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Description

BACKGROUND OF THE INVENTION

[0001] The present invention relates a method for analyzing seismic data.
[0002] It is applicable, among others in the field of geophysical prospecting in areas that contain carbonate reservoirs,
i.e. where the hydrocarbon containing rocks are carbonate rocks such as limestone, for example.
[0003] Carbonate reservoirs are difficult to exploit because of their heterogeneous nature. A major challenge in car-
bonate environments is therefore to map these heterogeneities which have a strong impact on oil and gas production.
In many carbonate reservoirs, the porosity of the rock (i.e. matrix porosity) is high enough to contain large amounts of
oil in place, but the permeability is mainly provided by fracture corridors, not by the intrinsic nature of the rock matrix. In
other reservoirs, the oil in place is found primarily in caves and conduits formed in the rock formation by infiltration and
action of rain water (so-called karst formations).
[0004] Therefore, the ability to detect these heterogeneities and possibly characterize their properties, i.e. obtaining
three dimensional maps of their geometry and characteristics, is essential in these environments.
[0005] To obtain images of the subsurface, a seismic method is often used, which consists in creating and sending
seismic waves in the ground using sources such as explosives or vibrator trucks on land, or airguns offshore. The seismic
waves penetrate the ground and get bounced, or reflected off major geological discontinuities in the subsurface. As a
result, they come back to the surface, where they are recorded using arrays of three component geophones (on land),
or hydrophones (offshore) which are regularly distributed to cover areas of several square kilometres.
[0006] Seismic reflections assume that local planes are large compared to the seismic wavefront. When the subsurface
contains edges and short-scale heterogeneities, the wavefront undergoes diffractions rather than reflections.
[0007] Diffraction effects are typically present with carbonate reservoirs, because of the characteristics mentioned
above, i.e. the presence of faults, fissures, conduits, caves etc.
[0008] The importance of diffracted waves for obtaining better images of subsurface carbonate-type reservoirs has
long been recognized.
[0009] Typically, diffracted energy is one or even two orders of magnitude weaker than the reflected one and it is not
easy to distinguish diffracted events in a seismic dataset or a diffraction image in a seismic image. Therefore, diffracted
and reflected energy have to be separated properly.
[0010] A suitable domain for performing this separation is the post-migration dip angle domain as disclosed by Landa
et al. "Separation, imaging, and velocity analysis of seismic diffractions using migrated dip angle gathers", SEG Expanded
Abstracts, Vol. 27, pages 2176-2180, 2008. In this document, reflection and diffraction events are separated in the dip
angle domain using a plane-wave-destruction method, described by Fomel: "Applications of plane-wave destruction
filters", Geophysics, 67, 1946-1960, 2002, requiring accurate estimation of the velocity model used for the migration.
[0011] Pre-stack post-migration common image gathers in the dip angle domain are generated from seismic data
conventionally measured and recorded. A dip angle common image gather (DA-CIG) is a bi-dimensional data structure
with a first axis representing the dip angle and a second axis representing the depth.
[0012] A DA-CIG is typically obtained for one horizontal position (x, y) by summing contributions from a number of
seismic traces recorded by seismic detectors around the horizontal position (x, y). Those contributions for a depth z and
a dip angle α are determined by assuming that some structure of the subsurface at position (x, y, z) has a dip angle α
and bounces back seismic waves from the source. Snell’s law and a model for estimating the velocity of seismic waves
in the migration process determine detector positions and respective reading times for those detectors, providing con-
tributions to the DA-CIG at (x, y) for (z, α).
[0013] If the structure at position (x, y, z) is a reflector with a dip angle α, then seismic energy is specularly reflected
and yields a concave feature in the DA-CIG at (x, y) which is approximately of a parabolic shape with an apex located
at (z, α).
[0014] If a diffractor rather than a reflector is the structure located at (x, y, z), energy is scattered in all directions from
such structure, which results in a flat feature in the DA-CIG at (x, y) for the depth value z. Such flat feature is horizontal
if the velocity model used for migration is an accurate estimation of the seismic velocities in the subsurface, and if the
DA-CIG is located directly above the diffractor. It is slanted and quasi-linear if there is some error in the velocity model.
[0015] A DA-CIG 12 is illustrated in figure 1. The illustrated DA-CIG 12 is located above two diffraction points and is
computed from measured seismic data using a correct velocity model. When viewing a DA-CIG 12, two kinds of features
can thus be distinguished. The first kind consists in concave features and the second kind consists in flat features. The
concave features are related to reflection events and the flat features are related to diffraction events. For instance, two
horizontal features 14, 16 appear in the common image gather of figure 1. Both horizontal features are related to diffraction
points in the subsurface.
[0016] The summation of DA-CIGs obtained for different horizontal positions produces a seismic image of the sub-
surface. An image of a reflector is formed by a constructive summation of these DA-CIGs in a vicinity of the apexes of
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the concave features, in the form of smiles, related to such reflector.
[0017] When summing the DA-CIGs to assemble the migrated seismic image, the tails of the smile-shaped reflection
features are either annihilated in the migrated image due to destructive optimal summation, or they create migration
noise due to aliasing in the data and truncation of the migration aperture. The ability to control migration aperture is
important in order to reduce this noise in migrated images.
[0018] In "Limited aperture migration in the Angle domain", 71st EAGE Conference, Expanded Abstracts, Amsterdam,
Netherlands, 8-11 June 2009, N. Bienati, et al., proposed a method using the property that specular energy of the
reflection events is concentrated in a vicinity of the apex position. Their method includes detecting apices on DA-CIGs
by automated picking, and muting the rest of the energy prior to summation. The migrated images obtained after such
processing tend to be over-smoothed and they may thus miss small-scale structural features such as fault planes and
steps. The diffraction components are removed.
[0019] In "Separation and imaging of seismic diffractions in dip-angle domain", 72nd EAGE Conference, Expanded
Abstracts, 14-17 June 2010, A. Klokov A., et al., introduced the use of a hybrid Radon transform to separate diffraction
and reflection features in CA-CIGs. In a first step, the apex regions of the parabolas related to the reflection events are
detected and muted; then, the hybrid Radon transform is applied to separate the remaining tails parts of the parabolas
from the linear-shaped diffraction features. An image of the diffractors only can thus be obtained after summation of the
processed DA-CIGs.
[0020] There is a need for a method of analyzing seismic data which produces seismic images with a low migration
noise and a good imaging of small-scale structures in the underground.

