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Summary

FWI stability is a primary concern in building an
accurate  velocity model using seismic
waveforms. This study discusses a stabilized
workflow using two shallow marine seismic
datasets: a conventional streamer dataset and an
OBN dataset. The study optimizes the utilization
of the two datasets, ensuring accuracy in the
estimation process and efficiency in computation
and disk space management. A comprehensive
workflow is designed with a major focus on
reducing cycle-skipping by low-frequency
enhancements of the input data and extracted
wavelet. The workflow uses refraction and
reflection tomography to generate an initial
model, a cascaded loop of FWI iterations to
stabilize the velocity updates, and a joint
traveltime-FWI for the final velocity model. The
result indicates a successful delineation of
carbonate mounds and compensation of pseudo-
structures in the pay zone. The study also
unearths the possibility of a shallow, high
anisotropic layer just below the seafloor, which
resulted in potential mismatch of the depth
markers in earlier imaging. This study highlights
the importance of considering joint datasets and a
combination of inversion methodologies to
unravel mysteries from a well-acquainted area.

Introduction

Seismic full waveform inversion (FWI) is a
powerful technique to estimate detailed
velocities; however, at its present state, there
often exist certain limitations that prevent
accurate delineation of the velocity field (Virieux
& Operto, 2009). The problem arises due to the
nature of an ill-posed inversion. Cycle-skipping
is a common problem that occurs in conventional
FWI, causing difficulty in convergence. These
are either due to the insufficient low-frequency
content in the data or are introduced by the initial
velocity model that inadequately represents the
true subsurface. Secondly, in the shallow waters,
the environment generates complex waveforms
associated with guided waves and mud-roll noise
that interferes with the velocity estimations,
creating non-geological updates. The anisotropy
of the shallow near-surface layers are also strong
which needs to be compensated to improve the
velocity uncertainty.

This paper presents a FWI case study conducted
in a shallow water setting, wherein an interplay of
the above challenges is observed. The study
improvises methodologies of 1) initial model
generation (refraction and reflection
tomography), 2) low-frequency extension and 3)
cascaded and joint inversion through
modification of the objective function to tackle
the generic problems. The study performs FWI on
the OBN data to estimate the velocity model, but
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also efficiently uses the conventional streamer
data to generate the initial model and reflectivity,
therefore highlighting methods to integrate
datasets and optimize resources.

Input Data

Both OBN and streamer data are available in the
study area that allows us to optimize the
workflow and resources and reduce the timeline.
The initial velocity model-building, the reflection
and refraction tomography, is performed with
conventional streamer data.

Streamer Data Specification

Shot Point Interval 50 m (25 M Flip-Flop)
Receiver Interval 12.5m
Cable Length 4500 m

Number of Streamers 10
Total Active Channels | 10x360
Source Depth 5Sm
Receiver Depth 7m

The early arrivals of the OBN data are used in
FWI, refraction tomography, and joint
traveltime-FWI. In general, the OBN data has
high trace density and large volume, therefore,
only the truncated early arrival waveforms are
saved, considerably reducing the disk space.

OBN Data Specification
Shot Point Interval 50 m (25 M Flip-Flop)
Receiver Interval 200 m
Receiver Line Interval | 200 m
Maximum Offset 21000 m (5000 m full azimuth)

Total Nodes 7681
Source Depth Sm
Methodology

The methodology that is followed in this
particular study includes several elements which
are focused in this paper. The prominent
highlights of the methodology is that it uses: 1)
two separate datasets, streamer data for the image
space analysis (depth migration and reflection
tomography), and OBN data for the observation
space analysis (refraction tomography and FWI);
2) multiple cascaded passes of different velocity

estimation methods for obtaining stability and
accuracy. In the methodology section we discuss
only the important elements used in the study and
their crucial contribution is obtaining the desired
results.

Initial Velocity Model Building

The shallow marine conventional streamer data
was used for initial velocity model building. This
required time for processing of the data. The steps
include: 1) Debubble and Designature, 2) Linear
Noise Attenuation, 3) Adaptive Deghosting, 4)
Demultiple using 3D-SRME. The time gathers
were used to perform velocity analysis using
horizon-based  velocity  scanning.  This
methodology introduces an interpretative insight
into the velocity model building process. Since
the analysis is performed in both inline and
crossline, the three-dimensional characteristics of
the subsurface geology is imprinted on the
velocity model. The process involves interpreting
horizons from which planar maps are created.
These maps are used to create a layered structure
geological model from which a smooth interval
velocity field is generated using the constrained
Dix-equation (Das et al., 2025).

First Break Analysis

In general, the refracted energies recorded as first
breaks implicitly contain the information of the
near-surface velocity. The OBN data has a
maximum offset of 21 km, but offsets up to 16
km could be considered for traveltime inversion.
The inversion of the first breaks through non-
linear refraction tomography generates a reliable
model till 3.5 to 4 km, as observed from the ray
penetration model (Zhang & Toksov, 1998).

