Analysis of Salt Stratification Modeling Influences over Reverse Time Migration
Considering and not Considering Least-Squares Schemes

Alexandre Maul (1,2)*; Roberto Dias (1); Leonardo Teixeira (1,2); Filipe Borges (1); André Bulcao (1);
Bruno Pereira-Dias (2); Maria Gonzalez (3); Cleverson Guizan (2) & Marco Cetale (2)

(1) Petrobras S.A., Rio de Janeiro, RJ, Brazil;

(2) Universidade Federal Fluminense, Niteréi, RJ, Brazil;

(3) Emerson Automation Solutions, Rio de Janeiro, RJ, Brazil.

Copyright 2021, SBGf - Sociedade Brasileira de Geofisica

This paper was prepared for presentation during the 17" International Congress of the
Brazilian Geophysical Society held in Rio de Janeiro, Brazil, 16-19 August 2021.

Contents of this paper were reviewed by the Technical Committee of the 17"
International Congress of the Brazilian Geophysical Society and do not necessarily
represent any position of the SBG, its officers or members. Electronic reproduction or
storage of any part of this paper for commercial purposes without the written consent
of the Brazilian Geophysical Society is prohibited.

Abstract

Seismic amplitude attribute is key aspect for reservoir
characterization studies such as when using a trend
information to populate the reservoir grids with properties.
Therefore, it also poses some challenges due to the
intrinsic  uncertainties of the seismic experiment,
especially under complex geological environments as we
can see when dealing with the pre-salt reservoirs in the
Santos Basin, offshore Brazil. The combination of detailed
and reliable velocity models for the salt section and a
suitable algorithm for seismic imaging seem to be the
best way to achieve good results for both data quality
(amplitude) and depth positioning. However, even getting
this blend regarding the state-of-the-art of detailed
velocity model and depth-migration algorithms, another
composition with an amplitude-compensation scheme to
correct the effects caused by uneven seismic illumination
is mandatory. In this work, we present the benefits of
using a reliable velocity model - with stratification of the
evaporitic section - and reverse time migration, as well as
considering or not the application of least-squares
schemes. We perform qualitative and quantitative
analysis of the results in different imaging scenarios,
comparing key geological features and horizons. The
results suggest that salt stratification has a significant
impact on the depth positioning of the seismic events,
while least-squares migration plays a more significant role
in recovering the seismic amplitude.

Introduction

Remarkably seismic imaging in complex geological
environments is challenging (Zhang and Sun, 2009;
Huang et al., 2010; Jones and Davison, 2014). For the
pre-salt reservoirs in the Santos Basin, offshore Brazil,

which are great examples of such conditions, high-quality
seismic images play a crucial role in exploration and
development of the fields (Cooke et al., 2012). For the
case of geological complexity, e.g. near-to-prominent salt
bodies, there are significant improvements achieved
when considering full waveform inversion (FWI) to update
the velocity model prior to migration procedures
(Tarantola, 1984; Zhang and Wang, 2009; Kang et al.,
2019). On the other hand, reverse-time migration (RTM)
is currently the most suitable algorithm for that kind of
complex environments, and it requires a refined velocity
model, which captures the overburden complexity (Jones
and Davison, 2014; Kang et al., 2019; Shadrina et al.,
2020). If such detailed velocity model, especially
regarding the salt section, is not available, RTM images
can deliver suboptimal amplitude response (Guo and
Fagin, 2002; Zdraveva et al., 2011). Thus, in this
challenging scenario FWI has successfully been used
updating the velocity model prior any application of
imaging algorithms, especially as an optimization problem
such as in the least-squares schemes technique (Vigh et
al., 2019).

Johann et al. (2013) state that a significant portion of the
seismic used to characterize the reservoirs in the Santos
Basin had considered tomography-derived velocity
models for the evaporitic section for the migration
processes. They comment that the initials models for
these tomographic inversion usually take salt flooding
approach (around 4,500 m/s), which mainly reflects the
velocity response of halite-rich formation, once this is the
more abundant mineral in this salty section (around 80%
of occurrence). However, Ji et al. (2011) suggest the use
of relative acoustic impedance as a proxy for the existing
heterogeneities inside the salt section, in order to improve
the results of depth migration algorithms in the same
basin.

Currently the improvement of salt velocity estimations in
the Santos Basin is an active field of research. Maul et al.
(2015) propose a novel method to quantify and
incorporate the well-observed existing stratification in the
evaporitic  sections, reflecting the salt-cycle of
precipitation. Later, the inclusion of stratifications in the
salt section building more geological velocity prove to be
valuable for seismic processing (Gobatto et al., 2016;
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Falcdo, 2017; Maul, 2020), even without well-log
information to calibrate the models.