SUMMARY OF THE INVENTION

[0021] A method of analyzing seismic data is proposed, comprising:

- generating a post-migration common image gather in a dip angle domain from measured seismic data;

- determining a hybrid Radon model associated with the common image gather, including a reflection model related
to concave features in the common image gather and a diffraction model related to linear features in the common
image gather;

- transforming the reflection model with a reflection Radon operator applied along inversion trajectories restricted
around apices of the concave features to obtain reflection data; and

- transforming the diffraction model with a diffraction Radon operator to obtain diffraction data.

[0022] The method limits the migration aperture in the dip-angle domain, which can optimally preserve both specular
and non-specular components of the wavefield. It uses a modified Radon transform which can be referred to as Limited
Aperture Hybrid Radon Transform (LAHRT).
[0023] The diffraction data can be analyzed separately from the reflection data to look for small-scaled structures of
interest. Alternatively, the reflection data and diffraction data obtained by transforming the reflection and diffraction
models with the Radon operators are added together to obtain a processed common image gather. Typically, such
processed common image gathers are obtained for different horizontal positions. The method may then include a further
step of summing the data in the processed common image gathers to generate a migrated image of the subsurface.
[0024] In an embodiment, determining the hybrid Radon model associated with the common image gather comprises
minimizing an objective function: 

