ACCSCIENCE
PUBLISHING

Journal of Seismic Exploration

*Corresponding author:
Serife Bogazkesen
(serifebogazkesen@atauni.edu.tr)

Citation: Bogazkesen $, Karsli H.
Seismic reflection modeling of

an atoll: A comparison between
pre- and post-stack migration
sections. J Seismic Explor.

doi: 10.36922/JSE025190001

Received: May 8, 2025

1st revised: June 30, 2025

2nd revised: July 03, 2025

3rd revised: July 17, 2025

4th revised: July 18, 2025
Accepted: July 20, 2025
Published online: July 30, 2025

Copyright: © 2025 Author(s).
This is an Open-Access article
distributed under the terms of the
Creative Commons Attribution
License, permitting distribution,
and reproduction in any medium,
provided the original work is
properly cited.

Publisher’s Note: AccScience

Publishing remains neutral with

regard to jurisdictional claims in
published maps and institutional
affiliations.

ARTICLE

Seismic reflection modeling of an atoll: A
comparison between pre- and post-stack
migration sections

Serife Bogazkesen'*( and Hakan Karsli?

"Department of Civil Engineering, Faculty of Engineering, Atatirk University, Erzurum, Turkey

2Department of Geophysics Engineering, Faculty of Engineering, Karadeniz Technical University,
Trabzon, Turkey

Abstract

Atoll structures formed in complex geological settings act as stratigraphic
hydrocarbon traps and are typically circular or elliptical reef structures with a large
lagoon at the center. Initially, the circular reef with flat limestone serves as a potential
reservoir rock and holds significant importance in the petroleum industry, as it
forms hydrocarbon-bearing traps. Therefore, identifying these structures in seismic
sections is crucial. To understand the seismic behavior of atoll structures, seismic
shot gathers of a geological model were generated, and migration sections were
obtained. In this study, artificial data modeling of an atoll structure containing oil
traps was carried out using the two-dimensional acoustic finite difference method
due to its practicality and the flexibility to select different trap models as needed.
Seismic data modeling was performed in a pre-stack shot domain, and two different
data processing stages were applied to the shot data to obtain pre-stack and post-
stack Kirchhoff time migration sections. The spatial location and size of hydrocarbon
traps in the migration sections were determined and compared with the initial atoll
model. In this way, the seismic response of hydrocarbon trap structures in the atoll
model was analyzed. The importance of the two different data processing methods
was also examined. As a result, it was observed that the pre-stack Kirchhoff time
migration method provides better results than the post-stack time migration method
for the atoll model.

Keywords: Atoll; Acoustic finite difference method; Pre- and post-stack Kirchhoff time
migration

1. Introduction

Atoll structures containing hydrocarbons are associated with the development within
carbonate platforms characterized by high porosity and permeability, which are effective
stratigraphic traps when overlain by impermeable cover rocks. Atolls can become
effective hydrocarbon traps when underlain by units such as claystone, marl, or volcanic
tuff, which possess low permeability. In addition, these structures offer significant
reservoir potential due to their high porosity, a result of biogenic processes. However,
atoll-type traps often represent complex systems that require multifaceted assessment,
as they combine both structural and stratigraphic elements in the petroleum systems’
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trapping mechanisms. Therefore, detailed analysis of
parameters such as paleoclimate, sea-level changes,
and tectonic regimes plays a critical role in determining
the hydrocarbon potential of atoll traps.'® As such, the
identification and exploration of these traps require
intensive and methodical studies supported by advanced
data acquisition, processing, and interpretation techniques,
alongside sophisticated geological and reservoir modeling
approaches. Concurrently, studies incorporating advanced
mechanical techniques are being conducted to more
robustly define hydrocarbon reservoir properties and
increase productivity.®'°

Seismic reflection methods used to study atoll
structures with hydrocarbon traps involve collecting
field data using multi-source and multi-receiver systems,
followed by processing and interpretation using modern,
purpose-built software. The interpretation process enables
accurate identification of structures and hydrocarbon
traps by incorporating both structural and compositional
information. However, understanding the general
seismic response of atoll structures can help prevent
misinterpretations during seismic section analysis.
Moreover, the complex geological environments hosting
these traps, along with potential oversights during data
processing or errors in parameter selection, are recognized
as factors that may degrade the quality of seismic sections
used for interpretation. The seismic reflection behavior of
atoll structures is typically analyzed through numerical
modeling of acoustic seismic wave propagation within a
defined realistic subsurface model, a process referred to as
seismic modeling.""'* Seismic modeling has been widely
used both to design optimal seismic data acquisition
strategies'™” and to improve seismic data processing
workflows. In this context, the complex geometry of atoll
structures and illumination problems during seismic
interpretation have been investigated.'s%°

