Talwani and
Acree, 1985 )

D � L2=�t; (1)

whereD is the hydraulic diffusivity.

In the case of time-harmonic pore-pressure perturbations, an estimation of the dif-
fusivity can be obtained directly from phase-shift information (analogous to tidal-tilt
analysis: see, e.g., M. Westerhaus, 1996). In such a case, no information about�p is
required and a well-constrained estimation ofD is possible (see also our discussion in
section 6). However, in hydraulic-fracturing experiments, the pore pressure perturbation
is not time-harmonic. Moreover, to first approximation, it is equal to a step function.

In this paper we follow the above described physical concept to estimate the perme-
ability from the injection-induced seismicity. We propose an approach to interpret the
pore-pressure diffusion which leads to a new technic of the permeability estimation.

PORE-PRESSURE DIFFUSION

We approximate the real configuration of the fluid injection by a point source of the
pore pressure in an infinite homogeneous isotropic poroelastic saturated medium. In this
case, the diffusion of the pore pressure can be considered in terms of the mechanics of
poroelastic media.

The linear dynamics of poroelastic deformations is described by the Biot (1962) equa-
tions. In the general case, these equations predict the existence of two compressional and
one shear waves in the system whereas the shear wave in the fluid is neglected. The first
compressional and the shear waves are normal seismic P- and S-waves propagating in
the medium. The second type of compressional wave is a diffusional wave for frequen-
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cies lower than the critical Biot frequency (for the media under consideration the critical
frequency is usually of the order of MHz). It corresponds to the process of pore-pressure
diffusion.

In the extremely low-frequency range, we obtain the following equation from the Biot
system:

@p

@t
= Dr2p: (2)

This is the equation of the diffusion of the pore-pressure perturbationp in the rock mass.
The hydraulic diffusivity can also be obtained from the Biot system of equations:

D = Nk=�; (3)

wherek is the permeability,� is the pore-fluid dynamic viscosity andN is a poroelastic
modulus defined as follows:N = MPd=H;� = 1 � Kd=Kg;M = (�=Kf + (� �
�)=Kg)�1;H = Pd + �2M ;Pd = Kd + 4=3�d. HereKf;d;g are bulk moduli of the
fluid, dry frame and grain material respectively;�d is the shear modulus of the frame
and� is the porosity. We ignore all non-mechanical (e.g., chemical or electro-chemical)
interactions between the solid and the fluid.

We consider the following boundary condition: an initial pore-pressure perturbation
is given as a function of timep0(t) (signature of the pore-pressure source) on a small
spherical surface of radiusa with its centre at the injection point. The injection point is
the origin of the spherical coordinate system. The solution of equation (2) satisfying this
boundary condition in the case of a time-harmonic perturbationp0(t) = p0 exp(�i!t) is:

p(r; t) = p0e
�i!ta

r
exp

�
(i� 1)(r � a)

r
!

2D

�
; (4)

where! is the angular frequency, andr is the distance from the injection point to the
point where the solution is sought. From equation (4), we note that the solution is an
exponentially attenuating spherical wave. This is the second compressional wave of the
Biot theory with an attenuation coefficient equal to

q
!=2D which is the reciprocal dif-

fusion length, and a slowness equal to1=
p
!2D which is the reciprocal velocity of the

relaxation.

Now, an estimation of the diffusivityD can be obtained using the following logic. A
realistic injection signal is close to the step function:p0(t) = 0, if t < 0, andp0(t) = 1,
if t � 0. However, triggering a seismic event at a timet0 is due to the rectangular pulse
p0(t) = 0, if t < 0; t > t0, andp0(t) = 1; if 0 � t � t0; (because the evolution
of the injection after the event triggering is not relevant to this event). The dominant
frequencies of this signal are in the range of0 to!0 = 2�=t0. Thus, if the event occurred
at the distancer0 then the relaxation times of the pore-pressure perturbation are of the
order ofr0

q
t0=(4�D) and larger. However, we expect that the first triggerings can occur

before a substantial relaxation (i.e., a relatively large change of the pore pressure) is
reached. Therefore, for the earliest events

t0 � r0
q
t0=(4�D) (5)
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From this inequality we obtain

D � r20
4�t0

: (6)

HYDRAULIC DIFFUSIVITY

Let us consider firstly the KTB experiment. During the KTB-hydraulic-fracturing exper-
iment, approximately 400 micro seismic events were induced (Harjes, 1995; Zoback and
Harjes, 1997; Buesselberg et al., 1995). There were located about 90 events with magni-
tudes larger than -1.5 where the largest event had a magnitude of 1.2. Figure 1 shows the
spatio-temporal distribution (i.e., distancer versus timet) of all located events.
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In the same Figure three curves satisfying the equation

r =
p
4�Dt (7)

are plotted for three different values of the hydraulic diffusivity:D = 0:5; 1 and2m2=s.
For a given values of the diffusivity and timet equation (7) provides distances from the
injection point to the outer boundary of the region, where a substantial pore-pressure
relaxation has been reached. Therefore, the curves shown in Figure 1 are the triggering
fronts for the given values of the diffusivity. In an arbitrary point triggering is possible
after such a front has arrived, however, it is unlikely before. Thus, if the value ofD has
been correctly selected, the distancer for the majority of earthquakes must be smaller
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than the values given by equation (7) and the corresponding curve (7) will be an upper
bound of the multitude of points in Figure 1.

We see that the estimationD = 0:5m2=s is in good agreement with the majority of
the events. It is also clear that there exist some zones which are probably fault zones with
larger values of diffusivity, close toD = 2m2=s. They lead to the occurrence of some
few earlier and more distant events (at a time of about 22h, approximately 1500m apart
from the injection point, and with magnitudes in the range -0.8 to -0.5). Of course, an
accidental generation of such events due to a remote triggering is also possible.

The next two figures show similar results for the Soultz experiment. The first Figure
shows the multitude of the events (more than 9400 events have been localised) in the
distance-time plot.

Our estimation of the hydraulic diffusivity in this case is0:04m2=s. This correspond
to the theoretical curve shown in the Figure below:

ESTIMATING THE PERMEABILITY

In order to calculate the permeability we turn to equation (3) and to the definitions of the
poroelastic moduli given below. In the case of low-porosity crystalline rocks terms of
order�2 can be neglected in comparison with terms of order1 and� (for instance, in the
situation considered here,� � 0:3). In addition, terms of order� can be neglected in
comparison with terms of order� (in our case� � 0:003). Thus, the following approxi-
mation of the poroelastic modulusN is valid for crystalline rocks with low porosity:

N =

"
�

Kf

+
�

Kg

#�1
: (8)

Note that generally the first term in the brackets of equation (8) cannot be neglected
because usuallyKf � Kg, especially in the case of partial gas saturation of the fluid.

To estimateN we must use any available data from laboratory and logs measurement.

For example, in the case of KTB experiment we used some measured and roughly
estimated data as follows. For the grain material we assume the density, the P-wave and
the S-wave velocities of an amphibolite-gneiss composite:3000kg=m3; 6500m=s; and
3800m=s, respectively. Additionally, we used the values of these quantities obtained in
situ by the log measurements:2900kg=m3; 5900m=s; and3500m=s, respectively. Fur-
ther, we assume that the in-situ-measured bulk modulus of low-porosity crystalline rocks
is a good approximation ofKd. For the fluid we assume properties of the water. Using for
the porosity and the fluid bulk modulus the estimations� = 0:003 andKf = 2:3�109Pa,
we obtainKg = 7:0 � 1010Pa; Kd = 5:0 � 1010Pa. Thus, we arrive at the following
value:N � 2� 1013Pa.

Assuming the value� = 10�3Pa� s we obtain the following estimation:k = 0:25�
10�16 to 1:0� 10�16m2. These values are in excellent agreement with the upper limits of
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the former permeability estimations from the hydraulic experiments at the KTB (Huenges
et al, 1997).

Interesting, that the estimate of the permeability for the Soultz case is also close to
1:0� 10�16m2 and it also coincides with independent hydraulic measurements.

CONCLUSIONS

We have developed a technique for permeability estimation using the seismic emission
induced by a borehole-fluid injection. The values we have obtained for KTB and Soultz
experiments are in very good agreement with the previous permeability estimations from
hydraulic observations. Moreover, our approach can provide directly the mean perme-
ability tensor of reservoirs. Our approach indirectly supports the hypothesis that the state
of stress in the crust is close to a critical one, i.e., the crust is in a failure equilibrium.
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ABSTRACT

In homogeneous poroelastic systems with physical parameters realistic for usual hydro-
carbon reservoirs the permeability tensor practically does not influence propagating seis-
mic waves in the low frequency range (0-1000Hz). Geological structures are, however,
heterogeneous. In this paper using recent generalization of the O'Doherty-Anstey for-
malism to poroelastic media (Biot's model) we show that in heterogeneous systems the
transport properties of rocks, as well as their symmetry, significantly affect seismic wave-
fields. Moreover, seismic signatures of the transport properties are essentially different
in periodically heterogeneous media and in media with disorder.

INTRODUCTION

It is known that in homogeneous poroelastic systems the permeability tensor practically
does not influence propagating seismic waves in the low frequency range (0-1000Hz; see,
e.g., Gelinsky and Shapiro, 1996). In this paper we show that this situation changes in
heterogeneous systems, like, e.g., layered or fractured sediments.

Our consideration is based on the recent studies of wave propagation in thinly lay-
ered poroelastic saturated or partially saturated sediments (Gelinsky and Shapiro, 1997,
Gurevich and Lopatnikov, 1995 and Norris, 1993; these papers, in turn, are based on the
Biot's theory).

In such structures two effects are of importance for the seismic attenuation and ve-
locity dispersion in the frequency range mentioned above. The first one is the inter-layer
(or local) flow, which is a small-spatial-scale fluid motion at interfaces in structures. This
effect is due to generation of dissipative slow waves during scattering of seismic waves
on the interfaces. It can also be understood as the process of diffusion (i.e., pressure re-
laxation) on the scale of heterogeneities. The second important effect is the (poro)elastic
scattering of seismic waves, which is usual for heterogeneous elastic media.

1email: tmueller@gpiwap2.physik.uni-karlsruhe.de
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ATTENUATION OF P-WAVES

Let us consider the normal P-wave vertically propagating in a randomly-layered saturated
(or partially saturated) structure. For simplicity we assume that the statistics of hetero-
geneities is stationary and the standard deviations of physical parameters are small (of
the order of 30 per cent). We also neglect the effects of density fluctuations, which are
usually small. Finally, we restrict our consideration to the case of isotropic layers.

For such media we obtain the following formula for the reciprocal quality factorQ�1:

Q�1 =
�2N�1

4H
Fflow(xflow) +

N2�2

4M2
Fscat(xscat); (1)

where� = 1 � Kd=Kg;M = (�=Kf + (� � �)=Kg)�1;N = MPd=H;H = Pd +
�2M ;Pd = Kd + 4=3�d; Kf;d;g are bulk moduli of the fluid, dry frame and grain mate-
rial respectively;�d is the shear modulus of the frame and� is the porosity. In contrast
to these statistically averaged poroelastic parameters the quantities�1;2 are measures of
heterogeneity of the medium. They are two different linear combinations of the normal-
ized variances and covariances of the poroelastic parameters. To describe the fluctuations
of the poroelastic parameters we need also their correlation functions. For simplicity we
assume that all correlation functions are equal to a single function�(�),where� = �z=a
anda is the characteristical size of the heterogeneities.

It is important to note that all parameters composing inQ�1 the factors before the
functionsF do not contain any dynamic information. Accordingly, they do not contain
any information on the permeability. However, these parameters define the magnitude of
the attenuation.

The dynamic dependence of the attenuation is contained in the quantitiesFflow(x)

andFscat(x). Their arguments depend on frequency as follows:xflow =
q
!a2r=2N ;

xscat = !a=c0, wherec0 is the low-frequency limit of the P-wave velocity,� is the
density of the saturated rock andr = �=k is the hydraulic resistivity. Herek denotes the
permeability and� stands for the dynamic viscosity of the fluid.

The second term in equation (1) describes the usual elastic scattering. It is important
in the seismic-frequency range and was analyzed in the literature (see e.g., Shapiro and
Hubral, 1996). In the following analysis we concentrate us mainly on the contribution of
the inter-layer flow.

FREQUENCY DEPENDENCE

The frequency dependence of the attenuation is fully defined by the functionsFflow(x)
andFscat(x), which are forms of Fourier transforms of the correlation function�(�).
Therefore, the frequency dependence is controlled by the correlation properties of the
medium heterogeneities (i.e., by the disorder of rock structures).
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Let us firstly consider a periodic structure (e.g., no disorder). Using symmetry prop-
erties of a periodic correlation function and considering the limitxflow �! 0 we obtain
thatQ�1 is proportional to frequency. The high-frequency limit of the functionFflow
depends on individual properties of the function�.

Let us now consider the general case of randomly heterogeneous media (i.e., media
with disorder). In this case the correlation between any two points must decrease with
increasing distance between them. Considering now the limitxflow �! 0 we immedi-
ately obtain: theQ�1-contribution of the inter-layer flow is proportional to!1=2 as well
as such a contribution of the elastic scattering is proportional to!. This frequency depen-
dence is an analogon of the Rayleigh-scattering frequency dependence and it is universal
for all poroelastic media with disorder. Moreover, the low-frequency range attenuation
coefficient is proportional tok�1=2.

It is interesting to note that there is no universal behavior in the case ofxflow � 1,
where the frequency dependence of the inter-layer-flow attenuation depends on statistics
of the heterogeneities. Let us consider a possibly general case of fractal-like hetero-
geneities which are characterized by the von Karman correlation function. We obtain in
the high-frequency limit (xflow;scat �!1)

Q�1
flow / !�� ; Q�1

scat / !�2�, where� is related to the fractal dimension (e.g., for
exponential media� = 1=2). The functionsFflow(x) andFscat(x) are universal positive
functions with magnitudes of the orderO(1), i.e., the magnitudes are independent on the
values of the argumentsx = xflow andx = xscat. These functions reach their maxima
at x = O(1). Therefore, the permeability controls the location of the maximum of the
inter-layer-flow part in the frequency range. This maximum is reached at frequencies of
the orderO(2Nk=a2�). In realistic situations, ifa is in the range of10�2 � 10m the
inter-layer-flow attenuation will be significant at least in a part of the seismic frequency
range.

HETEROGENEOUS PERMEABILITY

Until now we have considered situations with no fluctuations of the permeability. In re-
ality, however, the permeability is a strongly fluctuating quantity. Therefore, the perme-
ability must enter into equation (1) in a somehow averaged form. Here we immediately
face the following problem: It is well known that in the static limit the permeability of
1-D heterogeneous media in the direction normal to the layering is given by the averaging
h1=ki.

A simple numerical study shows, however, that the estimationhki much better sat-
isfies the attenuation observed (see Figure 1). This is explained by the following: The
inter-layer flow is a local flow effect, where the fluid motion takes place not through the
total system but around different heterogeneities in regions of the scale of the slow-wave
wavelength. These regions provide different contributions to the dissipation of the elastic
energy. The contributions are controlled by local values of the permeability. The prop-
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agating P-wave averages then all different contributions. Therefore, the following rule
should be applied:�ef =

R1
0 �(k)f(k)dk; where�ef is the resulting attenuation coef-

ficient, �(k) is the attenuation coefficient for the medium with a constantk andf(k)
is the probability density ofk. Thus, for normally distributedk the estimationhki is
satisfactory.

Therefore, even in media with huge fluctuations of the permeability the results de-
scribed here are applicable and the seismic signatures of the transport properties can be
observed.
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Figure 1: Inverse quality factor of the P-wave versus frequency in a randomly layered
porous water-saturated (with a fluctuating gas concentration) medium. Line 1 shows
results of numerical simulations (global matrix method for Biot equations; see Schmidt
and Tango, 1986). Line 2 shows results of equation (1). The medium is characterized
by the following average parameters:c = 3600m=s; � = 2:4g=cm3; � = 0:15. The
fluctuations are exponentially correlated witha = 1m and�Kf = 0:2; �P = 0:3; �� =
0:05. The permeability was normally distributed with the standard deviation of120 per
cent. Thus, the layer permeabilities range from1�D up to 1D. For computation of
the theoretical curve the harmonic averaged value of the permeabilityk = 7�D (i.e.,
hydraulic permeability) was used. Line 3 shows results of the suggested averaging rule.
Normal averaging yields an average permeabilityk = 300mD (this corresponds to a Biot
critical frequency offc = 81kHz ), which after substitution into equation (1) provides
line 4.
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CONCLUSION

We have shown that in heterogeneous systems the transport properties of rocks signifi-
cantly affect seismic wavefields. Moreover, seismic signatures of the transport properties
are essentially different in periodically heterogeneous media and in media with disor-
der. The frequency dependence of the P-wave attenuation coefficient is sensitive to the
permeability. This can be observed in the low-frequency (0-1000 Hz) range.
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INTRODUCTION

Commonly, signal processing uses second order statistics, i.e., the autocorrelation or
its Fourier Transform, the power spectrum. Additional information contained in higher
order statistics (spectra) is lost. How can the variety of useful properties of higher order
statistics be used in reflection seismics? Some suggestions were presented in (Weiss and
Treitel, 1996) and shortly summarized below.