where md and mr are data vectors of the diffraction model and of the reflection model, respectively, Ld and Lr are the
diffraction and reflection Radon operators, respectively, d represents a data vector of the common image gather, Wd
and Wr are model space weights, εd and εr are measures of sparseness for diffraction and reflection, respectively, and
i·i2 is an L2 measure.
[0025] To achieve an optimal aperture migration, for each sample, the inversion trajectory of the reflection component
is restricted by the apex vicinity only, while typically the diffraction component is fully inverted. In other words, transforming
the reflection model, noted mr(ζ, c, z1), with the reflection Radon operator can comprise computing the reflection data,
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noted Dr(α, z), as:

where α and z are respectively dip angle and depth coordinates in the common image gather, c, ζ and z1 are respectively
parabola curvature, parabola apex shift and depth coordinates in the reflection model, the sum on the parabola apex
shift coordinate ζ being restricted to values of ζ around the dip angle coordinate α.
[0026] The size of the apex vicinity can be defined by referring to the stationary phase principle and Fresnel zone
considerations. Although the Fresnel zone is theoretically defined for monochromatic waves only and reflection seis-
mology deals with broadband wavelets, the Fresnel zone can be thought of as a "zone of influence". This concept can
be extended to the angle domain as indicated in the above-mentioned Bienati et al. paper. It provides a criterion for
further optimizing the migration aperture.
[0027] For example, when computing the reflection data Dr(α, z) for a dip angle coordinate α and a depth coordinate

z, the sum on the parabola apex shift coordinate ζ can be restricted, for a given value of the parabola curvature coordinate

c, to values of ζ different from α by less than about  where λ is an average wavelength of seismic waves used

to measure the seismic data.
[0028] Another aspect of the invention relates to a system for analyzing seismic data, comprising computer resource
configured to carry out an analysis method as mentioned above.
[0029] Another aspect of the invention relates to a computer program product for a system for analyzing seismic data,
comprising instructions to carry out a method as claimed in any one of the preceding claims when said program product
is run in a computer processing unit of the system for analyzing seismic data. The computer program product is typically
embodied on a computer-readable medium.
[0030] Other features and advantages of the method and apparatus disclosed herein will become apparent from the
following description of nonlimiting embodiments, with reference to the appended drawings.

BRIEF DESCRIPTION THE DRAWINGS

[0031]

Figure 1, discussed above, is a picture of a common image gather in the dip angle domain (DA-CIG).

Figures 2-3 are simplified diagrams for explaining how structure in the subsurface (figure 2) can produce features
in a DA-CIG (figure 3).

Figure 4 is a flow chart of an exemplary method in accordance with the invention.

Figure 5 is a diagram illustrating the generation of reflection and diffraction data in an embodiment.

Figures 6-7 show an example of depth migrated section of the subsurface (figure 6) obtained from synthetic data
using a correct velocity model and a DA-CIG (figure 7) at the horizontal position indicated by the vertical line in figure 6.

Figures 8-9 show an example of depth migrated section of the subsurface (figure 8) obtained from the same synthetic
data as in figures 6-7 using an apex-saving approach and a DA-CIG (figure 9) at the same horizontal position
indicated by the vertical line in figure 8.

Figures 10-11 show an example of depth migrated section of the subsurface (figure 10) obtained from the same
synthetic data as in figures 6-9 using the LAHRT approach according to an embodiment of the invention and a DA-
CIG (figure 11) at the same horizontal position indicated by the vertical line in figure 10.

Figures 12-13 show an example of depth migrated section of the subsurface (figure 12) obtained from the decimated
synthetic data using the apex-saving approach and a DA-CIG (figure 13) at the horizontal position indicated by the
vertical line in figure 12.
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Figures 14-15 show an example of depth migrated section of the subsurface (figure 14) obtained from the same
decimated synthetic data as in figures 12-13 using the LAHRT approach according to an embodiment of the invention
and a DA-CIG (figure 15) at the same horizontal position indicated by the vertical line in figure 14.

