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This case study aims to determine the effect of five-dimensional regularization and interpolation on seis-
mic subsurface imaging, particularly focusing on impacts to noise attenuation, velocity analysis, and
migration. Advanced seismic processing requires high fold coverage and regular cross-spread data to
attain good noise attenuation and common offset vectors for appropriate migration. Complex geological
scenarios pose substantial challenges for subsurface imagers and interpreters. Stratton Field, USA, con-
tains a major fault, Agua Dulce, along with many smaller faults and thus requires dense acquisition for
high-resolution subsurface imaging to reduce migration smiles. Data were processed twice, the first
migration without 5D regularization and interpolation and the second with 5D regularization and inter-
polation. The migration without 5D regularization and interpolation was found to suffer from acquisition
footprints, migration smiles and a lack of amplitude versus offset (AVO) behavior, whereas the subsurface
image was enhanced with 5D regularization and interpolation and improved in terms of AVO behavior.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Oil and gas companies require dense 3D seismic geometric data
to enhance subsurface images, particularly in the case of complex
subsurface structures and complicated stratigraphy. However, in
the 1990s, most acquisitions were not as dense as that conducted
at the Stratton Field in 1992. Stratton Field is located in south Tex-
as, USA, between the counties of Nueces and Kleberg (El-Mowafy
and Marfurt, 2016). Fig. 1 shows the site of the 3D seismic survey
of this field and of the related Agua Dulce and Vicksburg faults,
which cause parallel and large rollover anticlines trending
southwest-northeast. Advanced seismic processing methods
require regularized and interpolated input data; therefore,
irregularly spaced sampled data must be transformed into regular
sampled data to avoid seismic data processing problems.

Data can be regularized using Fourier’s theory and through
implementing estimation methods that locate frequency on an
irregular grid (Xu et al., 2005). After the estimation of Fourier coef-
ficients, data can be reconstructed on any grid. As Fourier regular-
ization aims to fill gaps in seismic data, its density increase makes
it adequate for constructing common offset vectors (COVs). The bin
size of the geometry is determined by the spacing of the receivers
and shots on lines that define the cross-spread (Poole et al., 2009).
Data that are regularized in the shots and receivers improve the
signal-to-noise ratio, coherency, and the alignment of reflection
events (Chopra and Marfurt, 2013).

Regularization and interpolation can be applied to many differ-
ent domains; for example, if there are missing receivers, data inter-
polation is applied on the shot gather, and vice versa (Vermeer,
2002). In complex geology, 5D regularization and interpolation
techniques provide significant improvements, allowing seismic
data inputs to be densely sampled on a regular grid without spatial
aliasing in such directions such as IL, XL and COV (Xu et al., 2010).

Irregular shot and receiver lines will affect noise attenuation on
the cross-spread (Fig. 5A) for ground rolls and guided wave
removal. Ground rolls and guided wave noises are typical issues
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Fig. 1. Location of Stratton Field, south Texas, USA, including the Agua Dulce and Vicksburg faults. The oil field is located between the counties of Nueces and Kleberg. The two
major faults, Agua Dulce and Vicksburg, are parallel and large rollover anticlines trending southwest-northeast.
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when acquiring land data (Le Meur et al., 2010). These wave types
are partially aliased and the main characteristics of ground rolls are
low velocities, low frequencies and high amplitudes (Chen et al.,
2015). Fig. 5C shows irregularities, i.e., missing data affecting noise
attenuation (NA), in the crossline direction of the cross-spread.
Furthermore, common midpoint (CMP) gathers and mini-stacks
are difficult to identify in the velocity spectrum (Fig. 4A).

Irregular shot lines and receivers also affect the migration of
COVs, as regularizing data is an important step prior to performing
the Kirchhoff migration to deactivate post-migration noise and
enhance subsurface images (Poole and Herrmann, 2007). Pre-
migration COV domains rely on symmetrical reflected energy from
reflection layers (with a CMP as in P-waves) and receivers and
sources in the same acquisition survey datum (Vinje et al., 2015).
The Stratton Field 1992 seismic survey (SEG wiki seismic open
source data) contains irregular shots and empty CMP bins that can-
not be properly processed in cross-spread and COVs domains.
Therefore, Stratton Field is a good case study through which we
can analyze the impact of 5D regularization and interpolation.