Firstly, higher order statistics provide phase information. Thus, the standardminimum-
phaseassumption can be dropped for deconvolution. Secondly, higher statistics are blind
to white and colored Gaussian noise. Thirdly, autocorrelation methods can be generalized
to higher order correlation methods. Therefore, deconvolution methods based on the con-
cept of higher order cumulants have been developed (see, e.g., (Mendel, 1991),(Lazaer,
1993),(Velis and Ulrych, 1995) and (Cadzow, 1996)).

Investigations in the time domain proved to be of more value than those in the fre-
quency domain which requires complicated phase unwrapping. Statistical measures in
the time domain are cumulants, which are higher order correlation functions of a time
series. Exploiting the third order cumulant of seismic traces proved to be not possible. It
has been found that the fourth order cumulant clearly contain information that can be ex-
ploited. Restricting analysis to the fourth order cumulant of seismic traces is reasonable
because of the rapidly growing variance of the estimate of then-th order cumulant with
increasing ordern.

In (Weiss, 1996) it is studied in detail how well time series analysis with the fourth
order cumulant can perform for seismic traces. For this analysis, the convolutional model
(see (Robinson and Treitel, 1980)) and the stationarity assumption have been employed.
The basic idea is to model the seismogram as an Auto-Regressive Moving-Average
(ARMA) process ( (Robinson and Treitel, 1980)). Fourth order statistics is capable of
providing both ARMA filter order as well as the numerical values of the ARMA filter
coefficients. Thus, supplementary information for deconvolution is provided. Figures
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1 - 4 demonstrate the performance of fourth order cumulant methods in multiple sup-
pression and wavelet retrieval for a synthetic example. Investigations show that the use
of fourth order cumulant methods gives promising results for synthetic data. The fourth
order cumulants of reflection time series might well turn out useful for processing.

Figure 1: Synthetic data with strong multiples.
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Figure 2: a) A selected slice of its fourth order cumulant. b) A selected slice of its fourth
order cumulant.
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Figure 3: Residual time series (result of multiple suppression via fourth order cumulant
methods).
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Figure 4: a) True primary series for comparison. b) True (green) and from fourth order
cumulant estimated (red) wavelet.
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ABSTRACT

Seismic wave propagation in 1-D randomly layered media is characterized by frequency-
dependent anisotropy due to multiple scattering at 1-D inhomogeneities. An analytical
description of the transmissivity and reflectivity in such media is given by the gener-
alized O'Doherty-Anstey formulas, which are valid in the entire frequency domain and
also for oblique incidence. They can be regarded as a combination and generalization
of the Backus averaging ((Backus, 1962)), which is valid in the static limit only, and
the theory of (O'Doherty and Anstey, 1971), which applies for all frequencies, yet for
vertical incidence only. The transmission of obliquely incident plane waves propagating
through at thick 1-D randomly layered stack embedded between two identical homoge-
neous halfspaces is studied. However, unlike in previous works, the restriction to the
individual layers being isotropic is now being dropped, and intrinsic transverse isotropy
is taken into consideration. Thus, two different kinds of anisotropy must be combined:
[A] frequency-dependent anisotropy due to thin layering and [B] frequency-independent
intrinsic anisotropy. To compare the significance of both effects for the transmissivity of
seismic waves is a subject of the investigations. Analytical results are presented for dif-
ferent degrees of intrinsic anisotropy superimposing the effect of small-scale fluctuations
of the medium parameters on wave propagation. The emphasis is thereby laid on the
frequency-dependent shear-wave splitting.

INTRODUCTION

Multiple scattering at small-scale 1-D inhomogeneities causes an exponential attenua-
tion of seismic waves, which strongly depends on the frequency and the angle of inci-
dence and influences velocity dispersion and shearwave splitting. (Shapiro and Hubral,
1996) and (Shapiro et al., 1994) provided an analytical description of theqP , qSV , and
SH-waves propagating in randomly multilayered media. Their so-called ' generalized
O' Doherty-Anstey formulas' can be used for both deterministically and statistically spec-
ified stratifications. Their method not only holds for the entire frequency range, but also
for oblique incidence. However, a restriction is the assumption that the fluctuations of

1email: uwerner@gpirs2.physik.uni-karlsruhe.de
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the medium parameters are small compared to their average values. In the generalized
O' Doherty-Anstey theory, the individual layers are assumed isotropic. The observed
frequency-dependent anisotropic behaviour of the transmissivity in such media is exclu-
sively caused by wavefield scattering due to thin multilayering. In this work, however,
intrinsic anisotropy of the individual layers is also taken into account. We show that,
unlike the anisotropy caused by multilayering, the intrinsic anisotropy does not depend
on the frequency of the transmitted wave.

THE MODEL

In the case of transversely isotropic multilayering five elastic parameters are necessary
to describe the elastic wavefield completely. In addition to the homogeneousP - and
S-wave velocities�0 and�0 we use three ' anisotropy parameters'�; �; and�. Two of
them,� and�, are identical with the well-known Thomsen parameters" and ((Thom-
sen, 1993)), respectively, and the third one,�, has been designed for reasons of simplicity.
If we consider a horizontally stratified medium with thez-axis being the symmetry axis
(VTI-medium),� and� describe the deviations of theqP=qSV -wave behaviour from the
isotropic case as well as wave conversion effects, whereas� is a measure for the differ-
ence between the verticalS-wave velocity�0 and the horizontal velocity of theSH-wave.
Our model consists of a thick 1-D inhomogeneous, elastic medium (e.g. a randomly
multilayered stack) embedded between two identical homogeneous halfspaces character-
izing a homogeneous, transversely isotropic reference medium with vertical symmetry
axis. The actual parameters in the 1-D inhomogeneous medium may vary inz-direction
in a random manner. However, the restriction applies that the parameter fluctuations and
the anisotropy parameters must be small. All parameters are constant in the horizontal
(x-y-) plane at any givenz. They-axis is normal to the incidence plane. From the up-
permost halfspace a plane S-wave enters the inhomogeneous medium and is split into
two shear-wave phases, theqSV -wave being polarized in the incidence plane, and the
SH-wave perpendicular to it along they-axis. Our aim is to evolve analytical formulas
for the angle- and frequency-dependent shear-wave splitting in such media.

THEORY

In the following, the procedure that leads us to the analytical formulas for the time-
harmonic transmissivities, from which the phase velocities and attenuation coefficients
can be extracted, is briefly summarized. The strategy of solution is described in detail in
(Shapiro and Hubral, 1996). Since there is no interaction between theqP=qSV -wavefield
and theSH-wavefield, they can be studied separately. However, for both the same strat-
egy can be applied: In the 1-D inhomogeneous medium the wavefield can be described
by a vector~f (z)exp [ i! (px�t )] that satisfies the following first-order differential matrix
equation:

@

@z
~f (z) = QTI(z)~f(z) : (1)
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QTI(z) is a matrix that carries all information about the physical properties of the 1-D
inhomogeneous medium. It contains the depth-dependent velocities�(z); �(z), density
%(z), and anisotropy parameters�(z); �(z); �(z). In the inhomogeneous region these pa-
rameters can be separated into averaged parts, e.g.�0 = h�true(z)i and appropriate fluc-
tuating parts, e.g."�(z) in the following manner:�true(z) = �0(1 + "�(z)) : This proce-
dure can be applied for all medium parameters. The constant quantities,�0; �0; �0; �0; �0
and%0 , characterize a homogeneous reference medium obtained by averaging the depth-
dependent medium parameters. Their fluctuating parts,"�(z); ::: are a measure for the
deviation of the ' real' medium from the averaged reference medium at any given depth
z. Due to their definitions the mean value of these medium fluctuations is zero. As a
consequence of the separation of the physical medium parameters into a homogeneous
and a fluctuating part, eq. (1) can be rewritten in a new form:

@

@z
~f (z) = QTI

0
~f(z) +QTI

� (z) ~f(z) (2)

QTI
0 is made up of the constant averaged quantities. It is, therefore, independent of

z and represents the homogeneous transversely isotropic reference medium. The fluc-
tuation matricesQTI

� (z) consist of known combinations of terms with fluctuations of
first-order and higher-order powers. By analogy with (Shapiro and Hubral, 1996), the
time-harmonic transmissivity, which describes the response in the lowermost halfspace
to a plane wave incident in the upper halfspace, can be expressed as follows:

TSV;SH = exp(i( SV;SH(p; !)L + !px � !t)� SV;SH(p; !)L) : (3)

! is the angular frequency,p the horizontal slowness, andL the thickness of the inhomo-
geneous part of the medium along the symmetry(z)-axis. SV;SH , the so-called 'vertical
phase increment' , denotes the real part of the vertical component of the wave vector, and
SV;SH is the attenuation coefficient. The results for the vertical phase increments read:

 SV;SH = �SV;SH + ! ASV;SH + !2
Z 1

0
d� B0

SV;SH(�; �SV;SH ) ; (4)

The quantities�SV;SH , which are proportional to!, are the eigenvalues of the corre-
sponding matricesQTI

0 ; they represent the contribution of the intrinsic anisotropy of
the background.ASV;SH contain variances and crossvariances of the medium fluctua-
tions, describing the low-frequency Backus correction due to thin layering. And finally,
B0
SV;SH are made up of known combinations of the auto- and crosscorrelation functions of

the medium fluctuations; the integral expressions characterize the frequency-dependent
effect due to thin layering. The phase velocitiesVSV;SH(p; !) can be obtained from the
vertical phase increments by:

VSV;SH(�; !) =
1s

p2 +
 2
SV;SH(p; !)

!2

: (5)
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RESULTS AND CONCLUSIONS

Results are illustrated for the frequency-dependent shear-wave splitting at different an-
gles of incidence for media with small and large intrinsic anisotropy. The shear-wave
splitting is defined by:S(!; p) = (VSV (!; p)� VSH (!; p))=�0 : We consider a medium
with an exponential correlation function. The parameters are given in the caption. The
shear-wave splitting is illustrated for media without (Fig.1a) and with (Fig.1b) intrin-
sic anisotropy. A comparison of both cases shows that in the presence of intrinsic
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Figure 1: Frequency-dependent shear-wave splitting for� = 10o; 20o; 30o;�0 =
4000m=s; �0 = 2325m=s; %0 = 2500kg=m3; l = 5m;��;�;% = 0:1; left picture: no
intrinsic anisotropy, right picture: strong intrinsic anisotropy (�0 = �0 = �0 = 0:1)

anisotropy shear-wave splitting occurs even for high frequencies, whereas without in-
trinsic anisotropy it tends to zero in the high-frequency limit regardless of the incidence
angle. The frequency-dependence is thereby not changed. From this we can conclude that
the contribution of the intrinsic anisotropy is a shift of the shear-wave splitting to larger
values by an amount that is determined by the magnitude of the intrinsic anisotropy. This
shift depends only on the frequency if the intrinsic anisotropy is subject to fluctuations
and becomes larger with increasing angle of incidence.
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Modeling: Asymptotic Methods

Dirk Gajewski1

N. Ettrich developed a 2D finite-difference eikonal solver for elliptically anisotropic
media. It is an extension of a similar method for isotropic media. A perturbation scheme
is introduced to consider arbitrary symmetry systems. The method is orders of magnitude
faster than two-point ray tracing.

N. Ettrich developed a 2D hybrid method for the computation of multi-valued travel-
time maps. The method combines finite difference (FD–) eikonal solvers with wavefront
construction (WFC) and, therefore, takes advantage of both the efficiency of FD–methods
and the ability of ray methods to compute later, higher energetic arrivals. The applica-
bility of the hybrid method to complex, weakly smoothed models is demonstrated.

J. Falk and E. Tessmer show the application of adapted grid spacing methods within
finite-difference wave modeling algorithms to the computation of synthetic VSP and sin-
gle well monitoring seismograms. Adapted grid spacing is required to consider different
scales of the order of several magnitudes between seismic wavelength and the borehole
size. Furthermore they show the results of investigations on the accurate staggered grid
representation of fluid-solid interfaces.

O. Koslowski and N. Ettrich investigate methods for computing traveltimes in de-
pendence on frequency. A method of velocity smoothing perpendicular to the actual
wavefront turns out to be appropiate to describe effects of dispersion in complex models
correctly.

A. Leidenfrost and D. Gajewski investigate the applicability of a FD eikonal solver
to 3D problems. The properties they focus on are accuracy, memory consumption and
computational time. Application to a gradient and a two-layers model shows high speed
and good accuracy when compared to the graph method.
1email: gajewski@dkrz.de
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Finite-difference traveltime computations for anisotropic
media

N. Ettrich1

keywords:traveltimes, anisotropy, perturbation

ABSTRACT

A 2D finite-difference eikonal solver for elliptically anisotropic media is developed. It
based on a second-order approximation of traveltimes; points are successively timed
expanding squares around the source. Since elliptical anisotropy is of limited significan
for real subsurfaces a perturbation scheme of first order is introduced to consider,
principle, arbitrary symmetry systems. Using reference media with elliptical anisotrop
improves accuracy of this FD-perturbation method compared to usage of isotropic ref
ence media.

INTRODUCTION

Several finite-difference (FD) methods for computing traveltimes to a large number
points of a discretized subsurface isotropic model have been developed, e.g. (Vid
1988), and some extensions to anisotropic media also exist, e.g. (Dellinger, 1991; Lec
1993). The latter are either restricted to transversely isotropic media or involve the
stable process of solving a higher order polynomial numerically. We consider a differ
approach for anisotropic media. Since anisotropy in the earth is usually weak (< 10%)
we compute traveltimes in slightly anisotropic media by perturbation. A highly efficien
method using reference isotropic models where the perturbation integrals are introdu
into the FD-eikonal solver by (Vidale, 1988) was implemented by (Ettrich and Gajews
1996). We now improve accuracy by extending Vidale's eikonal solver and the F
perturbation method to reference media with elliptical anisotropy.

REFERENCE MODELS OF ELLIPTICAL ANISOTROPY

P-wave slowness surfaces are elliptically shaped, if elastic parameters of transver
isotropic media follow the relation(a1111�a2323)(a3333�a2323) = (a1133+a2323)2. Then
the slowness surface (in 2D) reads

Ap2x + Cpxpz +Bp2z = 1: (1)

1email: ettrich@dkrz.de
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px; pz denote components of the slowness vector, andA, B, andC are functions of verti-
cal and horizontal phase velocity of the considered wave type and of the orientation of the
crystal coordinate system. The procedure for the derivation of the reference traveltimet3

l
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P P

P P
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2 3

intµ

ray
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z

/h

Figure 1: Grid cell with known traveltimes atP0, P1 andP2. A locally plane wavefront
is assumed to propagate through the cell to computet3 atP3.

atP3 (see Figure 1) is analogous to the isotropic case (Vidale, 1988). In equation (1) the
slowness vector is approximated by centered finite differences, and we obtain

t3 = t0 +
(B �A)(t1 � t2)�

q
4h2(A+B + C)� (t1 � t2)2(4AB � C2)

A+ C +B
; (2)

wheret0,t1, andt2 are traveltimes atP0, P1, andP2, respectively. As in (Vidale, 1988) the
computational scheme follows squares expanding around the source. Causality requires
that traveltimes at those points of the current square are computed first where the compo-
nent of the group velocity vector which is tangent to the actual side of the square changes
its sign. In isotropic media this is equivalent to consider the phase velocity vector by
choosing the minimum traveltime point, however, for elliptical anisotropy this requires
to compute the angle�G of the group velocity vector:

�G = arctan
�
C + 2A tan�Ph

C tan�Ph + 2B

�
; (3)

where�Ph is the angle of the slowness vector, which is known by differences of travel-
times.

An application of the method is demonstrated in Figure 2. For stability and for re-
duction of staircase artifacts due to dipping interfaces a slight smoothing was necessary.