Figure 16 show an example of depth migrated section of the subsurface obtained conventionally from real seismic
data.

Figure 17 show an example of depth migrated section of the subsurface obtained from the real seismic data as in
figure 16 using the LAHRT approach according to an embodiment of the invention.

DESCRIPTION OF EMBODIMENTS

[0032] Figure 2 is a schematic illustration of the subsurface with a simplified representation of backscattering structures.
In this example, at the horizontal position x = 2.5 (the y dimension is not shown), a diffractor 20 is at a depth z = z1, and
two reflecting surfaces 21, 22 are at depths z = z’ (dip angle α = -ζ) and z = z" (dip angle α = 0). A dip angle common
image gather (DA-CIG) at this horizontal position is shown in figure 3. It is seen that the diffractor 20 gives rise to a
quasi-linear feature at depth z1, while the reflecting structures 21, 22 give rise to respective parabola or smiled-shaped
features with apices located at depth z’ and z". The apex of each parabola is shifted with respect to the position α = 0
in the DA-CIG by a value corresponding to the dip angle of the reflecting structure.
[0033] In practice, the subsurface includes numerous reflecting and diffracting structures. So real-world DA-CIGs look
much more complex, with many smile-shaped and linear features, and also background noise and aliasing noise, i.e.
noise due to the finite spatial sampling rate of the seismic signal.
[0034] The LAHRT method whose flowchart is generally depicted in figure 4 aims at producing seismic images having
a low residual noise level, while keeping features representative of small-scaled structures which typically produce
diffraction components in the measured seismic signal.
[0035] In the first step 30, seismic data are received as input for the analysis method. The seismic data has been
gathered on the field, using technologies well known in the art. In the second step 31, DA-CIGs are computed at different
horizontal positions (x, y). The DA-CIGs are generated from the measured seismic data using conventional migration
techniques.
[0036] In step 32, a hybrid Radon model is determined as an alternative parameter representation of the DA-CIG in
a model space (mr, md). The Radon representation is said to be hybrid because it includes both a reflection model mr
and a diffraction model md.
[0037] A convenient reflection model can be defined as follows based on the DA-CIG data noted d(α, z). A first reflection

Radon operator  is defined from the 2-dimensional DA-CIG data space to a 3-dimensional parameter space (ζ, c,

z’) by referring to the parabola-shaped features, where ζ is a parabola apex shift, c is a parabola curvature and z’ is a
parabola apex depth: 

[0038] A second reflection Radon operator Lr is defined from the model space back to the original data space as follows: 

[0039] For diffractions, the Radon model may be defined using first diffraction Radon operator  from the 2-dimen-

sional DA-CIG data space (α, z) to another 3-dimensional parameter space (γ, η, z1) where γ is a velocity model accuracy

parameter (γ = Vm/V), η designates a lateral distance between a diffractor and an image point, and z1 is a diffractor depth:
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where: 

with: 

[0040] A second diffraction Radon operator Ld for transforming from the diffraction model space (γ, η, z1) back to the
original data space (α, z) is then defined as: 

[0041] In practice, due to the noise in the input DA-CIG data, it is not appropriate to directly apply the first Radon

operators  mentioned above. Instead, a minimization procedure is carried out to determine the hybrid model

that best fits the input data in a least-square sense. This may, for example, be performed by minimizing the objective
function F: 

