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Summary

Image deblurring techniques have been widely used in medical imaging to ensure reliable
diagnostics on a variety of health conditions including cancer and brain anomalies (Debnath et
al., 2013, Agarwal et al., 2017, and Nolte et al., 2020). The goal is to reconstruct the true image
using information about the distortion operator (point spread function), and an initial
representation of the object. Recently, increased compute power has enabled deblurring to
become a hot topic in the seismic industry, as it can compensate for acquisition limitations and
propagation effects, resulting in high-resolution seismic images that can minimize drilling risks
and aid reservoir characterization. We present an image-domain, pre and post-stack least-
squares Kirchhoff implementation, to generate high-resolution images suitable for quantitative
interpretation.

Introduction

Kirchhoff depth migration is still the mainstay algorithm in many regions of the world. This
method provides cost-effective high-resolution images with amplitude fidelity. Though very
robust, the amplitude and resolution are still impacted by propagation effects and variable
illumination. Least-squares migration can overcome these limitations by posing imaging as an
inverse problem (Nemeth et al. 1999).

In this case study, an image-domain least-squares Kirchhoff is applied to a deep water seismic
dataset from offshore Canada. Both pre and post-stack inversions were performed. Inverted
offset domain common image gathers (ODCIGs) are compared to prestack depth migration data
to demonstrate consistent AVO fidelity. Additionally, a post-stack inversion is presented to show
the benefits to vertical and lateral resolution from least-squares migration.

Image domain Kirchhoff least-squares migration

Conventional imaging methods can produce an accurate structural image, but reflectivity may
be blurred. This is because migration is the adjoint of the modeling operator. Consequently, this
assumption may limit resolution and affect amplitude integrity of the seismic data. Least-squares
migration is a technique that can overcome these issues by treating imaging as an inverse
problem. A variety of techniques exists in the seismic industry ranging from data-domain
implementations (Lu et al., 2017) to image-domain approaches (Valenciano, 2008).

While the data-domain approaches minimizes the difference between modeled and observed
data in an iterative process, the image-domain methods works as a multidimensional
deconvolution of the migrated image based on the system response, also known as point
spread function (PSF).
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The inversion starts with the PSF calculation, a two-step process of modeling and migration
using a series of discrete point scatters (reflectivity), acquisition geometry and an accurate
velocity model. The computed PSF are the iteratively used to deconvolve the system response
from the migrated image. During this process, only the reflectivity model is updated while the
velocity model remains unchanged.

Figure 1 shows an example of a migrated (Figure 1A) and an inverted (Figure 1C) point scatter
model with their respective Fourier pair, frequency-wavenumber (Figure 1B and 1D). Least-
squares migration broadens the frequency-wavenumber (FK) spectrum, resulting in a higher
resolution image.

Figure 1. Migration (A) is the convolution between the Hessian matrix of the velocity model with a point scatter
(reflectivity). Least-squares migration (C) deconvolves the point spread function from the migrated image resulting in
a more detailed representation of the earth’s reflectivity. The Fourier pair (B and D), indicates that inversion broaden

the FK spectrum (Valenciano, 2015).

Kirchhoff least-squares implementation and results

For this case study, the Tablelands 3D data around the Great Barasway well was used. This is
a PGS-TGS joint venture acquisition with 16 multisensor streamers, 100 m separation, and 8
km streamer length. The input to both pre and post-stack inversions were premigrated common
offset gathers, Kirchhoff depth migrated raw gathers, a post-processed stack, and an accurate
velocity field derived from full waveform inversion (Frugier et al., 2020).

In order to perform the prestack inversion, a multidimensional PSF volume was generated
(Valenciano et al., 2019) and deconvolved from the ODCIGs. The inversion improved resolution
and preserved the AVO response at the Great Barasway F-66 well location (Figure 2). Due to
the presence of residual coherent noise in the data, the deconvolution process boosted noise in
the Tertiary section, as presented in the relative Vp/Vs ratio (Figure 3).
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Figure 2. KPSDM and LSK offset domain common image gathers. Least-squares Kirchhoff (LSK) improves resolution
and preserve the amplitude versus offset response.
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Flgure 3. VpNs ratlo on Klrchhoff prestack depth migration (A) and Ieast-squares Klrchhoff (B). The results are
consistent with additional noise in the inversion caused by coherent noise present in the input data.

In order to avoid image degradation caused by noise in the input data, a noise attenuation step
was required. A post-stack least-squares migration was performed using a stack with noise
attenuation applied, and the Kirchhoff LSM improved vertical resolution and sharp boundary
definition without boosting noise (Figure 4). Both amplitude (red dashed rectangle) and FK
(yellow dashed rectangle) spectra were extracted to quantitatively confirm the resolution
improvement given by the method. Kirchhoff LSM broadens the FK spectra and flattens the
amplitude spectrum.
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Figure 4. Klrchoff depth mlgrated stack (A) and least-squares Klrchhoff (B). Inver5|on improves vertical resolution
resulting in a flatter amplitude spectrum (red dashed rectangle). Additionally, it does improve sharp boundary imaging
such as faults and, consequentially, broaden the FK spectrum (yellow dashed rectangle).
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Conclusion

Pre and post-stack deblurring through image-domain least-squares Kirchhoff was successfully
applied offshore Canada. Prestack inversion showed improved resolution and a consistent AVO
response with Kirchhoff and depth migration. The relative Vp/Vs indicated that residual coherent
noise was boosted by the deconvolution process. To avoid image degradation during the
deblurring process, noise attenuation is necessary. In order to support this, a post-stack
inversion was performed using an image with noise attenuation applied. Least-squares
migration improved resolution with no consequence to noise levels. We have demonstrated that
least-squares Kirchhoff migration can provide both high-resolution data, and AVO compliant
prestack gathers, that can mitigate exploration risks and aid reservoir characterization.
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