Considering any other anisotropic medium, to first-order the traveltimet between
pointsS andP is obtained by adding an integral expression to the traveltimetellip(P; S)
in the elliptical reference medium:

t(P; S) = tellip(P; S) � 1

2

Z
ray(P;S)

�aijklgjgkpipldt: (4)
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Figure 2: Wavefronts in an elliptically anisotropic model. Dashed lines display interfaces
before smoothing. Phase velocities of the model blocks are displayed by ellipses. Size
and rotation of ellipses reflect velocity ratios.

All quantities of the integrand, i.e., slowness vectorpi, polarization vectorgi and dif-
ferences of elastic coefficients�aijkl between the given anisotropic and the elliptically
anisotropic reference medium have to be computed along the ray in the reference medium.
The raypath in the background medium is approximated by ray segments corresponding
to the plane waves in each cell (see Figure 1) (Ettrich and Gajewski, 1996).
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Figure 3: Left figure: Exact wavefronts (solid) in a homogeneous model of transversely
isotropic Taylor sandstone and wavefronts (dashed) in the isotropic reference medium.
Right figure: Exact (solid) and FD-perturbation wavefronts (dashed) with an underlying
gray scale image of relative errors. Black color corresponds to a maximum error of
0:76%.

To demonstrate the advantage of reference media of elliptical anisotropy we show
results for a homogeneous model of Taylor sandstone (Thomsen, 1993) with Thomsen
parameters� = 0:11 and� = �0:035. Accuracy is considerably higher in Figure 4 for
an elliptically anisotropic reference medium than in Figure 3 for an isotropic reference
medium.
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Figure 4: Same as Figure 3 but with elliptically anisotropic reference medium. Black
color corresponds to a maximum error of0:2%.

CONCLUSION

The extension of Vidale's FD-eikonal solver to media with elliptical anisotropy turns out
to be stable in weakly smoothed models. Application of perturbation techniques allows
to consider arbitrary symmetry systems. However, the method must first be extended to
3D. Isotropic or elliptically anisotropic reference media can be used depending on the
higher importance of either speed or accuracy of the computation.
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ABSTRACT

A 2D hybrid method for the computation of multi–valued traveltime maps is presented.
It combines finite difference (FD–) eikonal solvers with wavefront construction (WFC),
thus, taking advantage of both the efficiency of FD–methods and the ability of ray meth-
ods to compute later, higher energetic arrivals. Basic idea of the hybrid method is the
fast FD–computation of all first arrivals, the automatic detection and bounding of regions
where later arrivals occur, and the final application of WFC, or, alternatively, again a
FD–eikonal solver, restricted to the bounded regions. The applicability of the hybrid
method to complex, weakly smoothed models is demonstrated. Depending on the num-
ber and the extensions of wavefront foldings, its computational speed varies between the
computational speed of the applied FD–eikonal solver and of WFC. Therefore, the hybrid
method provides an important tool for pre-stack Kirchhoff migration.

INTRODUCTION

FD–solutions of the eikonal equation are widely used for a fast computation of travel-
times, e.g. for a pre–stack Kirchhoff migration. However, it is well known that these
methods are restricted to first arrival traveltimes. This is a severe drawback for the mi-
gration of complex models where later arrival traveltimes should be taken into account
because they usually carry higher energy. Kinematic ray tracing (KRT) has to be per-
formed in this situation. KRT has found an efficient implementation by the method of
wavefront construction (WFC) which was first developed by (Vinje et al., 1993). A fur-
ther reference for modification, extension and application of WFC is, e.g., (Ettrich and
Gajewski, 1996).

We propose a new hybrid method (Ettrich and Gajewski, 1997) using Vidale's FD–
eikonal solver (Vidale, 1988) and WFC, thus, combining the computational speed of
Vidale–method with the ability of WFC to compute later arrivals.

1email: ettrich@dkrz.de
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IMPLEMENTATION OF THE HYBRID METHOD

The method is described using a test model of a discontinuous velocity gradientv(z) =
a + b(z � zi) with a = 2:0 km=s, b = 1=s andzi = 0 km for 0 km � z < 1km and
a = 3:0 km=s, b = 3=s andzi = 1 km for 1 km � z � 2 km. Complete multivalued
wavefronts for this model are displayed in Fig. 1a. The hybrid method consists of three
steps:

Step 1: Vidale's FD–eikonal solver is used to compute first arrival traveltimes repre-
sented by first arrival wavefronts in Fig. 1b. Points with discontinuous traveltime
gradient indicate regions where slower parts of the wavefronts are cut–off (arrows
in Fig. 1b). These points can be detected since the slowness vector changes rapidly
here.

Step 2: All points of discontinuous traveltime gradient in Fig. 1b are due to the same
triplication. The discontinuity point which is closest to the source, i. e. where the
wavefront starts triplicating, is chosen to define the rays belonging to the neglected
slower wavefront branches. Therefore, the method of steepest descent is used to
compute rays backwards through the traveltime grid to the source. These rays start
at pointsA1 andA2 (see Fig. 1c) which enclose the first discontinuity point. The
take–off angles at the source for both rays are then determined. They have to be
known with high accuracy. Therefore, one or two steps of 2–point ray tracing from
the source to pointsA1 andA2 follow to adjust the previously determined rays and
their take–off angles accurately.

Step 3: Take–off angles for the rays reaching pointsAi arei, i = 1; 2. Both rays com-
puted in Step 2 belong to different branches of the wavefronts which are separated
by the neglected slower parts of the triplications. Now it is obvious that the slower
wavefront branches consist of rays emitted within an angle interval� = 2 � 1
at the source. Finally, WFC is performed for rays within this angle interval (Fig.
1c), resulting in the missing slower parts of the wavefronts.

Advantage of this algorithm is that WFC is used only to compute the later events
which can not be treated with the eikonal solver. WFC is not applied to first arrival
events, a task which is by far more efficiently done with Vidale's method, resulting in
a hybrid method with considerable speed–up of computational time compared to pure
WFC.

APPLICATION

Fig. 3 shows an application to a weakly smoothed version of the Marmousi model (Fig.
2). Vidale's method is used first to compute first arrival traveltimes. A point of disconti-
nuity is detected and the region of the neglected propagating reverse branch is bounded.
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Figure 1: Complete multivalued wavefronts (a) for the test model with discontinuous ve-
locity gradient. b)–d)Three steps of the hybrid method: First arrival wavefronts (b), rays
bounding the region (c) within WFC is performed to compute later arrivals(d). Compare
wavefront parts in d) with solid wavefront branches in a).

Here, instead of applying WFC in the third step of the hybrid method, we use the method
by (Podvin and Lecomte, 1991), i.e., a FD-eikonal solver which is more flexible than
Vidale's method.
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Figure 2: Weakly smoothed Marmousi–model.

CONCLUSION

The advantage of the hybrid method is the computation of all first arrival traveltimes
with a FD–eikonal solver which is, at least in smooth media, faster than WFC. In this
work, we use Vidale's method which is one of the fastest traveltime tools available, but
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Figure 3: First arrival wavefronts (solid lines) in model of Fig. 2 computed by Vidale's
FD–eikonal solver in Step 1 of the hybrid method; wavefronts of the bounded reverse
branch computed by the method by (Podvin and Lecomte, 1991) in Step 3 (dashed lines).

also other FD–eikonal solvers could be used. WFC, or alternatively, again a FD–eikonal
solver is applied in Step 3 of the hybrid method in regions where it is necessary owing to
the occurance of later arrivals. The additional expense for the determination of boundary
rays is small. The computational advantage of the hybrid method depends extremely on
both the model and the source position. If there are lots of triplications making com-
putations of Step 3 necessary the hybrid method is hardly faster than pure WFC. If, in
contrast, wavefronts remain single–valued, only Vidale's method has to be applied which
is much faster than WFC. Therefore, the main advantage of the hybrid method is (without
user's intervention) the automatic determination of regions of wavefront folding where
the important higher energetic later arrivals have to be computed in Step 3.
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ABSTRACT

A finite-difference seismic modeling method based on non-equidistantly spaced grids is
presented. The modeling has been applied for the computation of synthetic borehole
seismic data of a walk-away VSP configuration at a saltdome. The algorithm uses a
staggered grid representation of the structure. This leads to difficulties in the represen-
tation of fluid-solid interfaces. Parameter smoothing operations must be considered for
such models.

INTRODUCTION

Low frequency borehole seismics become more and more interesting for high resolution
data of hydro-carbons reservoirs. The technical development of modern borehole tools
like borehole based seismic sources requires the numerical verification of wave prop-
agation phenomena in complex borehole environments. The numerical modeling must
consider complex subsurface structure and rheology as well as the tools in the borehole.
The applicability of numerical methods for studying seismic wave propagation is always
limited by the complexity of the subsurface structure. Generally full wavefield solu-
tions by grid methods (e.g., pseudo spectral, finite-differences) can handle more complex
structures than ray-based or analytical solutions. This advantage shell be used to incor-
porate borehole related effects to the modeling results. In the case of low frequency
borehole seismics, grid methods based on equidistantly spaced grids encounter the prob-
lem of dealing with different scales of the order of several magnitudes between seismic
wavelength (e.g.,� = 10 m) and borehole size (e.g., R= 10 cm). Grid spacing is ad-
justed to the wavelength which does not allow the definition of small scale structures in
the numerical mesh. (Falk and Tessmer, 1996) suggested a grid refinement technique to
overcome these difficulties. The technique bridges the gap between different lengths of
scale and allows the representation of fluid filled boreholes, casing or logging tools in the
model. This enables a realistic simulation of borehole seismics for any frequency range
and any complexity of the subsurface structure. Furthermore we incorporated relaxation
mechanisms by the application of memory variables to model intrinsic wave attenuation.
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A second topic within this paper deals with the accurate representation of fluid-solid in-
terfaces (e.g., boreholes) on staggered grids. Boundary conditions for internal interfaces
are normally regarded to be solved in an implicit way just by the distribution of the ma-
terial properties (Lam´e constants and densities). This implicit condition is not satisfied
for fluid-solid interfaces defined on staggered grids. Furthermore one can observe depen-
dencies between the orientation of the interface in relation to the staggering-direction of
the material parameters and stress components within a grid cell. Conventional smooth-
ing by slowness averaging is a more or less practical approximation. However if the
shear modulus in the fluid is zero averaging must be applied very carefully. This works
accurately only if the interface is aligned with the grid.

EXAMPLE: SINGLE WELL MONITORING (SWM)

Surface seismic methods often fail to image sub-salt structures because of the strong
reflectivity of the salt-top. SWM can be a very useful method to get better images from
the flank of a salt structure by illuminating it from the side. Source and receivers are
located in the same borehole. The modeling method allows the computation of a full
wavefield solution including all borehole related events like tube waves generated by the
borehole-source. Figure 1 (right) shows a snapshot of the horizontal displacement for a
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Figure 1: SWM configuration. The steal cased borehole is water filled. The snapshot
shows the horizontal displacement at t=0.0901 s. Center frequency f=100 Hz

2D salt-structure in a SWM configuration. Snapshots as well as synthetic seismograms
can be helpful for the interpretation of undefined events in real data and for case studies.

FLUID-SOLID INTERFACES ON STAGGERED GRIDS

The accuracy of the implicit fulfillment of the interface condition depends on the orienta-
tion of the interface in relation to the staggering direction. We define that the shear mod-
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Figure 2: a) Asymmetrical fluid layer (upper sketch) and b) Modified interface condition
by harmonic averaging of the shear modulus (equivalent to copying shear modulus in this
model, where the interface is aligned with the grid).

ulus is located at a grid point shifted half a gridspacing forward in every dimension from
the bulk modulus location. We may than have a model configuration like that sketched in
Figure 2 a). By unmodified distribution of the parameters we get an asymmetric model.

Figure 3: left) Fluid layer embedded in the solid; left and right interface conditions differ
(right one is correct). right) Modified interface condition (as sketched in Figure 2) leads
to accurate results

Left and right interface conditions obviously differ (Figure 3 (left)), where the left
one leads to incorrect results. Modification of the shear modulus at the left interface as
sketched in Figure 2 b (simple copy operation) leads to correct results for both interfaces
(Figure 3 (right)). Of course the thickness of the fluid layer increases by half a grid
spacing due to this treatment. The modification succeeds because the interface is aligned
with the grid.
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ABSTRACT

The eikonal equation for modeling ray propagation in inhomogeneous media is frequency
independent. Therefore, it cannot correctly model the propagation of seismic waves when
rapid variations in velocity cause frequency dispersion of the wavefield. Advantages
and disadvantages of three methods which are extensions of frequency independent ray
tracing to a frequency dependent process are presented.

INTRODUCTION

A commonly used method for computing traveltimes is given by the propagation of rays.
The asymptotic ray tracing (ART) has advantages over full waveform methods because
of its efficiency and the simple interpretation of results. There are many applications,
e.g., it is used for modeling, in seismic tomography and in Kirchhoff migration.

However, application of ray tracing is limited to seismic signals with wavelengths
small compared to characteristic lengths of the medium and of the wavefield itself. Rea-
son is that the eikonal equation is a high frequency approximation and, therefore, fre-
quency independent. This may lead to poor imaging in rather complex models when ray
tracing is used for pre-stack Kirchhoff migration, since dispersion, scattering and other
effects are neglected. In this case, the process of wave propagation must be described
in dependence on frequency as it is done by numerically solving the wave equation or
the elastodynamic equation of motion. Since this is not practical for many applications
we present three different methods which extend kinematic ray tracing to a frequency
dependent process. The methods by (Zhu and Chun, 1994) and (Biondi, 1992) involve
solving the frequency dependent eikonal equation while the method by (Lomax, 1994)
simulates the propagation for lower frequencies by a smoothing of the model.

In this paper these methods are called:

� perturbation scheme by Zhu

� extrapolation along the frequency axis by Biondi
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� smoothing of velocities by Lomax

PERTURBATION SCHEME BY ZHU

The acoustic wave equation for a general inhomogeneous medium with a constant density

r2�(~x; t)� 1

v(~x)2
@2�(~x; t)

@t2
= 0 (1)

is Fourier-transformed into the Helmholtz equation.�(~x; t) is wavefield andv(~x; t) the
velocity of the medium at a point~x and the timet. A harmonic ansatz and ordering terms
with respect to real and imaginary part leads to the frequency dependent eikonal equation
and the transport equation

(r� )2 = 1

v2
+

1

!2

 r2A

A

!
; r2� +

2rAr�
A

= 0 ; (2)

with amplitudeA, traveltime� and frequency!. By expansion of� and the Jacobian in
A to second order in! (Zhu and Chun, 1994) derives
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2

r2v

v

#
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where the frequency dependent velocityvf is composed of the medium velocityv and
the bracketed term which is considered small. Thus, Zhu develops a perturbation scheme
which models well the effects in a constant velocity gradient medium (Zhu and Chun,
1994). Here we tested the method on the model of a circular shaped positive Gaussian
velocity anomaly situated in the center of a constant velocity field. Figure 1 shows that
velocity increases considerably with decreasing frequency. However, due to a smoothing
effect for lower frequencies one would expect quite the opposite behavior. Thus, the
method can' t be used for our purposes.

EXTRAPOLATION ALONG THE FREQUENCY AXIS BY BIONDI

(Biondi, 1992) extrapolates the velocity function along the frequency axis, starting from
infinite frequency where the velocity is equal to the medium velocity. He avoids solving
the coupled problem of equation (2) by considering the Jacobian of amplitudesA as con-
stant. The theory of implicit functions leads to an equation for the derivative of velocity
with respect to� = 1=!:

@v

@�
=

�[14(rv)2v � 1
2v

2r2v]

1 + �2[14(rv)2� 1
4vr2v]

: (4)

However, it turned out in our investigation that for small steps in frequency this method
equals the method by (Zhu and Chun, 1994). Therefore, for the model of the Gaussian
anomaly described above we also get non-physical results.



171

1.5

2

2.5

3

3.5

4

4.5

5

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

v 
[k

m
/s

]

Tiefe [km]        x=1km

infinit
5 Hz
3 Hz

Figure 1: A vertical slice of the velocity function through the center of a Gaussian anom-
aly for three different frequencies computed by the perturbation scheme of Zhu.