where εd and εr are diffraction and reflection measures of sparseness, respectively. In formula (5), the notations md and
mr are abbreviations for model vectors including values of the diffraction and reflection models at sampled positions of
the model space, to which the Radon operators Ld and Lr are applied, and d denotes a corresponding input vector whose
components are the sampled values of the DA-CIG data. Wd and Wr designate model space weights arranged in diagonal
matrices.
[0042] The minimization process performed in step 32 is diagrammatically depicted in figure 5. The reflection model
mr and the diffraction model md are generated by units 41 and 42 which convert them into the original data space using
formulas (2) and (4). The reflection and diffraction data Dr and Dd thus obtained are summed at 43 and the resulting
combination is subtracted from the input data d(α, z) at 44. The minimization unit 45 applies a least-square-type of
algorithm to minimize the magnitude of the difference d(α, z) - [Dr(α, z) + Dr(α, z)]. It controls the reflection and diffraction
model generators 41, 42 in order to find the optimal model parameters mr, md. An example of known minimization
algorithm which can be used is the limited-memory quasi-Newton method.
[0043] Once the optimal reflection and diffraction models mr, md have been determined in step 32, and inverse Radon
transform is applied in step 33 using the operators Lr, Ld corresponding to formulas (2) and (4), to generate reflection
data Dr and diffraction data Dd which are considered to best represent the structure of the subsurface at the horizontal
position of the current DA-CIG.
[0044] However, when inverting the reflection model, the reflection Radon operator Lr is adapted to restrict the insertion
trajectories in the apex vicinity only, while the diffraction component Dd is fully inverted. The size of the apex vicinity can
be defined on the basis of the stationary phase principle and Fresnel zone considerations. For example, this means that
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formula (2) may be adapted to compute the reflection data Dr(α, z) for a dip angle α and a depth z as: 

where λ, designates an average value of the wavelength of the seismic waves used in the measurement step. The
wavelength is defined as λ = V/f where V is the wave propagation velocity and f is the main frequency, both V and f
being functions of z. Since each parabola is defined by an equation z = z’ + c.(α-ζ)2, the optimal aperture in terms of

Fresnel zone can be approximated as c.(α-ζ)2 = λ/4, in other words 

[0045] The above-described LAHRT procedure eliminates a major part of the noise which is due to the tail portions
of the parabola-shaped features while keeping the information contained in the diffraction components of the DA-CIG.
[0046] The resulting reflection data Dr and diffraction data Dd can then be added together to obtain a processed DA-
CIG, D = Dr + Dd, in step 34. These DA-CIGs for different horizontal positions (x, y) are then summed in the stacking
step 35 to provide the PSDM seismic image output in step 36.
[0047] To illustrate performance of the LAHRT method in an embodiment, examples are presented in figures 6-15.
[0048] Figure 6 shows a depth-migrated section obtained from synthetic data using the correct velocity model, and a
DA-CIG at the horizontal position A is shown in figure 7. The synthetic input data are well sampled (inter-trace distance
is 25 m), and the migration does not suffer from aliasing effects. Reflector truncations produce multiple apices at the
same depth in some DA-CIGs. In the processed DA-CIG of figure 7, two apices are located at the depth of about 1.25 km.
[0049] Figure 8-9 show the apex saving approach presented in the above-mentioned Bienati, et al., 2009 paper, with
a migration aperture limited by reflection smiles apex vicinities. The migrated image (figure 8) is over-smoothed and
small scale structural features such as fault planes and steps are not preserved. The processed DA-CIG (figure 9) does
not contain diffraction component. It also loses multiple apices located at the same depth.
[0050] Next, figures 10-11 show again the same migrated section and DA-CIG obtained with the LAHRT procedure
described above. The migrated image (figure 10) looks almost identical to the reference image shown in Figure 6. The
processed DA-CIG (figure 11) contains mainly specular reflection energy concentrated in a vicinity of the apices and
diffractions represented by the quasi-linear events. "Tails" of the reflection response are not contributing to the image.
[0051] Figure 12 shows a migrated section obtained with decimated input data. The decimated data was obtained
from the synthetic seismic data used in figures 6-11 by removing every second trace. The inter-trace distance is thus
50 m instead of 25 m, resulting in data aliasing. The migrated image of figure 12 is contaminated with strong migration
noise and the corresponding processed DA-CIG shown in figure 13 clearly suffers from aliasing.
[0052] The migrated common image gathers were also determined from the decimated data using the LAHRT proce-
dure. The result is shown in figures 14-15. Most of the migration noise caused by the input data aliasing disappeared.
The DA-CIG of figure 15 contains mostly reflection energy concentrated in the vicinity of the apices. So to speak, "holes"
caused by the aliasing are filled.
[0053] Migration of real seismic data is illustrated in the other example of figures 16-17. The conventional migrated
image (figure 16) contains many artifacts in the form of inclined linear noise and migration smiles. After migration using
the LAHRT procedure the noise is strongly reduced (figure 17). The scattering points in the upper part of the image
which can be associated with small scale heterogeneities or fractures are preserved.
[0054] The embodiments of the method described herein may be implemented on any form of computer or computers
and the components may be implemented as dedicated applications or in client-server architectures, including a web-
based architecture, and can include functional programs, codes, and code segments. Any of the computers may comprise
a processor, a memory for storing program data and executing it, a permanent storage such as a disk drive, a commu-
nications port for handling communications with external devices, and user interface devices, including a display, key-
board, mouse, etc.
[0055] Typically, the method is carried out using software modules which may be stored as program instructions or
computer readable codes executable on the processor on a computer-readable media such as read-only memory (ROM),
random-access memory (RAM), CD-ROMs, magnetic tapes, floppy disks, and optical data storage devices. The computer
readable recording medium can also be distributed over network coupled computer systems so that the computer
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readable code is stored and executed in a distributed fashion. This media is readable by the computer, stored in the
memory, and executed by the processor.
[0056] It will be appreciated that the embodiments described above are illustrative of the invention disclosed herein
and that various modifications can be made without departing from the scope as defined in the appended claims.