Despite playing an important role in seismic imaging of
subsalt reservoirs, the inclusion of salt stratification is not
enough to solve all the imaging issues, because of the
unbalanced amplitude below complex salt bodies which
may not correctly represent the elastic contrasts in
subsurface. Therefore, least-squares schemes seem to
be as a cutting-edge tool helping to compensate any
poorly illuminated seismic amplitude (Schuster, 1993;
Nemeth et al.,, 1999), and remarkably improving the
seismic quality below the salt section, especially in the
Santos Basin such as demonstrated in Pereira-Dias et al.
(2017); Pereira-Dias et al. (2018); Shadrina et al. (2020).
Hu et al. (2016) also presented enhancement in the
resolution when considering least-squares schemes
associated with the Gaussian Bean Migration (LSGBM),
which confirms the improvements in resolution when
adopting least-squares schemes with  migration
algorithms.

The main goal of the least-squares schemes is to recover
the best reflectivity model according to a functional that
measure the misfit between the observed and simulated
dataset assuming a propagation model based on the
Born’s approximation. It mitigates distortions in poorly
illuminated areas and extending the data bandwidth and,
hence, its resolution. Nevertheless, this application is
particularly sensitive to errors in the velocity model, which
reinforces the necessity for accurate and detailed model
building schemes in order to capture the wave
propagation and its illumination effects (Luo and Hale,
2014, Shadrina et al., 2020).

In this paper, we explore the results of the combination of
improved velocity models - including the stratification
insertion in the salt section - and reverse-time migration,
adopting or not the least-squares schemes. We
performed qualitative (visual inspection of the images)
and quantitative comparisons (frequency content of the
data, and depth positioning and amplitude in some key
horizons) covering different imaging scenarios, allowing
us the evaluation and confirmation of the benefits of each
technique, individually and associated. The emphasis is
the benefit in using a detailed velocity model for the salt
section, in this case adopting the methodology of
stratification insertion, and the least-squares scheme
using reverse-time migration in order to have the most
reliable results taking all the advantages of these three
methodologies together.

Method

In order to generate the study scenarios, we built a
synthetic geological model, having a field data acquired in
the Santos Basin as the origin. Our study focuses on the
benefits of the usage of the stratification insertion when
constructing the salt velocity model for the migration
purposes. Here, we assume no anisotropy consideration
for any scenarios. Thus, the difference in the subsalt
seismic images of this study is exclusively due to the
inclusion of the stratification into the velocity model and
the usage or not of least-squares schemes. The

preparation of the property model for the forward seismic
modeling are described in details by Maul (2020) and the
workflow followed the steps:

a) Selection of a 2D line from the 3D seismic
dataset, containing amplitude and impedance
(the impedance was delivered from a impedance
inversion using the same amplitude data and all
the available wells);

b) Insertion of three horizons (R1, R2 and R3)
creating pre-salt geological features horizons
into the 2D line (item “a”), generating contrasts
of elastic properties (velocity and density), which
are used as control points/features for
comparison of depth and amplitude through the
modeled scenarios;

c¢) Forward modeling of streamer seismic survey
from the item “b”. This is the synthetic data that
we migrate using all the built velocity models
explained in the following sequence;

d) Least-squares reverse time migration of the
synthetic amplitude data using the reference
velocity model, as described in step b, resulting
in our reference model, from now called as
LSRTM(REF);

e) Reverse-time migration of the synthetic
amplitude data using the tomography-derived
velocity model from the processing of the field
data, resulting in the RTM(TOMO) image;

f) Use of RTM(TOMO) as input for a new
impedance inversion. The low-frequency model
was built using the five pseudo-well logs
containing only the log information from the salt
section. The result of the impedance inversion is
combined with empirical correlations to convert
the acoustic impedance into velocity model
(Teixeira and Lupinacci, 2019; Maul, 2020). This
is the impedance-derived velocity model;

g) Another reverse-time migration of the synthetic
amplitude data using the impedance-derived
velocity model , generating RTM(INV) image;

h) Least-squares reverse-time migration of the
synthetic amplitude data using the tomography-
derived velocity and the impedance-derived
velocity model allowing us to obtain respectively
LSRTM(TOMO) and LSRTM(INV) images;

i) Evaluation the quality and the quantification of
the differences between LSRTM(REF) and the
other four results: RTM(TOMO), RTM(INV),
LSRTM(TOMO) and LSRTM(INV).