SMOOTHING OF VELOCITIES BY LOMAX

This method is based on the computation of wave propagation using Huygens' principle
and a frequency dependent velocity smoothing perpendicular to the wavefront. In a 2-D
geometry the wavelength-averaged velocity�v at point~x� and for periodT = 2�=f is
given by

�v(~x�; T ) =

1R
�1

w(�)v[~x(�; T )]d�

1R
�1

w(�)
; (5)

where� is distance from~x� along the wavefront expressed in wavelengths,v(~x) is the
local medium velocity, andw(�) is a Gaussian weighting function. To test the effect
of the smoothing function the ray tracing results of this method are compared with a
snapshot obtained by wave equation modeling using finite differences. A Ricker wavelet
with a center frequency of 2 Hz is used for the latter method. Figure 1 shows that a
wavefront computed by a 2 Hz velocity smoothing (solid line) fits better to the snapshot
than the high frequency wavefront (dashed line).

CONCLUSION

Result of our investigation is that the method by (Lomax, 1994) can potentially be used
for the computation of frequency-dependent traveltimes. Future work should be devoted
to the determination of optimal parameters (width of smoothing, weights) to apply this
method to Kirchhoff migration in complex media.
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Figure 2: Snapshot at 0.42 s (gray scale plot); wavefront for a 2 Hz velocity smoothing
(solid line) and high frequency wavefront (dashed line).
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ABSTRACT

Based on an already made examination of a number of 2D methods we choose to inves-
tigate the applicability of an FD eikonal solver to 3D problems. The properties that we
focus on comprise not only accuracy but also memory consumption and - very important
for large problems - computational time. A gradient model and a two-layers model serve
as test cases and results are compared to results from the graph method. The comparison
shows that the already in 2D notable gap in terms of computational time between the FD
eikonal solver and the graph method is much bigger in 3D. Further, the accuracy of the
FD eikonal solver is good. The only drawback with respect to the method is the in 3D
smaller maximum velocity contrast that can be handled.

INTRODUCTION

The share of 3D problems in today's applied seismics is growing fast. This is due to
rising computational power on the one hand and generally higher expressiveness of 3D
data sets in comparison to 2D ones on the other hand. Consequently, we extended our
investigations on 2D travel time computation as presented by (Leidenfrost et al., 1996)
to 3D.

Despite of faster CPUs and growing storage capacities 3D problems are still a chal-
lenge mainly because of the sheer amount of data that has to be handled. As an illustra-
tion, consider the Marmousi data set (Versteeg and Grau, 1991) sampled with10 m grid
spacing giving736 � 300 data points or about0:8 MB (assuming 4-byte-floats). Extrud-
ing the flat model into a box with the second horizontal edge length matching the depth
would yield a data set of about250 MB! Please note that this is only the memory required
for holding the input data, the computed travel times fill another array of the same size.

METHOD SELECTION

Consequently, for a 3D travel time calculation algorithm it is not sufficient to be only
fast and accurate. In fact, it is also worth examining a method's capabilities of working

1email: leidenfrost@dkrz.de

173



174

the data in portions to save core memory and/or to divide the whole task into several
independent threads which can then be distributed among a number of machines, e.g.,
using the MPI-protocol (Uni, 1995)

When reviewing the methods investigated by (Leidenfrost et al., 1996) with respect
to their applicability to 3D problems, one should take into account the aforementioned
qualities. The methods can be divided into two groups: One containing methods which
follow a rigid scheme in which each point is timed exactly once and the other group
containing more flexible methods that take into account the model structure. The FD
eikonal solvers both in Cartesian (Vidale, 1988, 1990) and in polar (Leidenfrost et al.,
1996) coordinates belong to the former group, while the latter consists of an extended and
parallelized version of Vidale's algorithm (Podvin and Lecomte, 1991), the graph method
of (Moser, 1991) in an improved and accelerated version by (Klimes and Kvasnicka,
1994) and wavefront construction (Vinje et al., 1993) as implemented by (Ettrich and
Gajewski, 1995).

As a consequence of their rigid calculation scheme, the first group's methods can
relative easily be divided into several tasks. Further, the model can be portioned such that
only the region where the calculation actually takes place must be held in core memory.
However, the, e.g., in (Vidale, 1988) described restrictions, i.e., velocity contrasts must
not exceed1 :

p
2, intensify to a maximum contrast of1 :

p
3=
p
2 � 1:22 in 3D.

Finally, the FD eikonal solvers promise to be comparably fast as well in 3D as they are
in 2D, although the algorithms in 2D and 3D differ in many aspects. The methods of the
second group can neither be (easily) threaded nor are they well suited for holding only
parts of the model or time array in core memory. On the other hand, they do not have
any restrictions concerning model complexity, which makes them interesting mainly for
complicated subsurface structures.

RESULTS

As in 3D much weight has to be put on speed and economy in terms of memory require-
ments, we here investigate the FD eikonal solver as described in (Vidale, 1990) in our
own implementation. We compare it against one method of the other group, the graph
method as published by (Klimes and Kvasnicka, 1994), as it has proven to be reliable and
because it contains an error estimation for the calculated travel times.

Two 3D models serve as test cases, both consisting of101� 101� 101 samples with
a grid spacing of10 m in each direction, thus giving a cube with an edge length of1 km.
The first model is a gradient model of the form:v(z) = v(0)+b �z,v(0) = 2 km/s,b = 1,
z [km], i.e., a velocity of2 km/s at the top and3 km/s at the model bottom. The second
is a two-layers model with a horizontal interface atz = 310 m and velocitiesv1 = 3000
m/s above andv2 = 3600 m/s below the interface. In both cases, the source is located at
position(0; 0; 0).

The FD eikonal solver is with13:7 s CPU time (taken as u-time from the time com-
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mand's output) about two orders of magnitude faster than the graph method. Accuracy is
also quite excellent. The absolute value of the maximum relative error to the respective
analytical solution of the FD eikonal solver is for both models slightly above6%. But
this is restricted to a very limited region near the source and is due to the rather small
initialization zone of3 � 3 � 3 grid points around the source. The average relative error
of 0:03%, however, indicates that the method is generally very accurate. Although in the
models used here the average error of the FD eikonal solver is smaller than the one of the
graph method, the former is expected to be outperformed by the latter in terms of accu-
racy when switching to more complex models with stronger velocity contrasts, where the
eikonal solver's algorithm breaks down and replacement formulas have to be used. All
numbers were taken on a Pentium133 MHz machine.
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The following contributions illustrate the use of a variety of full wave form modeling
techniques.

M. Pohl and M. Karrenbach extend the well-known reflectivity modeling algorithm
to allow for wave field selection while maintaining true amplitude relationships. Tradi-
tionally the full 3D wave field is computed for a layered earth model. Particular wave
fields are selected by modifying intra-layer propagation, while still maintaining correct
reflection and transmission coefficients across layer boundaries. Selective wave field
seismograms as well as wave field snapshots can be obtained. This modeling tool can be
used in isotropic and anisotropic media to produce seismic responses for primary, free
surface and interbed multiple reflections and aid in interpreting and inverting complex
seismic reflection responses.

S. Laux examines and modifies the reflectivity modeling technique for layered isotropic
media, and produces selected wave field responses for a series of realistic subsurface
models and for some real well logs with several hundreds of layers. The synthetic se-
lective wave fields are used to examine performance of predictive multiple removal tech-
niques and allow to quantify the error objectively, since the desired response can be
directly computed from the subsurface model. This is in contrast to the subjective error
measures that are commonly used in multiple removal techniques, which use a biased
estimate. The estimate obtained with the selective wave fields is free of assumptions
underlying the processing technique to be tested.

M. Karrenbach gives a introduction to finite difference techniques starting at the ba-
sics formulations to foster fundamental understanding of techniques. Applications of
seismic wave propagation to complex heterogeneous media show the importance of be-
ing able to model with acoustic, elastic and visco-elastic anisotropic models and with a
variety of source types. Such full wave form modeling can help in survey design, or aid
in interpretation of complex reflection responses and processing design decisions.
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ABSTRACT

Modeling, as a complementary counterpart of Inverse Theory, is important since it can
give insight and relate understanding of physical processes without the attempt to in-
vert measured data. Accurate modeling is a necessary step in Inversion Theory for the
efficient convergence to the solution of the problem. Full wave form seismic modeling
of real-world sized models with realistic complexities in three dimensions is still a chal-
lenging problem. I give a guide to practical applications of numerical modeling theory to
real-world sized models. By large, I mean physical models ranging over two or more di-
mensions. The allowance of arbitrary model heterogeneity leaves hardly another choice
than finite difference modeling techniques. Finite difference basics are summarized and
various applications shown in course note format, accessible to sponsors via the WWW.

INTRODUCTION

This short excursion into the world of finite difference numerical modeling does not in-
tend to be an exhaustive treatise of every possible aspect encountered in the mathematical
theory of numerical modeling. It rather is aimed at highlighting some important problems
and techniques encountered in this field.

Traditionally the description of physical systems is based on a set of partial differ-
ential equation. This mathematical description allows to find analytical solutions if the
medium is not too complex, i.e. the medium consists of simple structures. A great deal
of understanding comes from simplified analytical solutions.

However, if the medium becomes too complex, as is often the case for the realistic
exploration and production oriented seismic problems, then numerical solutions are the
only way to find solutions and gain understanding of the physical system. Highly hetero-
geneous or randomly distributed media parameters are only a few examples of physical
systems with increased complexity.
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METHOD

My aim is to show the strength and limitations of numerical methods for solving partial
differential equations by giving realistic examples. Starting with a general overview I
start with simple one-way 1D wave equations and proceed via the description of heat
transfer in two and three dimensions to the visco-elastic anisotropic 3D wave equation. I
show time domain solutions for all those wave equation modeling problems.

The main thrust is on seismic wave propagation in complex media with applications to
earthquake and fault zone modeling and emphasis on exploration and production seismic
modeling. I show a flexible software library to model media with elastic, anisotropic
and viscous behaviour. In addition, the freedom to place an arbitrary number of point or
distributed sources of displacement, pressure or acceleration allows the investigation of
novel acquisition geometries in addition to standard surveys.

Understanding basic wave propagation effects can help in interpreting complex re-
flection responses from heterogeneous media and in identifying events in the pre-stack
seismic data. Forward modeling can be used directly in wave field processing and in-
version procedures, as well as for generating calibration and test data for specialized
processing algorithms. Survey design issues can be resolved in visualizing complex full
wave form propagation effects to determine subsurface coverage and illumination.

FUTURE CHALLENGES

This is a non-exhaustive list of objectives for further research and development for full
wave form modeling techniques.

The link of fluid flow properties to seismic wave propagation in reservoirs, should
increase reliability in reservoir properties estimation and production forecasting as well
as history matching. Porous and permeability effects need to be included efficiently.

Another important research direction is the efficient multi-source 3D full wave form
modeling for complex heterogeneous reservoirs. Currently asymptotic ray tracing meth-
ods dominate this area of application, due to the computational efficiency necessary to
model full pre-stack data sets and Green's Functions. However full wave form responses
cannot realistically be achieved by current asymptotic techniques.

To test processing sequences and aid in interpretation of recorded complex data sets
necessitates the ability to efficiently generate selective wave field estimates. Such that
assumptions of processing algorithms and inversion procedures can be tested and objec-
tive error measures be quantitative assessed based on true full and selective wave field
responses.

For applications such as time lapse monitoring efficient modeling studies are highly
desirable. Varying a complex target area in a complex host medium would allow mod-
eling studies without the need to recompute an entire multi-source seismic response for
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Figure 1: Elastic SEG/EAGE Salt Model.
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Figure 2: Elastic wave field in the Salt Model.
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each change of target properties.
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ABSTRACT

An important tool in the analysis and interpretation of seismic data is synthetic model-
ing, i.e. the simulation of the wave propagation under certain assumptions of the seismic
medium. In the case of horizontally layered media these calculations can be done using
the reflectivity method. Kinematic and dynamic effects are simulated with all wave propa-
gation phenomena taken into account. Those are 3D wave propagation effects of surface
waves, the direct wave, wave conversions and multiple reflections in 1D isotropic, elastic
media.

INTRODUCTION

When modeling, it is important to perform a accurate selection of the wavefield to be
calculated. Wavetypes, such as internal multiples, multiples of the free surface and con-
verted waves can be disregarded without altering the remaining phases.
Predictive deconvolution is used as a tool for suppression of multiples in seismic data.
It is founded on some assumptions that are not always appropriate in reality. These are
assumptions about the convolution model, the wavelet (minimum phase and being time
independent) and the properties of the seismogram ( random noise and the series of the
reflection coefficients must be uncorrelated). In spite of these concerns, this method has
been applied successfully in many cases, although there are also a lot of examples where
it fails. At this point the amplitude-consistent modeling with the reflectivity method can
be usefully applied. One gets seismograms with defined and known properties and se-
lected wavetypes that can be used for testing deconvolution methods and its underlying
assumptions. The efficiency of the deconvolution can be directly judged since the de-
sired output, namely the primary reflections of the medium, can also be obtained by the
reflectivity method.
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MODELING

Figure 1 shows the selection of the wavefield for a marine 7 layer model with a weak con-
trast of the material parameters at the seabottom. The complete response of the medium
is dominated by the multiples of the free surface. In the nearfield, there are reverbera-
tions, that have strong amplitudes despite of the low parameter contrast of the water and
the underlying layer. For larger distances, the converted p-waves become important. In-
ternal multiples play a minor role.

Figure 1: Different responses of a marine 7 layer model with weak parameter contrast at
the seabottom: a) contains only primary reflections, b) internal multiples in addition, c)
in combination with multiples of the free surface, and d) contains the full response of the
medium including wave conversions.

We can learn something about the origin and the propagation of waves by variation of
model parameters that modify the underground only slightly. This has been done for the
depth of the waterlayer in a marine 7 layer model with strong seabottom contrast (Fig. 2).
The response of the medium is dominated by seabottom multiples and their refracted
phases independent of the water depth. This is true for their quantity as well as for the
strength of occurance. With decreasing depth of the water layer, the number of visible
reverberations and their head waves increases to a certain degree. From that onward, no
additional phases are generated but the phases are compressed in the time domain. Con-
verted phases and primary reflections of deeper horizons become clearly visible, even if
they were hidden by reflections and refractions in the case of thicker water layers. Due
to multiple reflections in the waterlayer all observed phases exhibit a band-like structure.
This emphasizes the primary reflections in the case of a thin waterlayer.
For the modeling of the underground based on real log data the parameter of adjacent
layers have been joined to produce a homogeneous layer for the input of the reflectivity
method. This process is called ”Blocking”. The influence of different blocking rates on
the response of the medium has been investigated using real log data. The data have been
processed by a median filter and afterwards blocked equidistantly. It turned out that the
thickness of the blocked layers should be larger than�/4, otherwise, the response differs
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Figure 2: Change of the full wavefield of a marine 7 layer model with strong seabottom
contrast for different water depthsdw: a) dw =100 m, b)dw =60 m, c)dw =20 m and d)
dw =0 m.

qualitatively from the one produced by the original data. This is in contradiction to the
accepted rule that the thickness of the blocked layers should not exceed�/10. The num-
ber of reflection phases decreases due to the reduction of the total number of layers. The
phases can be separated in the time domain and be attributed to different horizons. The
velocity- and density data are smoothed with increasing thickness of the blocked layers.
As a result, the strong oscillations of the parameters are reduced without destroying ten-
dencies and detailed information on the layer boundaries.
If the shearwave velocities are not included in a log, its value has to be deduced from
the known parameters for the modeling of the elastic response. The simplest assump-
tion isVP =VS=const. It turned out that the absolute value of this constant had nearly no
influence on the response of the medium.

PREDICTIVE DECONVOLUTION

If one wants to test a deconvolution algorithm, two ingredients are needed. First, a trace
containing multiples, and second the ”optimal deconvolution result”, i.e. the primary re-
flections. Both can be computed separately using the reflectivity method preserving real
amplitudes. It is therefore possible to study the influence of the filter parameters (length,
prediction lag) as the fulfillment or non-fulfillment of the underlying assumptions on the
quality of the suppression of multiples.
The predictive deconvolution and especially the prediction-error-filter can suppress mul-
tiples within a trace effectively. Both internal multiples and multiples of the free surface
can be reduced, but the results in case of internal multiples is worse (loss of information
and unwanted amplification of other phases). This is due to the properties of the autocor-
relation function used for the determination of the filter coefficients.
The choice of the filter parameters strongly determines the efficiency of the deconvo-
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Figure 3: Predictive deconvolution using a model based prediction lag and an empiri-
cally determined filter length for best results. The input represents minimum offset and
contains only primary reflections and multiples of the free surface (left-hand). The mul-
tiples are suppressed, but also the primary reflections P3 is destroyed since its traveltime
coincides with the one if the double multiple M2 ( diagram in the middle).

lution. Short filter lengths result in insufficient suppression but their amplitude is only
modified whereas other phases are amplified. Too large filter lengths result in suppres-
sion of even primary reflections that do not coincide with multiples.
The prediction lag allows to select the events that are due for suppression. On the one
hand, there is a model-based determination of this quantity, which is calculated from the
traveltime of the signals. On the other hand, the prediction lag can be computed using the
autocorrelation of the trace, which is called data-based determination of the prediction
lag.
Independent of the choice of the filter parameters, only a small fraction of the multiples
contained in a seismogram is affected by the deconvolution process. The gain in the loss
of multiples is counterbalanced by the loss of primary reflections, or by the amplification
of other multiples. On the other hand, noise statistics and the correction of the spherical
divergence has hardly an effect on the quality of the predictive deconvolution.

