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The salt interpretation can be quite time-intensive and challenging. Full-waveform
inversion, as a data-driven optimization algorithm with full wavefield modelling, has
become one of the essential tools for earth model building. However, full-waveform
inversion application in the complex salt geology, especially with streamer data col-
lection, is limited, whereas the ocean-bottom node with ultra-long offsets and low
frequencies unleashes the power of full-waveform inversion. Sparse ocean-bottom node
acquisition has become a standard approach to improve the earth model building by the
addition of ultra-long offsets and possibly low frequencies. The new survey designs with
ocean-bottom node coupled with simultaneous shooting can be deployed on a regional
basis covering thousands of square kilometres in a cost-effective manner. In complex
geological settings, including irregular salt geometry, salt interpretation has a direct
impact on subsalt imaging. The recent development of robust objective functions allows
full-waveform inversion work with sparse ocean-bottom node surveys in the deep-water
environment as the Gulf of Mexico to build and refine the salt geometries and correct
the background velocity error in subsalt, uncovering the structural configuration of the
basin that has not been seen before. Although full-waveform inversion mostly employs
the acoustic wave equation, we know that the high velocity boundaries in the earth
model may require elastic wavefield propagation. Increased physics in full-waveform
inversion allows us to interrogate the power of elastic full-waveform inversion versus
acoustic full-waveform inversion, and here, we demonstrate that elastic full-waveform
inversion has an advantage over acoustic full-waveform inversion despite the extra cost

associated with implementing the more complete physics.
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INTRODUCTION

In the last 30 years, large oil reserves have been discovered
in the deep-water Gulf of Mexico based on seismic data.
The main challenges for seismic exploration in this region
in terms of acquisition were related to subsalt reservoir illu-
mination, as this data requires a wide range of azimuths
and long- or very-long-offset distribution. Multiple attenu-
ation, velocity model building and depth imaging accuracy
were the main challenges for signal processing and imag-

ing. Significant progress was made in acquisition and data
processing during the last 15 years to solve these problems.
However, imaging subsalt targets has been a major obsta-
cle due to the complex salt geometries in the overburden.
Previously, substantial improvement in subsalt illumination
was achieved using innovative towed-streamer, wide and/or
full azimuthal acquisition designs with increasingly longer
offsets up to 18-20 km. However, velocity model building
has been lagging due to the lack of an automatic method
of generating earth models in areas of salt. Full-waveform
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inversion (FWI) is a full-wave, propagation-based inversion
technique. It has emerged as a promising method for refin-
ing detailed seismic velocity fields, which will then benefit
from migration techniques to achieve enhanced subsurface
images. The algorithm iteratively updates the subsurface earth
models to reduce the misfit function, measuring the differ-
ence between the recorded seismic data and the simulated
waveforms, such that the full waveform (primary, multiples
and others) of acquired seismic data can be explained by the
inverted subsurface earth models.

It is known that the lack of ultra-low frequencies in the
acquired data leads to difficulty recovering the structures
especially salt geometries and therefore to the starting-model
dependence of FWI (see, e.g. Virieux & Operto, 2009).

In complex salt environments, we have struggled to gen-
erate adequate velocity models despite many years of effort.
In our experience, the geometry with its 8-km maximum off-
set produces relatively high wavenumber updates and, in the
deep part of the model, we must bring out the low wavenum-
ber of the kernel either implicitly or explicitly, using either
the energy norm (Rocha et al., 2016) or Born-modelling
approaches (Vigh et al., 2016; Xu et al., 2012). There has
been attempts to build salt geometries from sediment only
velocity model using reflected data in the FWI (Kalita et al.,
2019) which has been proven in synthetic data examples.
Fichtner and Trampert (2011) discussed a method comput-
ing of the space-dependent parameters via Fourier transform
of the Hessian which can improve the convergence of FWI
especially in salt related geology. Some approaches advo-
cate using envelope fluctuation and decay of seismic record
carries the ultra-low frequency information which may be
beneficial building the background model without having low
frequencies in the recorded data (Wu et al., 2014).

FWI greatly benefits from long-offset and full-azimuth
data, which could drive the update down to the basement and
modify the salt geometry to meet the requirements of oil and
gas exploration. Deep-water subsalt fields and prospects typ-
ically have seismic imaging challenges, and significant effort
has been invested over the last few decades to overcome these
challenges. Several successful case studies have proven the
advantages of FWI with dense ocean-bottom node (OBN) data
with node spacings of 200400 m (Nolte et al., 2019; Li et al.,
2019). However, these surveys were limited to focused reser-
voir imaging and monitoring due to the high operational costs
of acquisition.