Claims

1. A method of analyzing seismic data, comprising:

- generating a post-migration common image gather in a dip angle domain from measured seismic data;
- determining a hybrid Radon model associated with the common image gather, including a reflection model
related to concave features in the common image gather and a diffraction model related to linear features in
the common image gather;
- transforming the reflection model with a reflection Radon operator applied along inversion trajectories restricted
around apices of the concave features to obtain reflection data; and
- transforming the diffraction model with a diffraction Radon operator to obtain diffraction data.

2. The method as claimed in claim 1, further comprising adding the reflection data and diffraction data obtained by
transforming the reflection and diffraction models with the Radon operators, to obtain a processed common image
gather.

3. The method as claimed in claim 2, comprising obtaining processed common image gathers for different horizontal
positions and summing the data in the processed common image gathers to generate a migrated image of the
subsurface.

4. The method as claimed in any one of the preceding claims, wherein determining the hybrid Radon model associated
with the common image gather comprises minimizing an objective function: 

where md and mr are data vectors of the diffraction model and of the reflection model, respectively, Ld and Lr are
the diffraction and reflection Radon operators, respectively, d represents a data vector of the common image gather,
Wd and Wr are model space weights, εd and εr are measures of sparseness for diffraction and reflection, respectively,
and i·i2 is an L2 measure.

5. The method as claimed in any one of the preceding claims, wherein transforming the reflection model mr(ζ, c, z’)
with the reflection Radon operator comprises computing the reflection data Dr(α, z) as: 

where α and z are respectively dip angle and depth coordinates in the common image gather, c, ζ and z’ are
respectively parabola curvature, parabola apex shift and depth coordinates in the reflection model, the sum on the
parabola apex shift coordinate ζ being restricted to values of ζ around the dip angle coordinate α.

6. The method as claimed in claim 5, wherein, when computing the reflection data Dr(α, z) for a dip angle coordinate

α and a depth coordinate z, the sum on the parabola apex shift coordinate ζ is restricted, for a given value of the

parabola curvature coordinate c, to values of ζ different from α by less than about  where λ is an average

wavelength of seismic waves used to measure the seismic data.
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7. A system for analyzing seismic data, comprising computer resource configured to carry out a method as claimed
in any one of the preceding claims.