2. Materials and methods

To improve the Stratton Field 3D seismic data subsurface image,
several steps were required, as shown in the flow chart (Fig. 2),
beginning with reformatting the data, amplitude recovery, the
removal of high-frequency noise, constant velocity picking, angle
muting, and 5D regularization and interpolation in the shot and
receiver domain for pre-processing. 5D (shot x, shot y, receiver x,
receiver y, and frequency) regularization and interpolation was
applied after high-frequency noise removal to avoid interpolating
high frequencies. This data set accrued parameters and precondi-
tioning data, setting the appropriate parameters for its application
to the original data. The use of 5D regularization and interpolation
requires velocity. As the data are still noisy, constant velocity



Fig. 2. Methodology workflow. Black boxes represent the main seismic data flow and blue boxes reflect preconditioning of the data, starting from reading the SEGY shot
gathers and reformatting and extracting the missing SPS files from data headers. After the geometry, amplitude recovery is conducted using time amplitude function 2, and
the removal of high-frequency noise is necessary to avoid interpolation. For 5D regularization and interpolation (shot x, shot y, receiver x, receiver y, and frequency), velocities
are required as this is done by constant velocity stacking. Velocity picking was undertaken after 5D regularization and interpolation, and used to model and to remove the
ground roll and guided wave. Gap deconvolution 24 was applied. Dense velocity picking and residual statics for preconditioning the data were conducted before the de-
multiples. 5D regularization and interpolation (inline, crossline, offset class x, offset class y, and frequency) was applied before migration in the main work flow. The data set was
sorted on the COV domain before migration. Finally, Kirchhoff migration is performed.
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picking and angle muting was performed after high-frequency
noise removal to model the 5D regularization and interpolation.
Interpolation was undertaken on the frequency-wavenumber
domain FK to create missed shots and receivers. Three grids are
required for this 5D process: the first is the regular geometry grid,
the second is for the source, and the third for the receivers.

Cross-spreading without 5D regularization and interpolation is
complicated; it is difficult to set the parameters for noise attenua-
tion (NA) as this requires a range of velocities for both the ground
roll and the guided wave and for the estimation of frequencies. The
cross-spread gather domain is necessary to remove ground roll
noises with consecutive applications of receiver/shot domains
using f/k or 3D velocity filters Poole et al., 2009). After 5D interpo-
lation, the missing cross lines are interpolated and used to fill the
empty CMP bins to complete the seismic volume. Thus, the appli-
cation of 5D regularization and interpolation enhances the cross-
spread, which is accordingly regularized to identify the GR and
GW velocities and their frequency ranges.

Subsequent to using the first 5D datset (shot x, shot y, receiver x,
receiver y, and frequency) to precondition and set the appropriate
parameters on the data, another 5D dataset (inline, crossline, offset
class x, offset class y, and frequency domain) was applied before
migration in the main work flow. These data were sorted on the
COV domain prior to migration. Applying 5D regularization and
interpolation is recommended prior to migration to assure consis-
tent amplitudes and reduce the footprint of pre-stack time migra-
tion (PSTM) (Wang andWang, 2014). Migration of the offset vector
tiles and COV domains facilitates an azimuth-dependent aniso-
tropy analysis. As a COV domain creates a single fold, it is ideal
to provide sampled in-lines, cross lines, and offset coordinates for
migration. The single fold in each COV can provide a clean subsur-
face image that limits migration smiles while maintaining the
amplitude vs. offset character (Fomel, 2000). The migration process
and AVO analysis observed during the migration can be affected by
empty CMP bins as this is based on the principle of destructive and
constructive interference of data. Most 3D geometry acquisitions
contain poor sampling as they are sensitive to coarse sampling
and irregular datasets (Trad, 2009).
3. Quality control

The main QC tool used for developing the processing sequence
of the Stratton 3D 1992 field is to visualize cross-spread gathers,
fractures and faults resolution on PSTM stacks and the offset/az-
imuth stacks with fk spectra. Fig. 3A shows the lack in offset/az-
imuth stacks before applying 5D regularization and interpolation
causing a poor signal-to-noise ratio as the azimuth was divided
into four sectors (90 degrees for each sector). On the other hand,
the offset/azimuth stack after applying 5D regularization and inter-
polation was fully interpolated and regularized (Fig. 3B). Improve-
ments in the offset/azimuth stacks result mostly from
interpolating the data in the additional two dimensions as indi-
cated (Fig. 3C and D). In Fig. 3G, the primary signal is shown to
be enhanced subsequent to 5D regularization and interpolation
compared with the vintage data.
4. Results

5D regularization and interpolation (shot x, shot y, receiver x,
receiver y, and frequency) assisted in the determination of parame-
ters for the pre-processing and velocity analysis. Some difficulty
was encountered in the velocity picking of data without 5D even
after preconditioning the data for velocity analysis, as shown in



Fig. 3. Themain QC tool used to analyze the effects of 5D regularization and interpolation. (A) An example of the azimuth stack on in-line 240, where data are missing near the
surface and the stack contains high-frequency, non-continuous geological layers. (B) An example of the azimuth stack on in-line 240, where full data are apparent at the near
surface andwith continuity in geological settings. (C) Azimuth sectorwith offset class X/Y,wheremissing and irregular traces are apparent,whereas on theother hand (D) has full
regular traces in the traces bin. (F-G) FK spectrumwindow (100ms–2800ms) before 5D (top) and after 5D (bottom), showing that noisewas reduced after 5D regularization and
interpolation.
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Fig. 4A. Furthermore, velocity picking was much easier in the case
of 5D data. The energy of the spectrum, reflected energy in the CDP,
and the mini-stacks were much clearer, as shown in Fig. 4B.