One of the most challenging aspect in this study
is the analysis of the first-break. Picking first
break through automation is very difficult in the
shallow marine data due to multiple reasons. One
of the main reasons, is the fact that the water
column behaves as a wave-guide which directly
interferes with the first-arrivals creating complex
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amplitude patterns that varies with offsets and
azimuths (Badreia et al., 2020).

Offset~13 km

20

Time

Figure 1: The first breaks on a representative
sail-line, the first break patterns shows stronger
later arrivals and weaker first arrivals. The zones
of uncertainty is highlighted in yellow colours.

The first breaks were weak and showing the
shingled appearance like the “Christmas Tree”
(Sun & Zhang, 2020; Das et al., 2023). A reason
for this appearance is the possibility of velocity
inversions in the subsurface. This appearance of
the first break is commonly seen in high velocity
carbonates overlain on the low velocity clastics,
creating a velocity inversion. The manifestation
is observed in the first breaks with dominant later
arrivals and weaker first arrivals (Figure 1).
Automated first break picking would fail
catastrophically as the identification of the first
breaks would require a profound geological
insight and analytical expertise.

Therefore, a renewed strategy is conceived where
the first breaks were picked on patches of offsets.
The far-offsets (above 10 km) were first
analyzed, and picks were registered from the
basement. The lateral velocity variations were
observed on the velocity model. Gradually, the
first breaks were analyzed on small overlapping
zones, viz., 0-1.5 km, 0.5-2.5 km, 1.5-3.5 km. The
overlapping zones were used to select the best
trends, coherent with the model, and the synthetic

traveltimes generated from the model were used
to edit the outliers.

The first breaks were refined through editing,
retaining only the picks that best represent the
model. The refraction tomography indeed
introduces the distinct and desirable lateral
velocity changes, which refine the initial velocity
model. The final traveltimes picks were used to
stabilize the FWI by including cascaded and joint
inversions.

Reflection Tomography

The reflection tomography was performed using
the streamer data. The initial model after merging
and updating with the first break tomography is
the initial model for reflection tomography. The
moveout analysis of the reflection tomography is
difficult due to the presence of possible internal
multiples. Any updates relevant to the zones of
internal multiples corruption was filtered out
while picking the moveouts. The parametric
reflection tomography is performed which is
basically fitting 1D moveout curves on the
gathers, making it easy to filter out the outliers by
the moveout ranges. The reflection tomography
introduced lateral changes in the velocity profile.

FWI Preconditioning

FWI is performed at multiple offsets and
bandwidths using the OBN data first arrivals.
Preconditioning of the data is the most crucial
aspect of waveform inversion and an optimal
conditioning can firmly regulate the updates and
reduce the chances of divergence by avoiding
cycle skipping. The preconditioning steps include
1) compensation of instrument response, 2)
frequency-dependent surface-consistent scaling
(Taner & Koehler, 1981), 3) static shifts, and 4)
low-frequency  enhancements. The low-
frequency enhancement (LFE) is a novel strategy
to enhance the low-frequency content of the data
using an integration filter (Oppenheim et al.,
1982). The wavelet extraction for all the shots are
performed using the same workflow as
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preconditioning of the shot gathers, which is used
as an input to the FWI.
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Figure 2: The comparison of the convergence of

FWI with LFE, without LFE and Ricker wavelet.

The LFE is showing better convergence.

The application of the low-frequency
enhancement workflow on FWI is tested with
FWI on the conventional workflow and FWI with
Ricker wavelet. On three iterations the LFE
workflow provides stability and better
convergence in comparison with the conventional
methods (Figure 2).

Cascaded FWI Iterations

FW1 is susceptible to unnatural updates due to the
inherent non-linearity of the ill-posed inversion
problem. For better estimation of the amplitudes,
we have used a density model from the initial
model at each steps. This ensures better
assessment of the amplitudes, generating
reasonable velocity updates. Further, in our
workflow, we have used refraction tomography
and reflection tomography over the FWI updates.
The cascaded approach to the refraction and
reflection tomography modulates the updates and
ensures better kinematics (gather flatness) and
overlapping of the first arrivals. Further, the
updates from the FWI were a posteriori smoothed

using the structure-oriented filtering, introducing
geological congruence in the velocity updates.

Joint Traveltime - FWI

The objective function of the conventional FWI
inversion is modified to include the traveltime
inversion of the first arrivals. A weight function
is empirically determined based on a few test
results. The FWI has comparatively larger
weights in the generation of the velocity updates.
This provides a better and more reliable solution
than the conventional FWI, including higher-
frequency input shot data.
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Figure 3: Depth slice of the velocity model a)
before and b) after VRE, c) the velocity update
section after VRE. The details in the velocity
model is indicated with the arrows.

Velocity Resolution Enhancements (VRE)

In this area, the carbonate mounds pose imaging
challenges on the reflectors lying on the pay zone,
creating pseudo-structures in the pay zone. A
mathematically simplified solution was worked
out, which was designed to introduce more details
on the velocity model given in equation (1).