8. A computer program product for a system for analyzing seismic data, comprising instructions to carry out a method
as claimed in any one of claims 1-6 when said program product is run in a computer processing unit of the system
for analyzing seismic data.

Patentansprüche

1. Verfahren zur Analyse von seismischen Daten, das aufweist:

- Erzeugen einer allgemeinen Postmigrationsbildsammlung in einem Einfallswinkelgebiet aus gemessenen
seismischen Daten;
- Bestimmen eines hybriden Radonmodells in Verbindung mit der allgemeinen Bildsammlung einschließlich
eines Reflexionsmodells, das sich auf konkave Merkmale in der allgemeinen Bildsammlung bezieht, und eines
Beugungsmodells, das sich auf lineare Merkmale in der allgemeinen Bildsammlung bezieht;
- Transformieren des Reflexionsmodells mit einem Radon-Reflexionsoperator, der entlang Inversionskurven,
die um Scheitelpunkte der konkaven Merkmale beschränkt sind, angewendet wird, um Reflexionsdaten zu
gewinnen; und
- Transformieren des Beugungsmodells mit einem Radon-Beugungsoperator, um Beugungsdaten zu gewinnen.

2. Verfahren nach Anspruch 1, das ferner das Hinzufügen der Reflexionsdaten und Beugungsdaten aufweist, die durch
Transformieren der Reflexions- und Beugungsmodelle mit den Radon-Operatoren gewonnen werden, um eine
verarbeitete allgemeine Bildsammlung zu erhalten.

3. Verfahren nach Anspruch 2, das die Gewinnung verarbeiteter allgemeiner Bildsammlungen für verschiedene hori-
zontale Positionen und das Summieren der Daten in den verarbeiteten allgemeinen Bildsammlungen aufweist, um
ein migriertes Bild der Teiloberfläche zu gewinnen.

4. Verfahren nach einem der vorhergehenden Ansprüche, wobei die Bestimmung des hybriden Radon-Modells, das
mit der allgemeinen Bildsammlung verbunden ist, die Minimierung einer Zielfunktion aufweist: 

 wobei md und mr jeweils Datenvektoren des Beugungsmodells und des Reflexionsmodells sind, Ld und Lr jeweils
die Beugungs- und Reflexions-Radon-Operatoren sind, d einen Datenvektor der allgemeinen Bildsammlung darstellt,
Wd und Wr Modellraumgewichte sind und εd und εr jeweils Maße für die Seltenheit für Beugung und Reflexion sind
und i·i2 ein L2-Maß ist.

5. Verfahren nach einem der vorhergehenden Ansprüche, wobei die Transformation des Reflexionsmodells mr(ξ, c,
z’) mit dem Radon-Reflexionsoperator die Berechnung der Reflexionsdaten Dr(α, z) als 

umfasst, wobei α und z jeweils Einfallswinkel- und Tiefenkoordinaten in der allgemeinen Bildsammlung sind, c, ξ,
und z’ jeweils Parabelkrümmungs-, Parabelscheitelverschiebungs- und Tiefenkoordinaten in dem Reflexionsmodell
sind, wobei die Summe der Parabelscheitelverschiebungskoordinaten ξ auf Werte von ξ um die Einfallswinkelko-
ordinate α herum beschränkt sind.

6. Verfahren nach Anspruch 5, wobei, wenn die Reflexionsdaten Dr(α, z) für eine Einfallswinkelkoordinate α und eine

Tiefenkoordinate z berechnet werden, die Summe der Parabelscheitelverschiebungskoordinaten ξ für einen gege-
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benen Wert der Parabelkrümmungskoordinate c auf Werte von ξ beschränkt ist, die sich um weniger als etwa

 von α unterschieden, wobei λ eine mittlere Wellenlänge von seismischen Wellen ist, die verwendet werden,

um die seismischen Daten zu messen.