In the last few years, however, the economics of OBN tech-
nology have improved by addressing inefficiencies, including
longer node battery life and faster deployment/retrieval meth-
ods, such as dual remote-operated vehicle operation. Geome-
tries using increased node spacing allowed this acquisition
method to be extended to regional sizes and, specifically, to
enable FWI for velocity modelling. In order to further improve
acquisition efficiency, sparse OBN surveys were designed and
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acquired with node interval of 1.2 km, both, along and perpen-
dicular to the node line with 50 km maximum offsets (Vigh
et al., 2020).

Besides the complex salt geometry, the long offsets can
pose a possible cycle-skipping problem, even though the
frequencies available are becoming lower and lower. We
developed a robust objective function for this purpose to over-
come the possible cycle-skipping named enhanced template
matching.

In this paper, we present a case study of FWI applied to
a sparse-node acquisition in the Gulf of Mexico, demonstrat-
ing the power of FWI in building velocity models, and the
much-improved image with the FWI model. Furthermore, if
the FWI-predicted data is simulated with an acoustic engine,
it could pose amplitude discrepancies at high velocity con-
trast interfaces and miss the amplitude versus offset effect in
certain cases. Recent computer hardware improvements have
allowed us to simulate elastic data in a 3D manner and under-
take the challenge of executing 3D elastic FWI (EFWI). We
demonstrate the FWI progress of the last decade with lat-
est examples from different acquisition geometries. Although
hydrophone measurement might be capable of contributing to
the shear (S) velocity estimation, the weak converted S wave
information presented in the pressure component of towed-
streamer data requires a multi-component dataset to derive the
shear velocity update. In spite of the computational cost, time-
domain EFWI was first successfully applied demonstrated the
ability of applying EFWI on multi-component real data by
Crase et al. (1990), Sears et al. (2010) in the North Sea and
by Djikpéssé and Tarantola (1999) in the GoM. The FWI
can be implemented in time-domain or frequency-domain
(Brossier, 2010), whereas Castellanos et al. (2011) suggested
a hybrid method using time-domain forward modelling with
a frequency-domain solver. Huang et al. (2020) introduced
an estimation of the uncertainties of the elastic parameters
in Bayesian anisotropic EFWI by using Kalman filter with
Green’s functions.

GEOLOGICAL DESCRIPTION

Herein, we review a case study of approximately 3000 km?>
area situated within the Green Canyon Protraction Area,
located 150 km from Port Fourchon, in water depths ranging
from 300 to 1200 m. This north-central area within the deep-
water Gulf of Mexico is interpreted to have a salt tectonic
history, creating a complex structural framework ideal for
subsurface exploration. In contrast to regions further south,
the allochthonous salt bodies in the case study area are less
extensive and more isolated. Remaining salt bodies are sepa-
rated, at times, by poorly imaged and, thus, heavily interpreted
salt weld network with deep mini-basins of thick Pliocene to
Pleistocene sediments. Deep salt feeders or salt ascension
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zones are suggested on legacy seismic volumes but are dif-
ficult to map with confidence. These salt feeders and deep
welds separate the primary basin stratigraphy into multiple
sub-basins, each with a different depositional and structural
history that can lead to significant variations in velocity.
Exploration potential remains unproven beneath salt with only
a small number of wells having been drilled to test deeper
objectives. The lack of deep well control leads to high uncer-
tainty in sediment velocities below salt. The primary obstacles
to identifying and maturing subsalt prospects are the high
uncertainty in key structural relationships, and inability to
delineate sediment transport fairways, mainly due to the poor
seismic imaging at deeper depths.

SPARSE-NODE ACQUISITION
PARAMETERS

Model building with full-waveform inversion (FWI) enables
relaxing of the acquisition parameters for ocean-bottom node
(OBN) surveys, especially the node spacing even in com-
plex salt environments. A sparser node distribution enables
a significant cost reduction for these surveys.

Hence, we need to assess the maximum receiver spac-
ing that is acceptable to perform reliable FWI at frequencies
up to 15-20 Hz. The upper limit of 15-20 Hz can be
explained due to minimal kinematic change in imaging
beyond this resolution (Plessix et al., 2021; Ratcliffe et al.,
2019). Sparse receiver designs are enabled as the sparse
long-offset node acquisition is used independently for the
velocity model building by FWI, in contrast to the exist-
ing towed-streamer data, which was acquired for reflectivity
imaging using reverse-time migration (RTM). The towed-

The shooting configuration and an example of a common-node record with the simultaneous source interference.

streamer and sparse-node data can then be combined for
imaging.