Figure 4: The input for the predictive deconvolution contains only primary reflections
and internal multiples (left-hand). The filter output shows that the internal multiple I is
removed according to the chosen prediction lag, but other internal multiples are amplified
! . The primary reflections P2 and P3 are destroyed (middle).
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ABSTRACT

The reflectivity modeling technique provides a fast and flexible tool for seismic modeling.
It allows investigation of different aspects of specific wavefields. With the possibility
of selectively switching on various wave types wave propagation aspects (conversions,
multiples) can be investigated with ease. The method enables the calculation of synthetic
sections for different source and receiver configurations, e.g VSP. Furthermore, the use
of receiver arrays over a certainx� z area is possible, such that time slices or arbitrary
cuts through the wave field can be obtained. Computation of� � p sections is a by-
product of the modeling technique. Its flexibility allows to easily test assumptions on
which processing algorithms are based. In contrast to other modeling techniques, such
as Finite Difference modeling, the reflectivity method has the advantage of being fast,
although restricted to laterally homogeneous media.

INTRODUCTION

Seismic processing algorithms are usually based on several basic assumptions about
properties of the data, such as statistics, wave types, medium types, reflection or scat-
tering geometries. If the assumptions are fulfilled the algorithms are supposed to work
best, if assumptions are violated, then seismic processing algorithms can break down.

In order to asses viability and efficiency of seismic processing algorithms, they are
always tested on synthetic data in an experiment in which all variables are totally con-
trolled. Generating synthetic data which violate or fulfill a processing algorithms as-
sumptions, is then a necessary task in order to quantify performance.

The reflectivity method is an efficient method for calculating synthetic seismograms
for a laterally homogeneous earth. It is an excellent analysis tool if we want to investigate
different wave types, such as converted waves or multiples. Such a selective investigation
allows for kinematic as well as dynamic properties. Firstly, those wave types can be
generated and visualized to gain insight in wave propagation mechanisms and secondly
comprehensive test data sets for different kinds of subsurface models can be computed
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efficiently. Those test data sets might facilitate the study of multiple suppression methods
or deconvolution operations, to mention only a few.

REFLECTIVITY TECHNIQUE

The reflectivity technique was designed for the calculation of synthetic seismograms from
a point source in horizontally stratified isotropic media. The technique was extended
to include weakly anisotropic layers by Nolte (1988) based on the work of Booth and
Crampin (1983).
The wave field radiating from a point source is decomposed into plane waves character-
ized by the horizontal slownessp. The expression for the far–field component displace-
ment spectrau(!) at (x; 0; z) can be written in terms of a Sommerfeld integral (Booth
and Crampin, 1983):

u(!) = F (!)
3X

j=1

6X
l=1

1Z
0

J0(!xp)f
lalj e

�i!pzsl3e�i!xpdp (1)

whereJ0 is the Bessel function of first kind and zero order andF (!) the source spectrum.
The termsalj andsl3 refer to the components of the polarization vector and the vertical
slowness of the different wave typesl, respectively. The excitation factorsf l define the
amplitudes of the different plane waves including the source effects and effects of all
reflections, transmissions and mode conversions in the layer stack associated with the
path dependent phase shift. They depend on the frequency, horizontal slowness and the
reflection and transmission coefficients at the layer boundaries.

For the calculation of the plane wave response the iterative technique of Kennett and
Kerry (1979) is used. This formulation includes variable source receiver combination
and all free surface effects. For the recursion algorithm the excitation factorsf l are
partitioned into Up– and Downgoing waves:l=1,2,3 denotes down– andl=4,5,6 upgoing
wave types. The propagation of the plane waves through a layer stack is described by
reflection and transmission matricesRm
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define the reflection– and transmission–coefficients (p, s1 ands2 refer to the different
wave types) at the layer boundaries whereas the phase matrices
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propagate the waves through the layerm with thicknessdm. Suppression of wave type
conversions is achieved by setting the non–diagonal elements of the reflection and trans-
mission matrices to zero.

In order to eliminate free surface multiples the reflection coefficients for reflections
at the free surface are set to zero.

All effects of internal multiples and associated mode conversions of a layerm are de-
scribed by a term

(I �Am)
�1 = I +

1X
j=1

Aj
m (4)

whereI is the3 � 3 unity matrix andAm a product of reflection matrices (Kennett,
1974). The expansion in eq.(4) corresponds to the set of physical rays in this layer. By
truncating the series expansion the set of ray can be restricted to direct waves only (no
internal multiples).

Subsequently we developed it further to acquire VSPs, and a allow for receiver arrays,
thus allow a complete sets of wave fields to be generated.

� � P TRANSFORM

An approach to separate overlapping seismic phases is the� � p transform. Whereas
in a typical seismic record a trace represents a particular offset each trace in a� � p
sections represents different rays characterized by the horizontal slownessp. The� � p
transform provides an alternative domain for separation of interfering reflections, refrac-
tions and conversions as well as a separation of pre– and postcritical arrivals (Tatham,
1989 and Diebold, 1989). Reflection hyperbolae are mapped to ellipses and refractions
to points. This transform corresponds to a plane wave decomposition of the wave field.
The reflectivity method is an excellent tool to calculate synthetic� � p sections. The
reflectivity function calculated by the recursion algorithm for each horizontal slowness
is the required zero offset reflection time� . Thus� � p sections can be calculated very
quickly with the same reflectivity code.

APPLICATION

In order to demonstrate the flexibility of this method we used synthetic models which are
based on realistic geological settings. The model consists of a few layers with the first
being the water layer. Density and p– and s–wave velocities increase with depth. The
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reflection coefficient at the sea bottom is about 0.3.

The following synthetic sections are computed using a ricker wavelet with a dominant
frequency of 50Hz and no direct arrivals. Multiples and mode conversions are switched
on and off.

Figure 1 shows the full wavefield containing all conversions and multiples. The effect
of periodic free surface multiples is obvious in the events with a approximate temporal
periodicity of 260msec. In contrast figure 2 a) depicts only the primary reflections. We
see seven reflectors: the lowermost reflections are very weak where as the water bottom
provides the strongest amplitudes. The sequence of the Figures 2 b) – 4 a) demonstrate
the effects of wave type conversions and multiples. Figure 2 b) shows the primary re-
flections and associated conversions. The converted phases become very clear at offsets
greater than 600m. If we look at figure 3 a), we notice that there is almost no effect of
internal multiples. From figure 3 b) it becomes clear that the dominant multiple phases
are caused by the free surface multiples.

Figure 1:Full wavefield containing all multiples and conversions.

However, it is often difficult to distinguish between the different phases. The� � p
plots visualize a separation of primaries, mode conversions and multiples (Fig. 4–5).
Eachp value corresponds to a known angle of incidence and represents a single plane
wave. If we consider the primary reflections in the� � p domain (Fig. 4 a)), we see
a clear separation of all seven reflections. The dominating effect of the water bottom
becomes very clear. Figure 4 a) corresponds to Figure 2 a) in thex� t domain. Figure 5
a) and b) demonstrate very well the separation and periodicity of the multiples. Note that
the multiples are generated near the critical points.

For understanding wave propagation effects, it is often useful to view time slices of
the wave field, in order to trace different phases of the wave field through the medium.
By using a receiver array in a certain offset and depth range, time slices and the corre-
sponding seismograms inx� t andz � t can be plotted. This is depicted in Figure 6. A
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(a) (b)

Figure 2: a) By switching of multiples and conversions the primary reflections become
clear. b) Mode conversions interfere especially in overcritical distance with the pri-
maries.

simple two layer model with the layer boundary at 200m was used for this computation.
The receiver spacing inx andz (e.g. surface and depth) is 10m with a maximum offset
of 500m in each direction. On the front face a time slice att = 0:4 s constructed from
the traveltimes of the receiver array is shown. The top face displays the seismogram in
x� t with the receivers at the surface, where as the left face shows thez� t section with
the receivers atx= 10m.

DISCUSSION AND CONCLUSIONS

Reflectivity modeling provides a fast and flexible tool for modeling seismic data in lat-
erally homogeneous media. It allows selective investigation of various aspects of wave
propagation. The method enables the calculation of synthetic sections for different source
and receiver configurations, surface seismics, VSP, or the complete subsurface wave field.
Computation of� � p sections is a by-product of the modeling and allows a to easily test
assumptions on which processing algorithms are based, such as deconvolution operations
or multiple suppression schemes.
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(a) (b)

Figure 3:a) Primaries and internal multiples: there is almost no difference to Fig. 2a).
b) Switching on the free surface multiples changes the wavefield drastically. The periodic
free surface multiples interfere with the primaries.
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(a) (b)

Figure 4: a)� � p section corresponding to Fig.2 a). Each trace represents a single ray
parameterp. The primary reflections are clearly separated.b) � � p: primaries and
mode conversions.

(a) (b)

Figure 5: a)� � p: primaries and internal multiples, the multiples are generated at near
the critical points.b) � � p: primaries and all multiples, the dominating effect of the free
surface multiples can be seen clearly.
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Figure 6:Time slice at t= 0.4 s and corresponding sections inx� t (top face) andz � t
(right face) with receivers at surface and at x= 10 m, respectively.
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The following contributions present novel solutions to traditional long-standing prob-
lems.

M. Karrenbach and M. Jacob show in an interdisciplinary feasibility study (geo-
physics and computer science), that the novel programming language ”Java” can be
used for implementing large-scale seismic operators in a parallel inversion framework.
While most current seismic applications are implemented in C, Fortran or C++, Java
offers new perspectives in creating a flexible inversion environment. The new language
is suited for heterogeneous computing environments, but has lacked performance in the
past. In this paper a variety of parallelization techniques and its performance are com-
pared on a variety of parallel computer platforms which are commonly used in the oil
and gas industry. The language's natural parallelism is exploited and complemented
with JavaParty to allow remote object distribution in a user transparent manner.

R. Essenreiter et al. apply neural networks to estimate and remove multiple energy
from reflection seismic data sets. The nonlinear behaviour of a multi-layer perceptron
neural network is shown to be superior to a traditional linear predictive Wiener Filter.
The neural network adjusts its internals by learning from an appropriately chosen train-
ing data set that is derived from well log information. Results are shown for removing
multiple energy from a CDP gather.
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ABSTRACT

The memory and time requirements of seismic calculations suggest parallel implemen-
tations. In Fortran, however, parallel program code not only lacks maintainability and
reusability, but is error-prone and loses portability when a message passing approach is
used for parallelization. This study shows that the advantages of Java (portability, par-
allel language constructs, strict object-orientation) can be used to efficiently implement
basic seismic methods with acceptable performance.

Within Geophysics, seismic methods are an essential tool for petroleum and gas ex-
ploration. They produce images of the earth's interior and let explorationists analyze the
geological structure of the underground. Seismic methods process data obtained from
reflections of different structural elements within the earth. This is processed with a
suite of different methods for obtaining relevant subsurface information. The necessary
operations often demand vast amounts of processor time and memory.

The implementations of inversion methods in procedural programming languages
(such as FORTRAN – largely used in petroleum industry) have disadvantages:

� Procedural programming languages usually lack in software reusability and there-
fore make it difficult to maintain the source code. They don' t involve an intrin-
sic hierarchy of operators which is needed for a compound framework of seismic
methods.

With the main focus on object-oriented languages the GOON/CLOP architecture
(Clearbout and Biondi, 1996; Nichols et al., 1993) for implementing seismic meth-
ods in C++ has been developed within the Stanford Exploration Project. Al-
though GOON/CLOP is appropriate for arranging operators for reusability, it suf-
fers from performance problems, and it is not capable of being parallelized easily
in a portable manner.

� Message Passing libraries are used to implement seismic methods on parallel dis-
tributed memory computers. With these libraries the programmer does not only
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have to deal with the seismic problem but in addition has to tackle the problems of
parallel programming: load balancing and locality. The resulting program code is
not only error-prone but cannot easily be ported from one machine architecture to
another.

Recently, the Java programming language (Gosling et al., 1996; Hassanzadeh and Mosher,
December 1996) has been introduced. Java is object-oriented and offers language ele-
ments to express thread-based parallelism and synchronization without additional system
libraries. In combination with the integrated Remote Method Invocation (RMI) of Java,
data exchange between processors is easy. This allows parallel processing on application
level, i.e., in the Java environment itself, as (Hassanzadeh et al., December 1996) dis-
cusses for geophysical problems. There is no further need for Message Passing or Shared
Memory concepts within the application. Additionally, this parallelism is hardware inde-
pendent, i.e., programs run on any major platform.

From the software engineering point of view Java seems to be a perfect programming
language for the parallel implementation of seismic methods. Unfortunately, Java has the
reputation of being slow and RMI of being even slower. But in this paper we show that
Java can achieve acceptable performance for scientific computing.

For this study, we pick an operator for velocity analysis namely the Veltran operator
which is a basic method in seismic processing. Efforts are underway at the Stanford Ex-
ploration Project to produce a seismic operator framework (JAG (Schwab and Schroeder,
1997)) in Java. We base our implementation of a parallel geophysical operator on a pre-
liminary version of JAG. After a short introduction into the geophysical operator, the
architecture of the underlying distributed runtime environment, JavaParty, is discussed,
the parallel implementation of the operator is sketched. We compared the performance
of parallel Velocity Analysis implemented in JavaParty to the performance of Fortran90
or HPF versions.

The benchmarks are conducted on up to sixteen nodes of an SGI PowerChallenge
(shared memory parallel machine) as well as on the same number of nodes of an IBM
SP/2 (distributed memory machine).2

The performed benchmark consists of an iteration of Veltran with a variable number of
input planes withnt = 1000 points along thet-axis,nx = 60 points along thex-axis and
nv = 120 points along thev-axis. I/O is not considered during the measurements since
each system platform has different capabilities. The measured time comprises the steps of
data distribution, computation, and data collection. Measurements are evaluated within
the computation of one, four, and sixteen planes. For the problem size of one plane, four
nodes are sufficient, since no further speedup can be noticed with more nodes.

The JavaParty implementation on both machines is based on the JDK 1.1.2 with just-
in-time compilers. On each node, a separate Java virtual machine is started. JavaParty
implements the communication by means of RMI.

2The SGI had only sixteen processors. Therefore, we restricted the use of the IBM SP/2 to the same
number of nodes to ease comparison.
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On the shared memory SGI one could imagine a different approach where pure Java
threads are used to implement the concurrency. Although desirable, the available JDK
implementation currently does not support true parallelism of pure Java threads.

Although the IBM SP/2 offers an alpha version of a High Performance Java Compiler
(IBM, ) that compiles to native and statically linked code, it is too early to seriously use
that compiler. The HPJ compiler revealed a general speed up of 1.6 compared to just-in-
time Java performance, but unfortunately HPJ's communication through RMI turned out
to be slower by a factor of between 20 and 35.

On the SGI, we used SGI's standard Fortran90 compiler with the switch-pfakeep .
On the IBM SP/2, version 2.2 of the Portland Group High Performance Fortran compiler
is used.

JavaParty
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4 nodes
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IBM SP/2 runtime

Figure 1: Measurements of parallel Veltran processing time on the IBM SP/2.

Figure 1 shows the runtime of JavaParty code versus HPF code on the IBM SP/2. The
JavaParty version of parallel Veltran is slower than the HPF version by a factor of up to
four depending on processor utilization. The factor of four can be noticed if too many
nodes are used, i.e., if the per-node ratio of communication to computation time is not
optimal.
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Figure 2: Measurements of parallel Veltran processing time on the SGI PowerChallenge.

Figure 2 shows the results for the same benchmark on the SGI PowerChallenge. Here
the JavaParty implementation faces a slowdown compared to the Fortran90 implemen-
tation of three to almost ten. Since the SGI is a shared memory machine, the necessity
to create separate Java virtual machines that communicate through RMI instead of using



208

pure Java threads in a common address space leads to severe disadvantages for the Java-
Party implementation. However, we expect the factor ten to shrink significantly when
truly parallel Java threads will become available in near future.