7. System zur Analyse seismischer Daten, das Rechenressourcen aufweist, die konfiguriert sind, um ein Verfahren
nach einem der vorhergehenden Ansprüche auszuführen.

8. Computerprogrammprodukt für ein System zur Analyse seismischer Daten, das Anweisungen aufweist, um ein
Verfahren nach einem der Ansprüche 1 - 6 auszuführen, wenn das Programmprodukt auf einer Rechenverarbei-
tungseinheit des Systems zur Analyse seismischer Daten laufen gelassen wird.

Revendications

1. Procédé d’analyse de données sismiques, comprenant :

- générer un iso-X post-migration dans un domaine d’angle de pendage à partir de données sismiques mesurées ;
- déterminer un modèle hybride de Radon associé à l’iso-X, comprenant un modèle de réflexion relatif à des
éléments concaves dans l’iso-X et un modèle de diffraction relatif à des éléments linéaires dans l’iso-X ;
- transformer le modèle de réflexion avec un opérateur de Radon de réflexion appliqué le long de trajectoires
d’inversion restreintes autour de sommets des éléments concaves pour obtenir des données de réflexion ; et
- transformer le modèle de diffraction avec un opérateur de Radon de diffraction pour obtenir des données de
diffraction.

2. Procédé selon la revendication 1, comprenant en outre une addition des données de réflexion et des données de
diffraction obtenues par transformation des modèles de réflexion et de diffraction avec les opérateurs de Radon,
pour obtenir un iso-X traité.

3. Procédé selon la revendication 2, comprenant une obtention d’iso-X traités pour différentes positions horizontales
et une sommation des données dans les iso-X traités pour générer une image migrée du sous-sol.

4. Procédé selon une quelconque des revendications précédentes, dans lequel la détermination du modèle hybride
de Radon associé à l’iso-X comprend la minimisation d’une fonction objectif : 

où md et mr sont des vecteurs de données du modèle de diffraction et du modèle de réflexion, respectivement, Ld
et Lr sont les opérateurs de Radon de diffraction et de réflexion, respectivement, d représente un vecteur de données
de l’iso-X, Wd et Wr sont des poids dans un espace de modélisation, εd et εr sont des mesures de rareté pour la
diffraction et la réflexion, respectivement, et i.i2 est une mesure L2.

5. Procédé selon une quelconque des revendications précédentes, dans lequel la transformation du modèle de réflexion
mr(ζ, c, z’) avec l’opérateur de Radon de réflexion comprend le calcul des données de réflexion Dr(α, z) sous la forme : 

où α et z sont respectivement des coordonnées d’angle de pendage et de profondeur dans l’iso-X, c, ζ et z’ sont
respectivement des coordonnées courbure de parabole, de décalage et de profondeur de sommet de parabole dans
le modèle de réflexion, la somme sur la coordonnée de décalage de sommet de parabole ζ étant restreinte à des
valeurs de ζ autour de la coordonnée d’angle de pendage α.
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6. Procédé selon la revendication 5, dans lequel, lors du calcul des données de réflexion Dr(α, z) pour une coordonnée

d’angle de pendage α et une coordonnée de profondeur z, la somme sur la coordonnée de décalage de sommet
de parabole ζ est restreinte, pour une valeur donnée de la coordonnée de courbure de parabole c, à des valeurs

de ζ différentes de α de moins d’environ  où λ est une longueur d’onde moyenne d’ondes sismiques utilisées

pour mesurer les données sismiques.

7. Système d’analyse de données sismiques, comprenant des ressources informatiques configurées pour exécuter
un procédé selon une quelconque des revendications précédentes.

8. Produit programme informatique pour un système d’analyse de données sismiques, comprenant des instructions
pour exécuter un procédé selon une quelconque des revendications 1 à 6 lorsque ledit produit programme est
exécuté dans une unité de traitement informatique du système d’analyse de données sismiques.
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