The sparse-node acquisition presented in this case study
encompasses a 1.2 km distance between the nodes, and, alto-
gether, 2066 nodes were deployed. Acquisition comprised a
50 m in-line and 100 m crossline shot carpet with a gener-
ally 18 km halo around the nodes, giving a natural bin size
of 25 m X 50 m. Data was acquired by two vessels with
triple sources, using a flip-flap-flop shooting method, with
a random +1000 ms dither applied to each shot, acquired
using continuous recording. Each vessel acquired three source
lines simultaneously, with a shotpoint spacing of 16.7 m that
translates to a ~7 s time interval. The vessels maintained
a minimum 2 km separation and were generally moving in
opposite directions. Figure 1 shows the collected shot with
the interference of the two vessels marked with ‘D’ and ‘E’
and timing differences between the consecutive guns.

STARTING MODEL BUILDING,
VALIDATION AND DATA
PRECONDITIONING

The initial model was obtained from the legacy model that was
built using a traditional top-down approach using the under-
lying streamer data that comprises 8—16 km maximum offset.
Prior to the final starting model derivation, we applied full-
waveform inversion (FWI) to run scenarios using the streamer
data to improve the questionable salt geometries, which can
be very beneficial to delineate the complex top of salt and
form the flanks. After smoothing the legacy model, FWI was
employed to modify salt geometry and update the sedimen-
tary section around the salt. The next step was to validate this
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(a) Node location map; (b) early arrival ray tracing overlaid on the observed data based upon the initial velocity; (c) displaying the

simple diving wave arrivals; (d) early arrival ray tracing overlaid on the observed data in complex area where deep carbonate is present in the model;

(e) displaying the complex diving wave arrivals.

model, especially in the deep part around the autochthonous
salt level, which is recorded by the longer offsets beyond
40 km. Based upon regional 2D studies, we adjusted the deep
part of the model by placing an increased velocity gradient
from the top Oligocene onwards, and another from the base
Louann salt onwards. Early-arrival ray tracing and data fit-
ting QCs were used for the validation steps. The ray tracing
showed a reasonably good match on the far offset, which may
mitigate cycle skipping in the deep part of the model. Figure 2
shows the ray tracing validation result.

The FWI input data was the blended one for two reasons
first is to safely preserve the low frequencies and the second is
to have a very early start of the FWI not to wait on the deblend-
ing. The deblending is a multi-stage strategy where different
sparsity promoting prior information are utilized to optimize
the signal-to-noise ratio at each stage. In each stage, the algo-
rithm focuses on separating different modes of seismic signal
starting with the strongest signal. This deblending method
is called multi-stage iterative source separation with priors
(Kumar et al., 2023). After deblending, there was PZ summa-

tion to create the input data for imaging purpose. The imaging
used 20 km maximum offset from the sparse-node data.

FULL-WAVEFORM INVERSION
APPLICATION FOR VELOCITY MODEL
BUILDING

Although the first convincing applications of 3D full-
waveform inversion (FWI) were performed with stationary-
receiver as Ocean Bottom Cable (OBC) geometry (Plessix
& Perkins, 2010; Sirgue et al., 2010), many applications are
currently performed with towed-streamer data especially for
exploration purpose. The drawback of such acquisition is
the limited length of the streamer which prevents deep tar-
gets from being sampled by diving waves and post-critical
reflections for FWI. This issue has been partly bypassed
by adapting FWI to reflection data leading to the so-
called reflection-based waveform inversion (RWI) (Brossier
et al.,, 2014; Xu et al., 2012). RWI relies on the scale
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separation between the reflectivity and the velocity macro-
model underlying classical reflection processing workflow
based upon alternated migration and migration-based veloc-
ity analysis. To some extent, RWI breaks down the original
FWlidea of continuously sampling the wavenumber spectrum
of the subsurface by exploiting the rich angular illumination
provided by wide-aperture acquisitions such as surface per-
manent receiver acquisitions (OBC, OBN, land) (Pratt et al.,
1996). Today, long-offset multi-component node acquisitions
emerge as an alternative to towed-streamer acquisition for
deep-water offshore subsalt exploration. These stationary-
receiver acquisitions offer the necessary versatility to design
full-azimuth ultra-long offset acquisitions that are suitable to
sample the full targeted structures with a wide variety of wave
types in term of propagation regime (transmission vs. reflec-
tion), propagation direction. This provides an optimal setting
to really exploit the resolution power of FWI and its ability
to reconstruct all the physical parameters that govern wave
propagation.