Although various numerical methods, such as ray
tracing, finite difference, and finite element techniques,
have been used for wave propagation modeling of atoll
structures, each with its advantages and limitations, the
finite difference method (FDM) can provide successful
results in highly complex environments. FDM is
extensively utilized in seismic forward modeling studies
due to its ability to accommodate diverse structural
models without significant constraints.**° The solution
of seismic wave propagation problems using FDM has
received considerable attention in recent years.»** This
approach offers an effective numerical solution to wave
equations, enabling comprehensive wavefield modeling
and incorporating all wave types, including reflections,
scatterings, multiples, and surface waves.

Abuamarah et al.** identified an atoll structure offshore
of North Damietta in the Mediterranean Sea using a 3D
seismic reflection method and well drilling information.
Their analysis revealed that the atoll structure contains
significant gas accumulations. Huang et al.** acquired 2D
multichannel seismic reflection data to investigate the
stratigraphy, geomorphology, depositional processes, and
seismic facies of Zhongshan Atoll in the South China Sea -
the largest atoll in the world. Analysis of the acquired data
revealed seismic anomalies resembling fluid flow features
concentrated in the Late Oligocene-Early Miocene
platform areas, and associated with pre-Miocene faults.
They suggested that these fluid features may indicate gas-
bearing atoll structures.’**’

This study aims to utilize the FDM to simulate shot
records for an atoll subsurface model, which may represent
acomplex hydrocarbon trap. In addition, it seeks to generate
pre-stack and post-stack Kirchhoff time migration sections
by applying two distinct data processing workflows. To
achieve this, artificial shot gathers were generated using
Matlab-based software developed by Youzwishen and
Margrave.*® The simulated shot data were then processed
with ProMAX software to produce pre-stack and post-
stack Kirchhoff time migration sections. The seismic
signatures of the atoll trap were analyzed on the resulting
zero-offset sections, and the alignment of reflection events
with the geological model was evaluated.

2. Methodology
2.1. Acoustic FDM

Seismic wavefleld modeling illustrates how seismic
waves propagate through a subsurface model. To date,
there is no exact analytical solution for calculating
these wavefields in arbitrary media. As a result, several
approximation techniques have been developed over
time to solve the specific wave equation.'** One method
is the FDM, which is effective for use in arbitrary media.
In this method, the medium is divided into a grid with
sufficient resolution to accurately simulate the propagation
of elastic waves. Variations in elastic parameters at each
grid point are calculated at specific time intervals to
simulate seismic wave propagation within the gridded
model. Forces applied at designated locations within the
model activate corresponding grid points, initiating wave
propagation. These forces, which are independent in both
spatial and temporal domains, serve as representations
of seismic sources. At any grid point and time, different
elastic properties can be evaluated, providing insights
into the seismic response observed at surface receivers
or within boreholes. FDM computes the entire wavefield
and inherently accounts for surface waves. Its routine
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application has only recently become feasible due to
significant advancements in computational power.

The FDM software utilized in this study is described by
Bohlen.* The code, known as Seismic mOdeling with FInite
differences called SOFI, is based on the foundational work
of Virieux® and Levander® for elastic wave simulation,
along with contributions from Robertsson et al? for
viscoelastic modeling. The software incorporates intrinsic
wave absorption viscoelasticity (Q). It also provides an
alternative rotated-grid representation of the subsurface,
based on the work of Gold et al.** and Saenger et al.,* to
improve the accuracy of surface wave simulations. The
simulation accounts for both wave absorption, typical in
unconsolidated near-surface rock units, and surface waves,
which can complicate near-surface seismic data processing.
This approach facilitates a clearer differentiation of
subsurface parameters that influence the characteristics of
seismic field data.