CONCLUSION

We achieved Fortran performance within a factor of between one and four with a parallel
Java implementation of a basic geophysical algorithm on two major parallel platforms.
Similar results can be expected for other seismic operators and on other platforms.

Java's performance is not attained by compiled and optimized native code but instead
relies on interpreters with just-in-time compilation features.

We expect significant performance increases even on fine-grained computations in
the near future because of two main reasons:

First, we had to use JDK 1.1.2, because later releases haven' t been available for our
hardware platforms. Later versions have increased performance, especially RMI perfor-
mance, on Solaris and Wintel platforms and thus likely to show the same effect in our
environment. Future releases (JDK 1.2) are announced to speed up the JVM even further.

Second, compilers producing native code like IBM's High Performance Compiler are
likely to approach Fortran performance because they can apply much more sophisticated
optimization techniques than current just-in-time compilers can afford.
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Multiple Reflection Attenuation in Marine Seismograms
using Backpropagation Neural Networks

Robert Essenreiter and Martin Karrenbach1

keywords:multiples neural networks

ABSTRACT

Multiple reflections in seismic data are generally considered as unwanted noise that of
ten seriously impedes correct mapping of the subsurface geology in search of oil an
gas reservoirs. We train a backpropagation neural network in order to recognize and re-
move these multiple reflections and thereby bring out the primary reflections underneath
The training data consist of model data containing all multiples and the corresponding
seismic sections containing only the primary arrivals. Basis for the modeling are data
from a real well log that is typical for the area in which the data were gathered. In
contrast to existing conventional deconvolution methods, the neural network does not de
pend on such restricting assumptions concerning the underlying model as, for exampl
the Wiener filter, and it has the potential to be successful in cases where other method
fail. A further advantage of the neural net approach is that it is possible to make exten
sive use of a-priori knowledge about the geology which is present in the form of well log
data. Tests with realistic data show the ability of the neural network to extract the desired
information.

MULTIPLES AND NEURAL NETWORKS

In seismic exploration the problem of multiple reflections contaminating the seismogram
and thus disguising important information about subsurface reflectors is well-known bu
yet unsolved. Especially in marine exploration the water layer often behaves as a wav
trap, where waves are multiply reflected between the sea surface and the sea botto
Waves that are transmitted through the seabottom can also reverberate between dee
reflectors. The energy of these interbed multiples and the water layer reverberations ca
become so strong that the primary reflection arrivals of deeper target reflectors becom
completely invisible. For correctly locating a target reflector an oil reservoir is expected
underneath, these disturbing multiple reflections have to be eliminated.

Today, seismic signal processing often still is based on very simple linear models
whose theory rests on assumptions that are often not met in practice. An example

1email: Robert.Essenreiter@physik.uni-karlsruhe.de
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seismic deconvolution with Wiener filters, a method that tries to predict multiples and
subtract them from the seismic trace. This method suffers from some limitations such
as, for example, if the stratigraphy itself is periodic, it is predicted by the algorithm and
removed along with the multiples (Robinson and Treitel, 1980). Nevertheless, these tra-
ditional methods are implemented very successfully in many cases, but there is a variety
of cases where they fail.

The neural network does not depend on such restricting assumptions concerning the
underlying model and has the potential to work in areas where conventional methods
fail. It is adaptive and able to learn highly non-linear interrelations in the data, should
they exist. A further advantage of neural nets is that they are able to make extensive
use of a-priori knowledge about the geologic subsurface structure which exists in the
form of velocity and density logs from a borehole. So far the number of applications in
geophysics is limited. One of the first fields was first break picking (McCormack, 1991),
but also inversion (Roeth, 1993) and deconvolution (Wang and Mendel, 1992). We show
the application of an artificial neural network on seismic deconvolution with emphasis on
multiple elimination on a set of data modeled on the basis of a real well-log.

The neural net input is the seismic trace containing all kinds of multiple reflections
and the desired output is the seismic trace with only the primary reflection events. The
neural net output gives the arrival times as well as the reflection strengths of the desired
primary reflections (see Figure 1). However, the amplitude characteristic of the seismic
wavelet is destroyed. Thus, this method is not applicable if in a following processing step
the true amplitude of the seismic trace is required, although the reflection strength of the
individual reflectors are reproduced quite reliably.

Instead of using the standard backpropagation learning algorithm we employed the
RPROP (resilient propagation) algorithm (Riedmiller and Braun, 1993) which shows
considerably faster convergence.

The results of training a neural network with several seismic sections (CMP-gathers)
is shown in Figure 2. The gather on the left is the test input for the neural net (CMP-
gather containing the full wave field), the gather on the right represents the desired output
(CMP-gather containing only primary arrivals) and the gather in the middle is the actual
output of the neural net for the test input. Obviously, the multiples are suppressed to a
certain extent and primary information that was previously invisible is revealed.

CONCLUSIONS

The neural net is able to produce the main features of the desired primary reflections
out of the pre-stack seismic data for a seismic section and thus the results suggest that
the neural net approach to deconvolution or multiple removal is a promising method,
especially since it can handle easily non-linear data interrelations. The quality varies
since the neural net generalizes from the input of relatively few seismograms and it tries
to remove multiple energy based on empirically learned rules. In the case of zero-offset
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Figure 1: Training of the neural net: Presentation of the training set consisting of 100
seismic traces containing all kinds of multiple reflections at the input layer and simulta-
neously providing the desired output, i.e. the arrival time and reflection strength of the
primary reflections.

data the neural net method proved to be able to reveal the desired information even in
the case of data heavily corrupted by noise. The performance decreases with decreasing
signal-to-noise ratio. Further investigations are necessary to determine the degree of
confidence with which primary reflection events are unmasked in the process. We also
might investigate if there exist domains or data representations in which the neural net
can learn and generalize more easily.
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– Review –
Anisotropy

Dirk Gajewski1

Gajewski et al present several expressions for the moveout velocity from a horizon-
tal reflector in arbitrary anisotropic media. The derived exact relations are particu-
larly suitable for efficient modeling of reflection moveout.The approximate moveout rela-
tion provides the foundation for inversion of moveout velocities in arbitrary but weakly
anisotropic media. The range of applicability of the weak anisotropy approximation for
moveout velocities is demonstrated by numerical examples.

T. Ruedas and E. Tessmer describe a numerical algorithm for seismic forward mod-
eling in 2D transversely isotropic media based on a spectral Chebyshev-Fourier method.
In particular, the implementation of boundary conditions at the free surface with topog-
raphy for a transversely isotropic medium is treated. Also boundary conditions at an
interface between acoustic and transversely isotropic materials can be handled by the
algorithm. The modeling results show very good agreement with analytical solutions.

M. Zillmer, D. Gajewski and B.M. Kashtan calculate an explicit formula for the re-
flection coefficient of plane compressional waves which are reflected at a medium with a
set of parallel vertical microcracks. The model represents the reflection from the top of a
reservoir. The reflection amplitudes depend on the azimuth of the receiver position with
respect to the orientation of the microcracks. The approximate formula directly links the
parameters of the fractured rock with the AVOA response (Amplitude Versus Offset and
Azimuth).
1email: gajewski@dkrz.de
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Normal moveout velocities in 3D arbitrary anisotropic
media

Dirk Gajewski, Boris Kashtan, Matthias Zillmer1

keywords:NMO velocity, arbitrary anisotropy

ABSTRACT

We present analytical expressions for normal-moveout velocities of reflections from
horizontal reflector for homogeneous models of general anisotropy. The formulae
valid for strong anisotropy and can be applied inside and outside of symmetry plan
They are expressed either in terms of first derivatives of ray (group) velocity vector or
terms of second derivatives of phase velocity. The results can be reduced to the partic
cases of symmetry planes or to the case of weak anisotropy by using perturbation
ory. Numerical examples for triclinic Lavoux limestone with phase velocity anisotropy
about 10% are presented. The exact NMO-formulae allow to investigate the accuracy
the weak anisotropy approximation of the NMO-velocity. The weak anisotropy appro
mation of NMO velocity performs less good than the weak anisotropy approximation
the phase velocity. For phase velocity variations in the order of 10% relative errors
the NMO velocities are about 1.5%. This appears to be sufficient for a velocity analys

Methods of seismic processing designed for isotropic media are no longer applica
if the media are anisotropic. Elastic anisotropy seriously distorts the results of process
of seismic data like velocity analysis, stacking, depth conversion, migration, etc. It is a
well known that anisotropy influences the normal moveout velocity of a reflector (Kre
and Helbig, 1956). Most work on normal moveout in the past was related to transvers
isotropic media or to media of elliptical anisotropy. Recently (Tsvankin, 1995) derive
a formula for the normal-moveout velocity for arbitrary anisotropy, however, this resu
are valid in symmetry planes. (Sayers, 1995) used spherical harmonics to describe re
tion moveout in general anisotropic media and (Gajewski and Psenc´k, 1997) derive
formula for moveout velocity for arbitrary weakly anisotropic media using perturbatio
theory. We will derive here analytical formulae of the normal-moveout velocity for arb
trary homogeneous anisotropic models which are valid for strong anisotropy and wh
are applicable outside of symmetry planes.

1email: gajewski@dkrz.de
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NORMAL MOVEOUT IN ANISOTROPIC MEDIA

The expression normal moveout in this work relates to hyperbolic moveout, i.e., we ob-
tain a strait line in at2 �X2 graph and the normal moveout velocity corresponds to the
slope of this line. As a starting point we use the expression of (Grechka and Tsvankin,
1996):

V �2
NMO =

T̂

2

"
@p̂1
@x1

cos2 �+
@p̂2
@x2

sin2 �

+

 
@p̂1
@x2

+
@p̂2
@x1

!
cos � sin�

#
: (1)

Herepi is the slowness vector,T is two-way travel time andt is one way travel time.�
specifies the orientation of the profile,xi are mid point (CMP) coordinates, the hat above
a quantity indicates the zero offset ray (herex1 ! 0, x2 ! 0). Eq. 1 can be used in ray
modeling programs, since the partial derivatives of the slowness w.r.t. CMP coordinates
can be obtained from results of dynamic ray tracing. In the following we show, that
for the particular case of the zero offset ray we can derive analytical expressions for the
derivatives occurring in eq. 1.

ALTERNATIVE EXPRESSIONS FOR THE NMO VELOCITY

Rays are most conveniently (and uniquely) described by ray coordinatesJ , i.e.,

ni = (1; 2;
q
1� 21 � 22) ; (2)

whereni corresponds to the phase normal of the ray. For the zero offset ray1 ! 0 and
2 ! 0, i.e., n̂i = (0; 0; 1). Since the slowness is defined aspi = ni=v, whereni is the
phase normal andv is the phase velocity alongni, we obtain for the partial derivatives of
pi w.r.t. ray coordinates see, e.g., (Gajewski, 1993)

@pi
@J

=
1

v

 
@ni
@J

� piwk
@nk
@J

!
; (3)

wherewi corresponds to the ray velocity vector (upper case indices take values 1 and
2). The partial derivatives ofni are obtained from eq. 2. The remaining problem is to
find the transformation matrix, which transforms the partial derivatives ofpI from ray
to CMP coordinates. For a homogeneous anisotropic medium we obtain from the ray
tracing system the following set of parametric equations for one-way travel time and
CMP coordinates,

t(J) =
h

w3
xI(J) = h

wI

w3
: (4)

This expressions can be exploited to derive expressions for the sought transformation
matrix @̂I

@xJ
.
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Assuming a horizontal reflector at depthh and using the parametric equations and the
eikonal equation for anisotropic media one can show that the two-way traveltime of the
zero offset ray is

T̂ = 2t̂ =
2h

v̂
; (5)

wherev̂ is the phase velocity of the zero offset ray. Using eq. 4 we obtain a new expres-
sion for the normal moveout velocity,

V �2
NMO =

1

D̂v̂

"
@ŵ2

@2
cos2 �+

@ŵ1

@1
sin2 �

� 2
@ŵ1

@2
cos� sin �

#
; (6)

with D̂ = @ŵ1
@1

@ŵ2
@2

� @ŵ1
@2

@ŵ2
@1

. Analytical expressions for the partial derivatives of the ray
velocity vectorwi w.r.t. ray coordinatesJ can be found in, e.g., (Gajewski and Psenc´k,
1990).

The eikonal equation for anisotropic mediawipi = 1 allows us to derive another
form of the NMO velocity in arbitrary anisotropic media. Differentiation of the eikonal
equation two times w.r.t. ray coordinates links 2nd and 1st derivatives of ray velocity
together, because we get in the limiting case of the zero offset ray

@2ŵ3

@I@J
= �@ŵI

@J
: (7)

Rewriting the eikonal equation into the formwini = v and two times differentiation w.r.t.
ray coordinates gives

@ŵI

@J
= v̂�IJ +

@2v̂

@I@J
; (8)

where we have used eq. 7. Putting eq. 8 into 6 we can write an expression for the NMO
velocity which depends entirely on the phase velocity and its derivatives:
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whereD̂ =
�
v̂ + @2v̂

@21

� �
v̂ + @2v̂
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�
�
�

@2v̂
@1@2

�2
. With eqs. 1, 6 and 9 we have a set of

NMO equations for arbitrary anisotropic media, depending either on the derivatives of
the slowness vector w.r.t. CMP coordinates or to the 1st derivatives of the ray velocity
vector or the 2nd derivatives of the phase velocity w.r.t. ray coordinates. The expressions
can be chosen in accordance to the problem at hand, i.e., which data are available.
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NMO VELOCITY IN SYMMETRY PLANES

The last equation (or alternatively eq. 6) allows to obtain an expression for the NMO-
velocity in symmetry planes. This is a 2-D problem since the rays are located in the plane
of incidence. Let us consider thex1 � x3 plane. Here the NMO equations 6 and 9 result
in the following expression

V 2
NMO = v̂

@ŵ1

@1
= v̂2

 
1 +

1

v̂

@2v̂

@21

!
: (10)

This result corresponds to (Tsvankin, 1995) for the NMO-velocity in symmetry planes of
arbitrary anisotropic media with a dipping interface if specified for a horizontal reflector
(see his eq. 9). Expressions for the other symmetry planes of the medium are obtained
accordingly.

SPECIFICATION FOR WEAK ANISOTROPY

In this section we consider the moveout of quasi P-waves. For weak anisotropy we as-
sume an isotropic background medium with isotropic constant P-wave velocity�. The
anisotropy of the medium is considered to be weak. The phase velocity consists of two
parts: the isotropic background velocity� and a small correction�v, which represents
the influence of the anisotropy, i.e.,v = � + �v. This correction for quasi P-waves is
(Cervený & Jech, 1982)�v = S=2�2 and

S = aijklninjnknl � �2 (11)

Hereaijkl are density normalized elastic coefficients. Two times differentiation of the last
expression, considering the zero offset ray and putting the results into eq. 9 we obtain (by
keeping only linear terms) another version of the NMO equation which is approximately
valid for weakly anisotropic media
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NMO � 1
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+
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sin2 �+ 2

@2Ŝ
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sin � cos�

!#
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Since the derivatives ofS are easily obtained from eq. 11 and using the vertical velocity
as background velocity, i.e.,v2? = a33 (compressed notation for elastic coefficients), we
arrive at the final expression

V �2
NMO = v�2? (1 � 2�(2) cos2 �� 2�(1) sin2 �

� 4�� sin� cos �) ; (13)

with the anisotropy parameters�(1) = a13+2a55�a33
a33

, �(2) = a23+2a44�a33
a33

and�� = a36+2a45
a33

.
These anisotropy parameters are formally similar to Thomsen's (1986)� parameter for
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transversely isotropic media, however, they are expressed in linear form and general-
ized for arbitrary anisotropy (for more details on anisotropy parameters for arbitrary
anisotropic media, see (Gajewski and Psenc´k, 1996; Mensch and Rasolofosaon, 1997;
Tsvankin, 1997).

In the paragraphs above several variants of equations for the hyperbolic NMO veloc-
ity in homogeneous media with a horizontal reflector were derived. They are applica-
ble within and outside of symmetry planes for arbitrary anisotropy. In the next section
we will apply these formulae to a triclinic model and discuss the accuracy of the weak
anisotropy approximation.