One of the most difficult parts of subsalt imaging is to
build the correct salt geometry and define the salt velocity.
The traditional standard practice for salt model building is
to use tomography to first build the best possible sediment
velocity model. After building, the background model in the
shallow part, sediment flood and, later, salt flood is executed
to interpret, first, the top of salt and then the base of salt in
simple circumstances. The salt geometry building becomes
more complex if several salt overhangs must be incorporated
into the model. To delineate the complex salt shape, numer-
ous salt scenarios may be performed to execute trial and error
modification on the salt. This procedure is not only labour-
intensive and time-consuming, but it is also subject to human
errors. FWI is considered an effective data-driven technique to
build velocity models by iteratively minimizing the difference
between observed and predicted data.

The mismatch in the time-domain between the model and
the observed data (Vigh et al., 2019) can be computed as local
attributes as a function of displacement shift in X and possi-
bly Y. Many approaches to solve the issues of cycle-skipping
and amplitude discrepancy have been proposed (Luo & Schus-
ter, 1991; Ma & Hale, 2013). If the time shift is calculated in
one dimension, it is not taking the lateral shift into account
due to the complexity of the model like salt diffraction energy
can distorte the time shifts calculation. These techniques may
determine a false time shift, which may lead to ambiguous
velocity updates in complex areas.

In this context, FWI is able to match the local patterns
between the observed and predicted shot record for both
travel-time and spatial shifts. Moreover, the time shift (Jiao
et al., 2015) can be computed as local attributes as a function
of displacement.

Thus, FWI can directly minimize the travel-time shift
objective function to back-project the local travel-time shift
into the model. This traveltime is determined in a three-
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dimensional sense in complex salt-related geology to ensure
proper pairing of the events between acquisition and predic-
tion. After the travel-time shift reduces below the half cycle,
then amplitude will play a role in the velocity updates. The
enhanced template matching objective function has proven to
be less sensitive to the cycle-skipping problem than the tradi-
tional least-square objective function, while retaining the abil-
ity to reshape complex salt geometry and the subsalt velocity
trend if there is a long enough offset in the observed data;

1
E=3¥ Y /d ((dpred (XerXp0 1) = dops (X X0 7))
+AAT (x,,X,, t)2> : )

where d,, are the observed data, and d,; are the data calcu-
lated, respectively, ¢ represents time and X, and X, denote the
sources and receivers, respectively, using the elastic wave.
AT is the shift between the observed and predicted data in
the 2D or 3D window depending upon the receiver sampling.
The A is a dimensioning parameter used to adaptively balance
the contributions from the kinematic and dynamic terms
in the misfit function E Equation (1). Note the travel-time
contribution diminished naturally as the background velocity
is improved over iterations. This objective function addresses
cycle skipping by resolving the travel-time minimization then
emphasizes on the waveform matching in the least squares
part of minimization.

After confirming the validity of the initial model, the FWI
was executed in a multi-scale manner starting around 1.7 Hz.
However, 1.7 Hz was still not a low-enough frequency to dis-
count the cycle-skipping possibility in the FWI due to the
complex salt geometry. If the low frequencies are not enough
to resolve the model, there is a requirement for model per-
turbation and to restart the FWI with the lowest frequency
in the acquired data. Using the low-frequency updates, we
managed to modify the salt and the subsalt velocities to gain
better kinematics, improving the deep velocity field for sub-
salt imaging. We gradually increased the frequencies in the
FWTI to reach the 16 Hz mark to see how the high-frequency
FWI updates impact the salt geometry and the subsalt velocity
that influence the imaging for exploration and develop-
ment proposes. Figure 3 demonstrates the image improve-
ments that are the result of the FWI fine-tuned velocity
model.

Figure 3b shows the updated FWI velocity and the impact
on imaging of this velocity update versus the legacy veloc-
ity and its image in Figure 3a. The subsalt sediment and the
deep base Louann were put together very coherently with the
velocity that was coming from the FWI-only updates. The
increase in imaging quality is attributed to the long-offset,
full-azimuth, OBN acquisition that unlocked the potential of
the FWI to develop the velocity field. The kinematics of the
deep section improved significantly compared to the initial
model, which can be observed in Figure 4b versus (a).
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(a) Legacy/initial velocity field; (b) full-waveform inversion (FWI)-updated velocity; (c) legacy/initial velocity and its image with

ocean-bottom node (OBN) input data; (d) FWI-updated velocity and its image with OBN data.