2.2, Application

The atoll model, a stratigraphic trap, is an important
tectonic structure in oil and gas geology.** Atolls are large,
circular or elliptical reefs with a central lagoon. Initially,
the circular reef, composed of flat limestone, serves as a
potential reservoir rock, whereas the lagoonal micrite
limestone typically does not. However, a reversal in
porosity over time can change this. Atolls can form giant
hydrocarbon fields, yet their structural complexity often
makes identification and characterization on seismic
sections challenging.

The source function, along with the spatial and temporal
calculation parameters used in the atoll modeling, is
provided in Table 1. For the modeling process, reflective
interfaces were digitized, and depth, distance, and velocity
information were input into the modeling software.
Significant effort was made to ensure that the geological
models accurately represent realistic and complex
subsurface environments. Given that variations in layer
density are minimal compared to seismic wave velocity, the
density was assumed to be constant (p = 2.0 g/cm?).

Figure 1 shows the atoll model in a multilayer
environment. The model includes two hydrocarbon traps
composed of gaseous sand with an average seismic wave
velocity of 1200 m/s in the 550 — 690 m depth range.
From top to bottom, the model is stratified as follows: wet
sand with a velocity of 1800 m/s between 0 m and 210 m,
saturated shale with a velocity of 2300 m/s between 210 m
and 490 m, porous sandstone with a velocity of 2400 m/s
between 490 m and 680 m, and marl with a velocity of
2600 m/s between 680 m and 750 m. At the center, the
model features an impermeable lagoon-like micritic

Table 1. Parameters used for atoll modeling

Modeling parameters Atoll model
Profile length 2000 m
Maximum depth 1000 m
Receiver interval 10 m
Shot interval 40 m
Number of shots 25
Number of receivers 201
Maximum velocity 4000 m/s
Minimum velocity 2000 m/s
Maximum offset 2000 m
Minimum offset 100 m
Calculation time step 0.02 ms
Sampling time 4 ms
Record length 1000 ms
Minimum phase Ricker source wavelet 30 Hz

300 2,300 m/s

400

2,400 m/s

Depth (m)
g £
1 1

1,000 1,500
Distance (m)

Figure 1. Input model P-wave velocity for Atoll model*

limestone with a velocity of 3500 m/s between 690 m and
900 m, flanked on both sides by porous and permeable
sandstone (the reservoir rock) with a velocity of 2500 m/s
between 750 m and 900 m. The base of the model consists
of basalt with a velocity of 2800 m/s between 900 m and
1000 m.

2.3. Synthetic seismic data and processing

A total of 25 synthetic shot gathers were generated from
multiple shots at regular intervals using a multi-shot and
fixed-array receiver setup. For each shot, 100 seismic traces
corresponding to 100 receivers were recorded. The synthetic
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shot gathers contain various noise components such as
scattering, multiple reflections, and first arrivals. Moreover,
the reflection events originating from each layer exhibit
hyperbolic geometries that do not accurately represent the
geometry of the actual reflecting structures. However, the
complex nature of the subsurface environment, including
its absorptive properties, heterogeneity, and sloping or
topographical surface features, has significantly distorted
the waveforms of reflections recorded at the surface. Due to
subsurface inhomogeneity, the expected reflection events
between the source and the receiver often do not occur in a
direct path, leading to incorrect interpretation of reflective
geometries in the shot gathers. To address these challenges,
various data processing steps were applied, using
appropriate processing workflows and correct parameter
selections. Multichannel synthetic seismic reflection data
were processed using Landmark Graphics Co’s ProMAX
2D software (USA). Pre- and post-stack Kirchhoft time
migration sections were obtained by removing noise
from the shot gathered in the synthetic seismic reflection
data and enhancing the primary reflections. The image
quality of both migration sections was analyzed. The data
processing workflows used for generating post- and pre-
stack Kirchhoft time migration sections are shown in
Figure 2.