Jv = @Rv (1)

In this equation, ¢ is a constant, R is the
reflectivity, and v is the velocity field. This
method is a quick and novel method that
introduces reflectivity in velocity modelling
without actually performing FWI, reducing
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computations. The kinematics of the velocity is
not affected since the changes are beyond the
limit of detection through ray propagation. This
is used both as an intermediate step and a final
step to mainly refine the lateral boundaries of the
carbonate mounds. Figure 3 compiles the results
of VRE on the velocity model. The boundaries of
the geobody are refined. The increase in the
resolution of the velocity model is also obvious in
Figure 3b. The estimation of the constant ¢ may
also be integrated within the objective functions
for velocity updates to obtain a better resolution

of the velocity model.
15 km 15 km

Initial Final Isotropic

Figure 4. (a) Initial velocity model (b) Final
velocity model derived from joint waveform
inversion. The pull-up in the pay zone caused by
the carbonate mound is adequately compensated
(indicated by the red arrow).

Anisotropic Compensation

The anisotropy was addressed in the final step. It
was noticed that nearly all the depth markers
deviated from seismic horizons by nearly a
constant value. This observation was very
critical, suggesting the principal causes of
occurrences of anisotropy are shallower than the
shallowest marker. This hypothesis was further
tested through depth migrations, and a
completely different strategy was used to solve
the anisotropy. The unconsolidated near-surface
layers contribute to a significant amount of
seismic anisotropy (15 to 30 percent) (Best et al.,

2007), but are often not accounted for due to the
absence of shallow markers. The large values of
the misties were compensated for by performing
well-tie tomography in two steps (1) for a shallow
layer and subsequently (2) for all the layers. The
final velocity and the anisotropy field are depth
migrated using Kirchoff’s depth migration
algorithm.

Figure 5. (a) Initial velocity model and (b) final
velocity model at depth 1.8 km, (c) initial velocity
model and (d) final velocity model at depth 2.5
km. The mounds are delineated quite clearly in
the above figures, and a large deviation of
velocity from the initial model was suitably
handled by the comprehensive workflow.

Results & Discussions

The primary objective of the study is to showcase
the approaches that were instrumental in
providing a velocity model which captured the
detailed geological features introduced by the
carbonate mounds. These features introduced
pull-ups on the pay zones, creating pseudo-
structures. Figure 4 shows the comparison of the
depth images before and after the application of a
comprehensive velocity modelling workflow
using the above methodologies.

The compensation of the pseudo-structures was
possible due to the accurate delineation of the
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carbonate mounds in the velocity model. The
mounds are observed at a depth 1.8 km. In the
initial model, the same details were not observed
(Figures 5a and 5b). At depth 2.5 km, the
velocities changed drastically and coherently
with the overlaid stack (geology) (Figures Sc
and 5d). This result justifies the stability of the
FWI introduced by the cascading of refraction
and reflection tomography and joint reflection
tomography.

8 High velocity evident on the raw data
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Figure 6. a) Shot gather acquired with
conventional streamer, b) Possible high
anisotropic layer overlaying coherently with the
seismic image and geology.

In the earlier processing, a severe depth error was
observed, leading to a proper investigation of the
anisotropic effects. In this pursuit, we revisited
the entire workflow and we noticed a shallow
high-velocity layer occurring just below the sea
floor from the first arrivals of the conventional
streamer. The average velocities of the first
arrivals were 2600 m/s, and the same shingled
pattern is observed, indicating the possibility of
low velocities below this layer (Figure 6a).

However, the same velocity model did not
provide a reasonable depth migration, indicating

the possibility of high anisotropy just below the
sea floor. This can be because of various factors
like preferential consolidation of sediments,
aligned fractures, finely layered sediments, etc.
The overlay with the stacks (Figure 6b) further
reinforces the hypothesis. The high anisotropy is,
therefore, addressed using well-tie tomography,
reducing the uncertainty to 0.5 percent at ~2 km
(Figure 7).

Well A Well B WellC  Well D Well E Well F well 6

Figure 7. The compensation of the VTI anisotropy
with well-tie tomography indicating better match
with the depth markers.

Conclusions

a) The study emphasizes a comprehensive
workflow  development for  velocity
modelling using waveform inversion and
reflection and refraction tomography.

b) The major elements of the workflow
development include various novel methods
like low-frequency extensions, cascading
reflection and refraction tomography with
inversion, and performing joint inversions.
The detailing of the velocity model is also
performed using a simplified but effective
method for injecting reflectivity, refining the
boundaries of the geo-bodies.

¢) The study also highlights joint data inversion,
integrating conventional streamer data and
OBN data and converge on a better solution
optimally using limited resources.

d) The study also showcases an integrated
geophysical approach to address the
anisotropy. The methods resolved the
imaging issues, provided a detailed velocity
model coherent with the geology, and
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resolved misties with the well markers,
highlighting the possibility of the presence of
a highly anisotropic seafloor. However, the
confirmation of the same can only be
obtained by retrieving core data from the
seafloor.

Finally, the study justifies the need to study well-

established areas with a holistic approach and

unearth new mysteries.
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