NUMERICAL EXAMPLES

A saturated Lavoux limestone is considered (for elastic parameters, see Mensch and Ra-
solofosaon, 1997. The phase velocity variations of this sample in dependence of polar
angle and azimuth are displayed in Fig.1. The maximumqP wave phase velocity varia-
tion is a little more than 10%. The governing anisotropy parameters of the NMO equation
13 are�(2) = �0:1, �(1) = �0:08 and�� = 0, i.e., they are in the order of 10%. In Fig. 2
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Figure 1: qP wave phase velocities of saturated Lavoux limestone. Maximum phase
velocity variations are about 10%.

the exact NMO velocity (black curve) and the NMO velocity in weak anisotropy approx-
imation (WA) is shown. The WA value is always larger than the exact value, which was
computed by eq. 1 using the ANRAY program package (Gajewski and Psenc´k, 1990) to
compute the partial derivatives of the slowness vector by dynamic ray tracing. A slight
shift of minimum and maximum between exact and WA solution is visible in Fig.2 which
would lead to an error in the orientation of the anisotropic reference coordinate system
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Figure 2:qP wave NMO velocity of saturated Lavoux limestone, exact (black curve) and
for the weak anisotropy approximation (gray curve).

(e.g. the orientation of an inclined fracture system). However, this deviations are fairly
small. The relative error between exact and WA result is shown in Fig. 3. The maximum
relative error is about 1.6% and the smallest error is about 0.8%. This is less good than
the weak anisotropy approximation of the phase velocity, which is everywhere below
0.5% for this sample. This, however, is no surprise, since the linearization of the NMO
velocities required the neglect of more higher order terms (see above), than linearizing
the phase velocity.

CONCLUSIONS

Exact formulae for moveout velocities in arbitrary homogeneous anisotropic media were
derived. The formulae are valid as long as theT 2 �X2 curve can be approximated by a
straight line (i.e., a hyperbolic moveout is assumed). The extension of the obtained results
to layered media resulting in a Dix-style type of formula should be straight forward.
Also the extension to dipping interfaces should not involve major complications, since
this only changes the transformation from ray to CMP coordinates. All other relations
are gained through a rotation, such that the zero offset ray hits the inclined interface
perpendicularly.

The exact NMO equations allowed to investigate the accuracy of the weak anisotropy
approximation within and outside of symmetry planes. It is generally less precise than the
weak anisotropy approximation of the phase velocity for the same model. This, however,
is no surprise, since the weak anisotropy approximation of the NMO velocity accumu-
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Figure 3: Relative error between exact and approximate NMO velocities for saturated
Lavoux limestone.

lates more errors owing to the neglect of several higher order terms. However, if the
magnitude of the governing anisotropy parameters is about 10%, the weak anisotropy
approximation has maximum errors of about 1.5%, which is sufficient for a velocity de-
termination procedure.
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2D seismic modeling in transversely isotropic media with
a Chebyshev-Fourier method in consideration of the free

surface and the surface/grid interface topography

T. Ruedas, E. Teßmer1
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ABSTRACT

The fundamentals of a program for seismic forward modeling in 2D transversely isotropic
media based on a spectral Chebyshev-Fourier method are described. Especially, th
boundary conditions for the free surface, the bottom of the numerical grid and, in case o
grid coupling, the interface between an acoustic (isotropic) and a transversely isotropic
medium have to be taken into account; in a realistic modeling, the topography of the free
surface resp. the interface between coupled grids should be considered.

INTRODUCTION

A possible approach for seismic modeling is the direct solution of the equations of dy
namic elasticity. One of several categories of solution methods is formed by the spectr
methods, where spatial derivatives are calculated by some kind of transformation. I
Chebyshev-Fourier modeling (Kosloff et al., 1990), the horizontal derivatives are calcu
lated by the Fourier transform, the vertical derivatives by certain theorems of the Cheby
shev approximations of the respective functions. The definition of boundary conditions
is essential to numerical stability in the Chebyshev method and can be done by introdu
ing the physical boundary conditions for the upper and lower grid boundaries; for their
implementation, characteristic variables (Gottlieb et al., 1982) have been used. In th
horizontal direction, the boundary conditions are periodical due to the Fourier method
— In both cases, efficiency is improved by the use of FFTs.

Stability considerations (Teßmer, 1990) demand the use the velocity-stress formula
tion of the equations of dynamic elasticity (Virieux, 1986), which is of first order in time.
For time-stepping, a fourth-order Taylor operator is used.
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THE NUMERICAL GRID

For the modeling discussed here, a special numerical grid is used. Because of the use
of the Fourier method, the grid columns are equidistant; in contrast to this, the positions
of theN base points for the Chebyshev approximation of a function are given by the
extrema of the(N � 1)th Chebyshev polynomial, which lie much more dense near the
interval margins than in its center. Stability and efficiency considerations give cause for
a nonlinear stretching of the original Chebyshev grid, so that the grid point intervals at
the grid margins are increased (Kosloff and Tal-Ezer, 1993). In this way, a rectangular
”auxiliary” grid for the numerical algorithm is generated; it has the coordinates� and�.

To incorporate the topography, the rectangular grid is deformed by a topography func-
tion, which stretches the grid columnwise in the vertical direction in accordance with the
shape of the topography; the simplest mapping is to stretch the grid in such a way that the
deformation of the grid rows is largest at the surface and decreases linearly down to the
bottom (Tessmer et al., 1992b). In the case of coupled grids, the shape of the interface
topography controls the grid deformation. However, the geological model for the model-
ing run is to be generated in the ”physical grid” with the coordinatesx(�; �) andz(�; �)
created by such a coordinate transformation. — The topography must be differentiable
and should be periodical because of the Fourier method.

In spectral methods, very coarse grids are used, which is an advantage from the point
of view of efficiency and memory. On the other hand, the representation of the subsurface
geometry is not as accurate as in finer grids; in general, a smooth line representing an
interface between two media does not have a smooth, but a stairlike shape in a grid. In
coarse grids, the stairs can be so large, that the short-wavelength parts of the wave field
are strongly diffracted at interfaces, causing much noise in seismograms and snapshots.
This effect can be reduced by a certain method of averaging the material parameters in
grid cells crossed by interfaces (Muir et al., 1992), where the materials are substituted by
an anisotropic medium.

TWO-DIMENSIONAL EQUATIONS OF MOTION

One grid — transversely isotropic (elastic) medium

In the velocity-stress formulation of the equations of dynamic elasticity, a system of five
coupled differential equations has to be solved in the case of a transversely isotropic
medium with symmetry axis of arbitrary orientation in thex-z-plane:
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here _ux and _uz are the components of the particle velocity,�xx, �zz and�xz are the
components of the stress tensor,% is the density of the material and thecij are the elements
of its elasticity matrix (using Voigt notation). The terms@�

@x
and @�

@z
are due to the chain

rule and link the physical to the auxiliary grid.

After solving the system of equations, the boundary conditions for the free surface
at the grid top and for the bottom have to be applied. Using characteristic variables,
which describe wave propagation normal to the boundary, certain correction terms have
to be added to the original particle velocity and stress values at the boundary before
applying the boundary conditions. For the free surface, the boundary conditions are�zz =
�xz = 0; for the bottom boundary, a paraxial transparent boundary can be implemented
to suppress at least strong near vertical reflections (see Appendix A). Additionally, a
damping boundary strip is necessary at the model bottom as well as at the sides (Cerjan
et al., 1985), where the periodicity of the Fourier transform makes waves leaving the
model at one side enter it at the other.

Two coupled grids — acoustic/elastic medium

There are two reasons for coupling an acoustic and an elastic grid, e.g. in marine mod-
els: first, the grids can have different spacings, which may increase the efficiency of the
method; second, the smoothing mentioned in Section cannot be applied at acoustic/elastic
interfaces, so that the diffractions from the interface stairs will produce lots of noise. In
the elastic lower grid of such a marine model, the eqs. (1) are valid; in the acoustic upper
part, the system
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after (Tessmer et al., 1992a) with the bulk modulus� = %v2P = c13 and the pressure
p = ��a must be solved. — The boundary conditions are applied in the same way as
for a single grid. The coupling is done by assigning the same particle velocities and
stresses to the grid points at the interface boundary of each grid after correction with the
characteristic variables (see Appendix A).
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Figure 1: Acoustic/elastic model, consisting of sea water(% = 1:02 g
cm3 ; � = 2:295GPa)

and a transversely isotropic solid(% = 2:075 g
cm3 , c11 = 31:257GPa,c13 = 3:399GPa,

c33 = 22:487GPa,c55 = 6:486GPa; � = 10�); the figure shows_uz at t = 0:59865 s.
The time history of the explosion source(� = 20 m) at (240m ; 41:59m) is given by a
Ricker wavelet with a cutoff frequency of 50 Hz.

CONCLUSION

The Chebyshev-Fourier method allows a comprehensive simulation of the propagation
of elastic waves in models including isotropic as well as anisotropic media and reaches
a high degree of accuracy, as can be shown by comparison with analytical solutions.
The incorporation of the topography is essential for the modeling of realistic geological
models, e.g. in the interpretation of field data; especially the treatment of marine models
with this method is improved considerably by the possibility of coupling two (or more)
grids.
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APPENDIX A

In this appendix, the corrections with the characteristic variables are listed. In the formu-
lae, the following abbreviations are used:

�1;2 =

s
1

2%

�
c33 + c55 �

q
(c33 � c55)2 + 4c235

�
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are the qP and the qSV phase velocity in thez direction;

1 :=
c35

�21%� c55
2 :=

c35
�22%� c33

�u := 1 � 12; �� := c33c55 � c235;

a = �1
��
(2c33 + c35) b = �1

��
(2c35 + c55)

c = �2
��
(c33 + 1c35) d = �2

��
(c35 + 1c55):

In the following, the corrected variables are marked with a tilde. They are valid for a
model, where the normal of the boundary coincides with thez axis, which of course is
not the case in the presence of topography; then all variables and moduli which are not
invariant to rotation have to be rotated into a local coordinate system with the localz axis
normal to the local boundary before the correction, and back afterwards ((Tessmer et al.,
1992b)). For the free surface of a transversely isotropic medium, the boundary conditions
~�zz = ~�xz = 0 lead to

~_ux = _ux + �xz
c� 1a

�u
+ �zz

1b� d

�u
(1a)

~_uz = _uz + �xz
2c� a

�u
+ �zz

b� 2d
�u

(1b)

~�xx = �xx � �xz
��

(c15c33 � c13c35)� �zz
��

(c13c55 � c15c35); (1c)

similarly, the free surface condition~�a = 0 for an acoustic medium yields

~_uz = _uz +
�ap
%�
: (2)

The following corrections represent a paraxial transparent boundary condition for the
bottom of a grid with a transversely isotropic medium:
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��
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(c13c55 � c15c35): (3e)

If an acoustic, isotropic upper grid is coupled with an elastic, transversely isotropic lower
grid, the waves leaving the upper grid downward and the waves leaving the lower grid



233

upward shall be conserved at the interface. The continuity conditions~_uza = ~_uze =: ~_uz,
~�a = ~�zze =: ~�zz and~�xze = 0 lead to
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��
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ABSTRACT

We present a formula for theRPP� reflection coefficient for the case that the P-wave
propagates in an isotropic halfspace and is reflected at the boundary of a vertically frac-
tured halfspace.
The formula is derived by combining an approximate solution for theRqPqP� reflection
coefficient with the results of an effective medium theory for representation of a cracked
medium.

INTRODUCTION

A set of vertical fractures in an isotropic background medium causes anisotropy.
The resulting medium is of hexagonal type with a horizontal axis of symmetry ((Hudson,
1980), (Hudson, 1981)).
We connect the elastic moduli with an approximate solution for theRqPqP� reflection
coefficient. The resulting formula is of the following form :

RPP (#p; '; �; �) = R
(iso)
PP (#p) +R

(C)
PP (#p; '; �; �): (1)

Here#p is the angle of the phase normal of the incident wave with the vertical,' is the
azimuth angle of the receiver profile with the x-z-plane (the plane normal to the cracks),
� is the crack density and� is the Poisson ratio of the isotropic background medium. In
equation (1) the isotropic coefficient for a model without cracks is separated from the
influence of the crack system.

THEORY

The elastic moduli for a system of vertically oriented dry cracks are given in first order
in crack density� by ((Hudson, 1980), (Hudson, 1981)) :

c11 = �� 16
3
(� + 2�)

(1 � �)2
1� 2�

; (2)

1email: zillmer@dkrz.de
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c12 = �� 16
3
(� + 2�)

�(1� �)

1� 2�
;

c22 = �� 16
3
(� + 2�)

�2

1 � 2�
;

c55 = �� 8
3
(�+ 2�)

1 � 2�

2� �
;

c13 = c12; c33 = c23 = c22; c66 = c55:

�; � and� are Lamé parameters and Poisson ratio of the isotropic background medium.

It is possible to show that the assumption of a weak contrast between the two elastic
halfspaces leads to a simple expression for theRqPqP� reflection coefficient valid for
general anisotropy (Zillmer, Gajewski & Kashtan).
The coefficient is given by

RqPqP =
1

4

 
�c33
� + 2�

+
��

�

!
� 1

4

��

�
tan2 #p (3)

+
1

4

2�c13 ��c33 � 4�c55

�+ 2�
sin2 #p +

1

4

�c11

�+ 2�
sin2 #p tan

2 #p:

Here� denotes the difference of the quantities between both halfspaces,�; � and� are
Lamé parameters and density of an isotropic medium which serves as a reference model
in the application of perturbation theory. Equation (3) is valid for two halfspaces of
arbitrary anisotropy with the restrictions of weak anisotropy, a weak contrast in elastic
parameters and for undercritical incidence. It represents a generalization of the formulas
for isotropic ((Aki and Richards, 1980)) and transversely isotropic ((Thomsen, 1993))
halfspaces.

In the case of the fractured medium we get

RPP = R
(iso)
PP (4)

� �
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8
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cos2 ' sin2 #p tan
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with the isotropic part of the reflection coefficient given by (Aki & Richards, 1980) :

R
(iso)
PP =

1

2

�
1 � 4

v2s
v2p

sin2 #p
���
�

+
1

2 cos2 #p

�vp
vp

� 4
v2s
v2p

sin2 #p
�vs
vs

: (5)

EXAMPLES

We discuss the model which was investigated by ((Strahilevitz and Gardner, 1995)) and
by ((S. Mallik and Chambers, 1996)) : an isotropic Taylor shale with parameters
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vp = 4:153 km=s; vs = 2:419 km=s; � = 2:6 g=cm3

and a fractured Austin chalk with parameters
vp = 4:969 km=s; vs = 2:615 km=s; � = 2:57 g=cm3; � � 0:31; � = 0:1:
In case of dry cracks the AVO gradient changes the sign when measurements in the crack-
strike plane and in the crack-normal plane are compared. The sign change does not occur
in case of wet cracks. This can be explained with help of equation (3). The dominant term
in this example is the term� �c11: For dry cracks�c11 changes the sign when compared
in both symmetry planes. The elastic parameterc11 for the isotropic Taylor shale is
44:84 GPa: For the fractured Austin chalk we have in case of dry cracks57:64 GPa in
the crack-strike plane and34:20 GPa in the crack-normal plane, and in case of water-
filled cracks57:45GPa and62:26 GPa respectively (Strahilevitz & Gardner, 1995). The
result can also be explained with help of equation (4). For an incidence angle of# = 45�

in the crack-normal plane the third (anisotropic) term decreases the isotropic coefficient
by approximately23�: This decrease is approximately twice as large as the decrease in the
crack-strike plane (Figs. 1 and 2).
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Figure 1: ExactRPP� coefficient for isotropic Taylor shale and fractured Austin chalk.
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Figure 2: ApproximateRPP� coefficient (eq.(3)) for the model of Fig.1.
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DISCUSSION AND CONCLUSIONS

We derived explicit expressions for theRPP� reflection coefficient for a vertically frac-
tured medium. The formulas show the influence of the Poisson ratio, the crack density
and the azimuth of the receiver profile on the reflection coefficient. The formulas allow
us to directly link parameters of the fractured rock to the AVOA response.
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Program Description: Performs the so called Common Reflection Sur-

face Stack, searching the three stacking parame-
ters in 2 search steps. Therefor it is faster, but
not as acurate as Illu.