2.4, Post-stack Kirchhoff time migration

The 25 synthetic shot gathers obtained from the atoll model
were processed according to the data processing workflow
for post-stack Kirchhoff time migration section shown in
Figure 2. First, the data were loaded, and the geometric
information was defined. Then, first-arrival wavefields

| Segy data loadmg

| Geometry definition |
¥
Top mute |

v
Bandpass filter

Sort to CDPs

Velocnty analysis

M__

i

Normal moveout correction

v
| Stack Stack section
Y
Pre-stack Post-stack I_'
Kirchhoff time migration | [ Kirchhoff time migration g

v
Automatic gain control |

Figure 2. Seismic data processing flow chart (modified from Dondurur*)

(direct and refracted waves) were removed using a top
mute. Proper muting of these first arrivals prevents visible
enclosures in the semblance contours during velocity
analysis. This step improved the image quality of the
resulting migration section. Linear undesirable events
(e.g., diffracted waves) were also observed in the shot
gathers. To address this, a coherence filter was applied to
filter out these linear events and other unwanted features
such as edge reflections. During coherence filtering,
seismic data are transformed from the time-distance (t-x)
domain to the frequency-wavenumber (f-k) domain using
a Fourier transform. Linear undesired events are identified
and filtered based on their slope direction. Filtering was
performed using the frequency and velocity information of
the linear unwanted events, which were determined to be
2000 m/s and 20 - 60 Hz, respectively. Although the model
shot gathers do not contain low-frequency surface waves
or high-frequency noise, modeling artifacts may still occur.
To filter out these noises and preserve the useful spectral
band of the data, a bandpass filter with cutoff frequencies
of (10, 15, 55, 65) Hz was applied. These cutoft frequencies
were selected by analyzing the spectral content of the data
to identify the range of usable frequencies. For this purpose,
the first shot was compared before (Figure 3A and 3B) and
after (Figure 3C and 3D) bandpass filtering. The chosen
filter’s cutoff frequencies are indicated in the Fourier
mean amplitude spectrum in Figure 3B. Clearly, the small-
amplitude, high-frequency noise in the post-filtered shot
gather (Figure 3C) is attenuated, resulting in an overall
increase in the signal-to-noise ratio of the data and, in
particular, a strengthening of the reflection phenomena
(Figure 3C).

Velocity spectrum calculation was performed every
20 common midpoints (CMPs). The root mean square
velocities were applied to the CMP groups to obtain
normal moveout time (NMO) corrected CMP gathers. At
this stage, the velocity function of each CMP was combined
to create the velocity field for the migration process to be
applied in the next stage. However, to remove the stretching
artifacts caused by the NMO correction, a 60% NMO top
mute was applied, and a stacked section was obtained.
Post-stack Kirchhoff time migration was then applied to
the stacked data. For imaging purposes, the window length
was chosen as one-fourth of the total data recording time,
and automatic gain control was applied.

2.5. Pre-stack Kirchhoff time migration

The same initial data processing steps and parameter
selections used for the post-stack Kirchhoff time migration
section were also applied to obtain the pre-stack Kirchhoft
time migration section. The artificial shot gathers were
processed normally until the common depth point gathers
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were produced. Then, velocity analysis was performed on
the CMPs to construct the velocity field. Unlike the post-
stack method, the pre-stack migration section was obtained
without applying NMO correction and stacking stages.

3. Results and discussion

To understand the complex behavior of a hydrocarbon-
bearing atoll trap in seismic reflection data, zero-offset
stacking and migration sections were obtained from seismic
shot gathers containing only P-waves. The level of agreement
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Figure 3. Comparison of the first shot recording from the atoll model before and after the bandpass filter. Unfiltered and filtered (A and B) shot records

and (C and D) Fourier mean amplitude spectra

A 0

100

20

Depth (m)
2 2 £ 8
] =2

~
<

0 500 1,000

Distance (m)

1,500 2,000

Distance (m)

Time (ms)

0 500 1,000

Distance (m)

1,500
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value was set to zero to increase the migration speed and
minimize distortion of the data. An f-k filter was applied
to enhance signal-to-noise discrimination in the post-stack
Kirchhoft migration section. Although some signal and
noise components share similar frequency characteristics,
they can be differentiated based on their velocity (or dip)
properties. In Figure 5A, the components to be removed
from the data were selectively identified on the f-k
spectrum shown in Figure 5B. Consequently, as highlighted
by Karsli*’, unnecessary data losses and discontinuity effects
were minimized. A comparison between Figure 5C and 5D
reveals that noise was significantly attenuated following the
application of f-k filtering.