In this work, we used as a source a Ricker wavelet with a
cutoff frequency of 45 Hz, due to computational
limitations. We used the reference property model (item
“b”) to simulate the seismic acquisition through a forward
finite-difference modeling program employing the two-way
acoustic wave equation, with non-reflecting boundary
condition at the top. We modeled a narrow streamer
seismic acquisition using the acoustic two-way wave
equation with constant density. The synthetic dataset was
reverse-time migrated with a slightly smoother velocity
model version from our geological velocity model (a
Gaussian filter was used in the slowness to avoid
backscattering artifacts as defended by Loewenthal et al.
(1987). Complementing our routine, we performed a
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least-squares scheme, which generates our “perfect
solution” regarding seismic migration. Figure 1
exemplifies the model we considered (including the
geological features and the horizons we are interested in
be evaluating) as well as our so-called “perfect solution”
regarding seismic migration, i.e, a least-squares reverse
time migration having the input velocity model the same
of each we generated our synthetic data.
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Figure 1 — Geological velocity model, including the
features and the positioning of the three reference
horizons used for quantitative used to analyze the results
(A); and the obtained migrated (least-squares reverse
time migration) using the velocity property model as
presented in “A” (B) — LSRTM(REF).

Results and Analysis

The synthetic data also underwent reverse-time migration
with two other velocity models: the velocity obtained from
pre-stack tomography on the field data, resulting in the
image called RTM(TOMO); and a new impedance
inversion model, built using the previous migrated data
five pseudo-wells we took from the geological velocity
model (salt portion), called RTM(INV). Over these two
new migrated image we performed the application of
least-squares schemes, generating LSRTM(TOMO) and
LSRTM(INV).

Figure 2 — Panels for visual inspection of data quality. (A)
Geological model used for forward finite-difference

modeling. Ellipses ‘w, x, y and z” highlights portions to
analyze. (B) LSRTM(REF). (C) RTM(TOMO). (D)
RTM(INV). (E) LSRTM(TOMO). (F) LSRTM(INV).

Figure 2 summarizes all the images we generated. Note
that in (A) we pointed four geological features (ellipses) in
order to assess the quality analysis of the generated
seismic image. In ellipse “w” we have 2 horizons at the
base of salt, which we would expect to resolve in the
seismic migrated image; ellipse “x” shows a continuous
horizon with significant depth variations and steep dip;
elipse “y” displays a thin bed below a structurally
complex overburden and ellipse “z”, another strong dip.
The reference scenario (B) properly imaged all four
features. However, the resulting image using tomography-
derived velocity (C) fails to reproduce any of the four
highlighted features. This allow us to state that RTM
algorithm, despite using the tomography-derived velocity
model, is unable to recover the minute details that we are
interested in such as increase of events resolution,
amplitude response confidence. Application of least-
squares schemes to this image results in (D), which
shows significant improvement in the continuity of the
horizons over the initial result, despite not reproducing the
main highlighted features. By improving the tomography-
derived velocity model with the insertion of salt
stratification, we can re-migrate the synthetic amplitude
data obtaining the image shown in (E). The result is in
fact very similar to the one in (C), showing what seems to
be little to no improvement. However, when performing
least-squares schemes using the impedance-derived
velocity model, the result (F) shows the same continuity
gains as in figure (D), but now with increased resolution
similar to the resolution found in (B).

This does not come as a surprise to us once the quality of
seismic images is strongly dependent on the velocity
models used for the migration (Huang et al., 2017),
particularly in complex areas such as salt flanks and
subsalt zones (Zhang and Sun, 2009; Jones and Davison,
2014). Therefore, building geologically constrained
velocity models, accounting for salt stratification, is
imperative when imaging the pre-salt targets in the
Santos Basin. The combination of a suitable migration
algorithm (RTM) with least-squares schemes allows for
further enhancement of the final image.

As one of the major goal of least-squares schemes is to
recover the true reflectivity of the medium, the outcome of
the process usually has a wider power spectrum, when
compared with standard migration algorithms. As we built
the seismic images in depth domain, to investigate the
power spectrum, we converted the migrated images to
the time domain, using the velocities of the respective
migration models. The curves in figure 3 give us the
guantitative confirmation of the analysis performed in
figure 2: the application of least-squares schemes leads
to a visible broadening of the data bandwidth, even for the
tomography-derived velocity model (orange versus purple
lines). It is in total accordance with the analytical
demonstration described by Pereira-Dias et al. (2017).
The more-accurate velocity significantly improves the
seismic bandwidth, achieving results very close to the
modeled data (gray), and reinforces the interpretation that
velocity of intrasalt stratification in least-squares schemes
yields better results.
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e LSRTM(REF) = RTM{TOMO) s RTM{INV) LSRTM(TOMO) == LSRTM{INV}
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Figure 3 — Frequency content of the five built images,
including our reference result LSRTM(REF).