The cross-spread without 5D regularization and interpolation
was complicated; in particular, it was difficult to set the parame-
ters for NA. Fig. 5 shows an example of the effect of 5D regulariza-
tion and interpolation in a cross-spread gather. The GR on the
cross-spread without 5D regularization and interpolation still
exists, whereas the GR cross-spread with 5D regularization and
interpolation does not.

Migration smiles appeared on the migrated cube without 5D
regularization and interpolation (inline, crossline, offset class x, offset
class y, and frequency domain). Owing to missing and irregular
traces in the bin, such smiles clearly appear on the diffraction
areas, although they are depressed in the 5D regularization and
interpolation processed data (Fig. 6).

Two angle cubes were created: near (0–10 degrees) and mid
(10–35 degrees). Fig. 7 shows the case without the 5D cube,
wherein no hot spots were detected. The case with the 5D cube
shows improvements in amplitude versus offset (AVO). The maxi-
mum offset was approximately 8000 feet, and owing to this small
offset, the far offset was not found to be useful. An anomaly
between the two angle stacks was spotted in the B46 and F21
reservoirs. Based on the amplitude variation with offset, class I
was spotted and the hot spot was detected on the seismic cube
(Fig. 8).
5. Discussion and conclusions

The application of 5D regularization and interpolation to seis-
mic imaging helps to reduce the migration smiles that result from
bad geometry layout and can cause gaps in seismic data. This pro-
cess is also effective for shallow structures, subsurface imaging of
complex geology, and the NA of ground rolls and guided waves.
In addition, it enhances the energy sampling and improves CMP
gathers and mini CVS for velocity analysis. 5D regularization and
interpolation provides high resolution in flat structures.

5D regularization and interpolation is an extremely sensitive
process and, as such, the domain and sorting of the data will lead
to different results. This is particularly true for complex geological
cases, where it may affect both the amplitude and nature of geo-
logical fractures.

Irregular cross-spreads leading to leaks in ground roll and
guided wave NA were acquired from a case study of Stratton Field,
USA. Using regularized and 5D interpolation sorted by (shot x, shot
y, receiver x, receiver y, and frequency) cross-spread data, we
obtained improved ground roll and guided wave NA. Missing data
caused difficulties in velocity estimation or picking owing to poor
signal-to-noise ratios. As this was improved by the interpolation
of missing traces, the interpolation and regularization was found
to enhance the signal-to-noise ratio such that the subsurface geol-
ogy became more continuous in the reflected layer and the energy
of the spectrum was increased.



Fig. 4. (A) Velocity analysis without 5D regularization and interpolation; the energy spectrum (energy interference shown in the dark blue box) is on the left, the common
midpoint gathers produced as a result of no hyperbola events is shown in the center, and mini-stacks are shown on the right. (B) Velocity analysis with 5D regularization and
interpolation; the energy spectrum in which energy spots are clear is on the left, the common midpoint gather produced a result of hyperbola events is in the center, and
mini-stacks with clear events are on the right.
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For interpretation and the AVO analysis, it is necessary to
enhance the signal-to-noise ratios and increase fold coverage to
eliminate the migration smiles. This has been solved through
five-dimensional regularization and interpolation sorted by (in-
line, crossline, offset class x, offset class y, and frequency domain).
Thus, 5D regularization and interpolation is extremely effective
in cases of complex geology as it considers the azimuth during
the interpolation. The dipping layer exhibits a sinusoidal pattern
with the azimuth, and it is thus possible to correct the dip. Time
shifts are a function of the input trace offset, azimuth, travel



Fig. 5. Cross-spread in an inline direction showing adaptive attenuation on the GR/GW for noise attenuation under the following conditions: (A) without 5D regularization
and interpolation, indicating that adaptive noise attenuation did not work in the ground roll due to missing data, (B) with 5D regularization and interpolation, in which the
ground roll disappears in the inline direction, (C) without 5D regularization and interpolation, indicating missing data in the crossline direction, and (D) with complete data in
the crossline direction in the cross-spread.

Fig. 6. The left-hand side shows PSTM without 5D regularization and interpolation, containing migration smiles inside the red circles. The right-hand side shows PSTM with
5D regularization and interpolation, in which no migration smiles are noted.
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Fig. 7. Angle stacks for 0–10 degrees and 10–35 degrees, which no hot spot was observed. Different colors reflect different horizons.

Fig. 8. (A) Display angle with the 5D angle stack (0–10 degrees), showing a hot spot between horizon B46 and D11. (B) Display with the 5D angle stack (10–35 degrees),
where a hot spot is observed on the 0–10 degree angle stack and was reduced in the 5D 10–35 degree angle stack as it is class I.
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time, and the dip and direction of the dipping layer. In contrast,
5D regularization and interpolation sorted in shots and receivers
can eliminate dipping structures, faults, and fractures in complex
geology.
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