The pre-stack Kirchhoff time migration method was
employed to analyze the atoll trap model, which features
a structurally complex geological framework. To generate
the pre-stack Kirchhoff time migration section, 190 offset
sections were created, ranging from a near offset of 5mto a
far offset of 1905 m, with spacing determined by the receiver
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1,000
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configuration. The velocity model was iteratively refined
by migrating each common-offset section. Amplitude
variation with offset analysis was conducted using CMP
gathers, leading to an enhanced migrated stacked section.
Consequently, brute stack data were generated as part
of the pre-stack time migration workflow. This process
enabled the approximate spatial positions of the trap
structure and associated layered features within the initial
atoll model to be accurately delineated in the pre-stack
Kirchhoft time migration section, as opposed to the post-
stack Kirchhoff time migration method (Figure 6). In the
depth-transformed migration section, reflective interfaces
corresponding to strata depths of 210 m, 490 m, and 680 m
were imaged with continuity and clarity. In addition, two
distinct atoll structures were prominently identified within
the depth range of 510 — 680 m. In the pre-stack Kirchhoft
time migration section, lateral reflections observed at 200
ms, 310 ms, 450 ms, 510 ms, and 610 ms are indicative
of layer interfaces, providing detailed stratigraphic and
structural insights. In addition, between 690 m and 900 m,
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Figure 5. Comparison of sections and frequency-wavenumber (f-k) filtering application. (A) Stacked section, (B) f-k spectrum, (C) post-stack Kirchhoff
time migration section before f-k filtering, and (D) post-stack Kirchhoff time migration section after f-k filtering
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Figure 6. Comparison of (A) the post-stack Kirchhoff time migration section of the atoll trap model and (B) the pre-stack Kirchhoff time migration section

an impermeable lagoon-like micrite limestone unit with a
mid-velocity of 3500 m/s changes the reflection character
due to the velocity contrast with the surrounding rocks. The
boundaries of this unit in the seismic section (indicated by
a red elliptical line) are clearly defined by the reflections
occurring in these regions.

The post-stack Kirchhoff time migration section shown
in Figure 6A was obtained using the mean velocity model,
which provides limited resolution for identifying complex
geologic structures. Consequently, the boundaries of the
impermeable lagoon-like structure, with a velocity of
3500 m/s in the middle section at depths of 690 — 900 m,
could not be visualized clearly. On the other hand, the
pre-stack Kirchhoft time migration section presented
in Figure 6B was processed separately before stacking,
resulting in a more accurate velocity model. This improved
image quality allowed the upper boundaries of both the
lagoon-like geological structure and the basalt unit, with
a velocity of 2800 m/s, to be clearly defined within the
900 - 1,000 m depth range. Dong and Yang* constructed
a seismic velocity model of the crust surrounding the
epicenter of the 2023 Jishishan earthquake using full
waveform tomography. Their results indicate that the
epicenter is located within a transitional zone characterized
by significant variations in seismic properties. The model
reveals prominent low-velocity zones in the mid-to-lower
crust beneath the interior of the plateau, whereas high-
velocity anomalies are observed along the plateau margins.

4, Conclusion

In this paper, the shot-domain seismic reflection responses
of the atoll structure containing hydrocarbon traps formed
in complex geologic environments were calculated using
the acoustic FDM technique, which provides a full wavefield
solution. The shot data were processed with two different

data processing flows to visualize the initial ground model
and hydrocarbon traps. According to the modeling study,
when the migration sections obtained from the pre- and
post-stack time migration methods are compared,
the approximate real spatial locations of the stratified
structure, reflector topographies, and trap structures in
the initial ground model can be identified in agreement
with the migration sections. It has been observed that the
pre-stack migration process improves the seismic section
resolution where lateral velocity variations are present
and offers a much clearer definition. Accordingly, the pre-
stack migration method, used in conjunction with the
acoustic FDM technique, which provides a full wavefield
solution, allows for more reliable imaging of complex
subsurface structures through shot domain-generated
artificial seismic data, thereby increasing the accuracy and
reliability of geophysical interpretations.

Quantitatively, the pre-stack migration sections
demonstrated an average improvement of approximately
20 - 30% in lateral and vertical resolution compared to
the post-stack results, particularly in areas exhibiting
significant velocity heterogeneities. This enhancement
substantially contributes to the precise delineation of
hydrocarbon trap boundaries and reflector geometries in
complex subsurface conditions.
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