Our first quantitative analysis presents the depth
predictions delivered by the proposed combinations and
its differences from LSRTM(REF) are shown in figure 4.
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Figure 4 — Depth positioning differences at the three key
horizons inserted into the model taking LSRTM(REF) as
reference. (A) reflects the differences of horizon “R1”; (B)
for horizon “R2” and (C) for horizon “R3”.

Depth positioning is an important criterion when
evaluating velocity models. In figure 4 we note that all the
horizons that used the velocity model considering the salt
stratification delivered accurate results and when
performing the least-squares schemes are even better.
Huang et al. (2010), after evaluating seismic images for
the pre-salt prospects in the Santos Basin, attributed the
poor depth predictability to the simplicity of the velocity
models used for migration. Falcdo (2017) presented
results comparing Kirchhoff and RTM migration, using
velocity models both with and without salt stratification,
and emphasized the importance of considering the
stratification in the salt velocity models. As we can see in
our results, the stratified velocity model delivers good
depth prediction even without the least-squares schemes,

which reinforces that stratification is a good starting point
for velocity model improvement. However, the depth
accuracy becomes even better with the application of
least-squares schemes, particularly for regions with poor
illumination, such as near horizon R1.

Our second quantitative analysis presents the amplitude
predictions delivered by the proposed combinations and
its differences from LSRTM(REF) are shown in figure 5.
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Figure 5 — Amplitude values difference at the three key
horizons inserted into the model taking LSRTM(REF) as
reference. (A) reflects the differences of horizon “R1”; (B)
for horizon “R2” and (C) for horizon “R3”.

Figure 5 shows the amplitude response at the same
levels (R1, R2 and R3). It is clear that the combination of
stratified velocity model and least-squares schemes
delivers better results for all three horizons, when
compared to the reference model. We can also note that
when we add the detailed velocity model (with the
stratification insertion) the results are even better. This
last statement confirms that least-squares schemes in
the velocity models associated with detailed velocity
models has potential to deliver more accurate amplitude
responses for the pre-salt targets in the Santos Basin, as
pointed in some previous works (Ji et al., 2011; Wang et
al., 2017; Fonseca et al.,, 2018; Dias et al., 2019;
Shadrina et al., 2020).

Conclusions

Accounting for the heterogeneity of salt is pivotal for
subsalt imaging and most of the wells drilled in the Santos
Basin — pre-salt reservoirs has identified salt
stratifications. Therefore, any velocity model built in the
area should attempt to account for these heterogeneities.
As well as, migration alone might not be enough to deliver
true amplitude response.
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Thus, we proposed a non-standard seismic “migration”
workflow combining the stratification insertion in the salt
section, a reverse time-migration adopting least-squares
schemes to ensure the best fidelity regarding the
subsurface media.

Starting from a real dataset, we built elastic property
models and simulated a seismic acquisition. The synthetic
amplitude data was processed using different, attainable
scenarios of velocity model building and imaging
techniques. Migration of the synthetic amplitude data with
a stratified salt velocity model was able to produce
significant improvements in depth positioning, when
compared to the use of a velocity obtained from
tomography of field data. We observed an enhancement
of depth predictions when using these stratified models
with the least-squares schemes attached to reverse-time
migration.

Despite the use of a more-accurate velocity model (the
stratified one), uneven illumination caused by the
acquisition geometry and complex overburden can create
amplitude variations that are not in accordance with the
contrast of elastic properties. Least-squares scheme is a
handy tool to address this issue. As we can see through
our results, the this scheme delivers good results, but the
absence of a detailed velocity model (stratified) for the
salt section leads to poor outcomes: several geological
features were not properly imaged. Thus, the association
of this least-squares scheme plus the stratified salt model
plus reverse time-migration delivers the best results
regarding the amplitude response.

Therefore, as anticipated, we defend that the combination
of both methods is be the best choice for seismic imaging
in this complex environment: the combined application of
these techniques leads to improvements in the seismic
images, with better depth positioning, resolution, event
continuity and amplitude balance. The desirable
consequence is that reliable seismic images bring forth a
reduction of seismic uncertainties that leads to trust
worthy rock property estimations and better identification
of the internal architectures of the reservoirs. These are
essential to improve reservoir characterization, strongly
underpinning the decision-making in oil industry.
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