Language: Fortran 90
Software Package Requirements: SEPlib
Interactive: no
Author: Thilo Mueller
E-mail: Thilo.Mueller@phys.uni-karlsruhe.de

Program Name: AKU2D
Program Description: 2D finite-difference wave equation modeling of

acoustic waves, 6th/10th order approximation
in space, 2nd/4th order approximation in time,
absorbing boundaries, free surface

Language: Fortran 77
Software Package Requirements: none
Interactive: no
Author: Joachim Falk, University of Hamburg
E-mail: falk@dkrz.de, gajewski@dkrz.de

Program Name: ELA2D
Program Description: 2D finite-difference wave equation modeling of

seismic waves (P-SV), 6th order approximation
in space on staggered grids, 2nd/4th order ap-
proximation in time, absorbing boundaries, free
surface

Language: Fortran 77
Software Package Requirements: none
Interactive: no
Author: Joachim Falk, University of Hamburg
E-mail: falk@dkrz.de, gajewski@dkrz.de

Program Name: GRIMFIDI



245
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seismic waves (P-SV), 6th order approxima-
tion in space on staggered grids, 2nd/4th order
approximation in time, adjustable grid spacing
by grid refinement technique, absorbing bound-
aries, free surface, manual available

Language: Fortran 77
Software Package Requirements: none
Interactive: no
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Program Description: velocity independent stacking approach
Language: Fortran
Software Package Requirements: DISCO/Focus
Interactive: No
Author: W. Soellner and G. Garabito Callapino
E-mail: soellner@marajo.ufpa.br

Program Name: Fdmod
Program Description: Finite Difference Modeling Package (time do-

main, optimized derivative coeff. , elastic, vis-
coelastic, anisotropic, free surface, absorbing,
topography)

Language: Fortran90 (HPF)
Software Package Requirements: SEPlib
Interactive: No
Author: M. Karrenbach
E-mail: martin.karrenbach@physik.uni-karlsruhe.de

Program Name: sepref
Program Description: Reflectivity Modeling (isotropic, wave field se-

lection)
Language: Fortran77
Software Package Requirements: SEPlib
Interactive: No
Author: S. Laux
E-mail: martin.karrenbach@physik.uni-karlsruhe.de

Program Name: CHANT
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Program Description: 2D elastic pseudospectral Fourier-Chebyshev
fullwave modeling with free surface boundary
conditions and surface topography. 4th order
Taylor expansion in time.

Language: Fortran 77
Software Package Requirements: none
Interactive: no
Author: Thomas Ruedas, University of Hamburg
E-mail: ruedas@dkrz.de

Program Name: CT3D
Program Description: 3D elastic pseudospectral Fourier-Chebyshev

fullwave modeling with free surface boundary
conditions. 4th order Taylor expansion in time.

Language: Fortran 77
Software Package Requirements: none
Interactive: no
Author: Ekkehart Tessmer, University of Hamburg
E-mail: ekkehart.tessmer@dkrz.de, gajewski@dkrz.de

Program Name: CT3DTOPO
Program Description: 3D elastic pseudospectral Fourier-Chebyshev

fullwave modeling with free surface boundary
conditions and surface topography. 4th order
Taylor expansion in time.

Language: Fortran 77
Software Package Requirements: none
Interactive: no
Author: Ekkehart Tessmer, University of Hamburg
E-mail: ekkehart.tessmer@dkrz.de, gajewski@dkrz.de

Program Name: CT3DANX
Program Description: 3D fully anisotropic elastic pseudospectral

Fourier-Chebyshev fullwave modeling with
free surface boundary conditions. 4th order
Taylor expansion in time.

Language: Fortran 77
Software Package Requirements: none
Interactive: no
Author: Ekkehart Tessmer, University of Hamburg
E-mail: ekkehart.tessmer@dkrz.de, gajewski@dkrz.de
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Program Name: vid2d
Program Description: 2D finite-difference eikonal solver, expanding

squares
Language: Fortran 77
Software Package Requirements: none
Interactive: no
Author: Norman Ettrich, University of Hamburg
E-mail: ettrich@dkrz.de

Program Name: fdpert2d
Program Description: 2D finite-difference eikonal solver, first-order

pertubation method included, simultaneous
traveltime computation for several isotropic
models, traveltime computation for anisotropic
models

Language: Fortran 77
Software Package Requirements: none
Interactive: no
Author: Norman Ettrich, University of Hamburg
E-mail: ettrich@dkrz.de

Program Name: qin3d
Program Description: 3D finite-difference eikonal solver, wavefront

expansion
Language: Fortran 77
Software Package Requirements: none
Interactive: no
Author: Norman Ettrich, University of Hamburg
E-mail: ettrich@dkrz.de

Program Name: wfc2d
Program Description: 2D wavefront construction, multivalued travel-

times, amplitudes, phases, take-off angles
Language: Fortran 77
Software Package Requirements: none
Interactive: no
Author: Norman Ettrich, University of Hamburg
E-mail: ettrich@dkrz.de

Program Name: polfd



248

Program Description: 2D FD eikonal solver in polar coordinates.
Takes a velocity field on a rectangular grid as
input and gives the computed travel times on an
also rectangular grid.

Language: Fortran 77
Software Package Requirements: none
Interactive: no
Author: Andree Leidenfrost, University of Hamburg
E-mail: leidenfrost@dkrz.de
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Research Personnel

Robert Essenreiter received his M.Sc. in Geophysics from the
University of Karlsruhe, Germany, in August 1996. His mas-
ter thesis was on Geophysical Deconvolution and Inversion with
Neural Networks. Currently he is a Ph.D. Student at the Geophys-
ical Institute, University of Karlsruhe, Germany. His research in-
terests include signal processing and artificial intelligence. In his
current project he is working on a new approach for multiple at-
tenuation using neural networks.

Norman Ettrich received his Diploma (1993) in geophysics from
the Technical University of Clausthal and a PhD (1997) in geo-
physics from the University of Hamburg. Since 1996, he has been
a research assistant at the University of Hamburg. His interests are
ray tracing and seismic migration/inversion. He received EAEG's
Van Weelden Award in 1995. He is a member of EAGE.

Joachim Falk received his Diploma (1994) in geophysics from
the University of Hamburg. Since 1994 he has been a research
associate at the University of Hamburg. He is working on the de-
velopment of finite difference algorithms using adapted grids for
the numerical modeling of acoustic, seismic and electro-magnetic
wave propagation problems in complex media. He is a member of
the EAGE.

Dirk Gajewski received a diploma in geophysics in 1981 from
Clausthal Technical University and a PhD from Karlsruhe Univer-
sity 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, Califor-
nia. From 1990 until 1992, he worked as an assistant professor
at Clausthal Technical University. His research interests include
high-frequency assymptotics, seismic modeling, and processing of
seismic data from isotropic and anisotropic media. Together with
Ivan Psenck, he developed the ANRAY program package. He is a
member of AGU, DGG, EAGE, and SEG, and serves as an Asso-
ciate Editor for Geophysical Prospecting (section anisotropy).
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Norbert Gold is dealing with the propagation of elastic waves in
2-D and 3-D random media and with finite difference modelling
on parallel computers.

Peter Hubral received an M.Sc. in 1967 in geophysics from
Clausthal Technical University and a Ph.D. in 1969 from Impe-
rial College, London University. Since 1986, he has been a full
Professor of Applied Geophysics at Karlsruhe University special-
ising in Seismic Wave Field Inversion. During 1970-73 he was
with Burmah Oil of Australia and from 1974 to 1985 he was with
the German Geological Survey in Hannover. He was a consul-
tant in 1979 with AMOCO Research and, during 1983-1984, a
PETROBRAS-sponsored visiting professor in the PPPG project
at the Universidade Federal da Bahia in Brazil. In 1995-1996 he
was an ELF- and IFP sponsored visiting professor at the Univer-
sity of Pau, France. He received EAEG's Conrad Schlumberger
Award in 1978 and SEG's Reginald Fessenden Award in 1979. He
is a member of DGG, EAEG and SEG. Peter Hubral is involved
in most of WIT's activities, in particular those including research
on image resolution, image refinement, image attributes, multiple
suppression, incoherent noise suppression, true-amplitude imag-
ing, interpretative processing, and image animation.

Makky S. Jaya is working on image animation, i.e., he is trying
to solve the problem of obtaining seismic images for a continuous
set of parameters using image-wave equations and their solutions.

Martin Karrenbach received his “Vordiplom” in physics in 1985
from the University of Karlsruhe, West Germany, and his M.S. in
geophysics from the University of Houston in 1988. He was with
SEP from September 1988 through February 1995 when he re-
ceived his Ph.D. in geophysics from Stanford University. He had
summer employment with Siemens, BEB, Cogniseis and most re-
cently with Chevron Oilfield Research Co. He is currently an As-
sistant Professor at Karlsruhe University, Germany. He is a mem-
ber of the AGU and SEG.

Andree Leidenfrost received his Diploma (1995) in geophysics
from the University of Hamburg. Since 1995 he has been a re-
search associate at the University of Hamburg. His interests are



255

travel time computation and seismic migration. He is a member of
EAGE.

Joao L. Martins is occupied with the development of fast and ef-
ficient Kirchhoff-type true-amplitude imaging methods for several
different simpler types of media.

Tijmen Jan Moser received his Ph.D. in Geophysics from the
University of Utrecht in 1992, on a thesis concerned with the
shortest path calculation of seismic ray paths. Thereafter, he held
research positions at Amoco (Tulsa, summer 1992), IFP (Paris,
1992-1993), IPG (Paris, 1993-1994), ISEP/Norsk Hydro (Bergen,
1995-1996). He was an Alexander-von-Humboldt fellow at the
Geophysical Institute in Karlsruhe (1996-1997). He is cuurently
a consultant at Nork Hydro (Bergen). His main research inter-
ests include applied mathematics, computational seismology, and
ray-based imaging. He is a member of SEG, EAGE and MAA.
His main area of interest is ray-based imaging. As such, he is in-
volved in developing cost- and memory-effective techniques for
wavefront construction, in 2D and 3D smooth and non-smooth
media. These techniques have found applications in forward mod-
eling and VSP in complicated structures. Also, he is interested
in applications in true-amplitude imaging in presence of realistic,
possibly non-smooth, macro-velocity models.

Thilo M üller is working on imaging techniques. He is particu-
larily involved in the so called CRS (Common Reflection Surface)
Stack Technique. This is an imaging process that stacks data along
the optimum stacking surface, using much more traces than stan-
dard techniques and needing no velocity information.

M. Amélia Novais investigates the different aspects of Born and
Kirchhoff forward modeling schemes, in particular with respect
to amplitudes. She is also working on a combined scheme that
incorporates the advantages of both methods.

Melanie Pohl is dealing with wave propagation in generally aniso-
tropic 3D media. She is applying these schemes in lower crustal
structure studies and in reservoir simulations.
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Thomas Ruedasbegan studying geophysics at Hamburg univer-
sity in 1991 and received his Diploma in 1997.

Lúcio Tunes Santos received his BS (1982) and MS (1985) in
Applied Mathematics from the State University of Campinas (UNI-
CAMP), Brazil. In 1991 he earned his Ph.D. in Electrical En-
gineering also from UNICAMP. From 1985 to 1988 he was em-
ployed as a Teaching Assistant at the University of So Paulo (USP).
Since 1988 he has been working for UNICAMP, first as a Teaching
Assistant and since 1991 as an Assistant Professor. Between Au-
gust 1994 and August 1995, he visited Rice University as a post-
doc researcher. His professional interests include seismic model-
ing and imaging as well as nonlinear optimization. He is a member
of SIAM and SBMAC (Brazilian Society of Applied Mathemat-
ics). His main areas of research are seismic modeling and true-
amplitude imaging. He's also interested in nonlinear optimization
algorithms and fractals. His present activities include MZO for
variable velocity and modeling by demigration. Moreover, he's
also working on exact penalty methods in nonlinear programming.

Jörg Schleicher received his ”Diplom” (MSc equivalent) in Physics
in 1990 and his ”Dr. rer. nat.” (Ph.D. equivalent) in Geophysics
in 1993 from Karlsruhe University, Germany. After employment
as a research fellow at the Geophysical Institute from February
1990 to September 1995, he became a visiting scientist at the In-
stitute for Mathematics, Statistics, and Scientific Computing of
the State University of Campinas (IMECC/UNICAMP), Brazil,
with a joint grant from the Brazilian National Council for Scien-
tific and Technological Development (CNPq) and Alexander von
Humboldt foundation. Since October 1996, he has been employed
as an Associate Professor for Applied Mathematics at IMECC/-
UNICAMP. His research interests include almost all forward and
inverse seismic methods. He is a member of SEG, EAGE, DGG,
SBGf, and SBMAC. His main areas of research include true-ampli-
tude imaging and ray tracing. He's also interested in any kind of
seismic modeling or imaging theories and algorithms. His present
activities include research on how to control amplitudes in differ-
ent kinds of seismic imaging methods and on how to efficiently
perform the true-amplitude imaging. Moreover, part of his re-
search is directed towards the extraction of more useful image at-
tributes from seismic data.
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Sergei Shapiro received his M.Sc. in 1982 from Moscow Uni-
versity and the Ph.D. in 1987 from All Union Research Institute
of Geoinformsystem (AURIG) in Moscow, both in Geophysics.
During 1982-90 he worked for AURIG as a research geophysi-
cist. Since 1991 he has been a senior research scientist at the
Geophysical Institute of Karlsruhe University, Germany, the first
two years as an Alexander von Humboldt fellow. From January
to August 1997, he was a Heisenberg associate-research professor
in Karlsruhe. Since September 1997, he has been a full professor
in Applied Geophysics at the Nancy School of Geology, France,
where he is cooperating with GOCAD consortium. His interests
include exploration seismology, rock physics, and forward and in-
verse scattering problems. He is a member of SEG, EAGE, AGU,
and DGG.

Walter Söllner received a diploma (1983) in geophysics from
Clausthal Technical University and his Ph.D. (1990) in geophysics
from Clausthal Technical University. Since 1995, he has been a
visiting professor in applied seismics at the Federal University of
Para (UFPa), Brazil. From 1989 until 1994 he worked as research
scientist at the Geophysical Institute at Karlsruhe University. His
research interests are seismic processing, imaging and inversion.
He is a member of SEG and SBGf.

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 uni-
versity staff position. His research interests include exploration
seismology, seismic and electromagnetic wave propagation simu-
lation, and migration. He is a member of DGG, EAGE, and SEG.

Marc Tittgemeyer is focussing on elastic wave propagation through
random media. In particular he's interested in an explanation for
prominent seismic refraction phases being efficiently propagated
most likely within a sub-Moho waveguide.

Martin Tygel received his BSc in physics from Rio de Janeiro
State University in 1969, his M.Sc. in 1976 and Ph.D. in 1979
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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 Sur-
vey (BGR) in Hannover. Since 1995, he has been president of
the Brazilian Society of Applied Mathematics (SBMAC). His re-
search interests are in seismic wave propagation and processing,
including imaging, migration and inversion. He is a member of
SEG, SBGf, and SBMAC. His research combines wave propaga-
tion and seismic processing. This includes the development of
imaging, migration and inversion algorithms, that possess a sound
wave theoretical basis and can as well be applied to practical prob-
lems. His recent publications have been in the study of amplitude
aspects of seismic data, namely true-amplitude depth migration
and migration to zero offset (MZO). He is also working in kine-
matical imaging by stacking multi-coverage data, as for example
by the common reflection element (CRE) method.

Wolfgang Velten deals with the development of ray tracing algo-
rithms in 3D blocked media with triangulated surfaces.

Friedemann Wenzel received a Ph.D. in geophysics from Karl-
sruhe University in 1985. Until 1988 he worked as research sci-
entist in Karlsruhe and at Columbia University (U.S.), until 1990
as Associate Professor in Karlsruhe, until 1992 as Principal Re-
search Scientist of CSIRO Division of Exploration Geosciences
in Sydney (Australia), until 1994 as Director of the department
' Structure of the Earth' at GeoForschungs Zentrum Potsdam, and
Professor of Geophysics at Potsdam University, since 1994 as Pro-
fessor at the Geophysical Institute, Karlsruhe University. He is
currently head of the Collaborative Research Center 461 (Sonder-
forschungsbereich) ' Strong Earthquakes - A Challenge for Geo-
sciences and Civil Engineering' at Karlsruhe University. His re-
search interests are in seismology, modeling of wave propagation,
and seismic hazard assessment. He is a member of AGU, SEG,
EGS, EUG, and SSA.
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Ulrich Werner is working on an expansion of the generalized
O' Doherty/Anstey theory that, in addition to the frequency-dependent
anisotropy due to thin multilayering, also takes frequency-independent
intrinsic anisotropy of each layer into account.

Matthias Zillmer Diploma in Physics at the University of Ham-
burg (1995). Since 1995 PhD research associate at the Institute for
Geophysics. Interests in anisotropy, ray theory, reflection coeffi-
cients. SEG member.
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