Eventually, we can extract the pseudo-reflectivity from the
FWI updated the structural tensor velocity field, which is a
three-dimensional first derivative of the velocity, consider-
ing the dip field obtained from the imaging algorithm at the
stage of the extraction. When the frequencies increase in the
FWI, the updates show high resolution details that allow us to
extract the reflectivity with the following equation:

ﬂ=£sin¢9cosq)+ﬂsint9sin(,o+ﬂcos«9, 2
Jn  Ox dy 0z
where 6, ¢ are the dip and the rotation information in the
in-line/crossline orientation derived from the migrated
image, dx,dy,dz are the three-dimensional deriva-
tives, and [ is the impedance that can be extracted
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produced RTM gathers; (d) FWI model produced RTM image.

from the
velocity.

This volume has two major differences compared to an
RTM image; one is the full wavefield that goes into FWI, and
the other one is the iterative nature of FWI, which acts like
a non-linear least squares RTM. Using the full wavefield can
extend the illumination of the subsalt sedimentary section due
to the diving waves and multiples contribution, whereas iter-
ating with FWI can improve resolution compared to the RTM
image that utilizes only the primary reflections. Furthermore,
one can say the fair comparison would be the least-squares
RTM which is iterative though but uses reflection primary
data too with a Born-modelling engine. Figure 5a shows the
high frequency FWI updated velocity field, whereas part (b)
shows the extracted FWI derived reflectivity.

relatively high frequency FWI updated

INCREASED PHYSICS IN
FULL-WAVEFORM INVERSION
APPLICATION

The recent successful applications of time-domain elastic
FWI (EFWI) include Vigh et al. (2014) using four component
data, Plessix et al. (2021) in salt environment and Wang et al.
(2021) where amplitude versus offset class II presented in
the geology, in which the acoustic propagation results in
false prediction. These previous exercises update V, and V,
whereas others use the V as a relationship to V, to update
the pressure velocity field only. We show that the V,, only
update, with a proportional V, still gives tremendous uplifts
in complex geology.
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(a) Initial velocity reverse-time migration (RTM) gathers; (b) initial model RTM image; (c) full-waveform inversion (FWI) model

Even so, node spacing may become a limiting factor for
EFWI application towards high frequencies due to the slower
S-velocity relative to P-velocity and especially in S-velocity
inversion from the horizontal components. These are main
factors governing OBN acquisition design in terms of FWI
and should be analysed if the S-velocity inversion is targeted.

In this study, the initial model was obtained from a
legacy model that was built with the traditional top-down
approach. After smoothing the legacy model, FWI (acous-
tic) was employed to update the entire model including the
salt geometry and sedimentary section above and below the
salt. After confirming the validity of the initial model with
rigorous QCs, the EFWI was executed in the multi-scale man-
ner starting from 1.7 Hz. The frequency marching increment
was 1 Hz at the low end to avoid the possibility of getting
trapped in local minima and exhausting most of the low fre-
quencies in the observed data. The maximum frequency of
the EFWI was 6 Hz that already gave us a very good imaging
uplift. We have executed both acoustic and EFWI in paral-
lel to see if our observations in the real field data example,
and if the benefit of the increased physics in FWI is evi-
dent in these results. Using the low-frequency updates, we
succeeded in modifying the salt and the subsalt velocities to
gain better kinematics that improve the deep velocity field, as
well as images for subsalt regions in both acoustic and EFWI
(Vigh et al., 2022). Some observations can be drawn after fin-
ishing the low-frequency updates. Figure 6d shows that the
EFWI results have more geological consistency compared to
the acoustic result in Figure 6b.

The update of the velocity in the top of salt from EFWI
(Figure 6d) shows the velocity slowing down instead of
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FIGURE 5 (a) Full-waveform inversion (FWI) updated velocity; (b) extracted pseudo-reflectivity from the FWI velocity.
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FIGURE 6 (a) Acoustic full-waveform inversion (FWI) image with ocean-bottom node (OBN) input data; (b) acoustic FWI perturbation with
its image with OBN data; (c) elastic FWI image with the OBN input data; (d) elastic FWI perturbation with its image with OBN data.
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(a) Initial model and its image; (b) acoustic full-waveform inversion (FWI) velocity and its image overlay; (c) elastic FWI velocity

and its image overlay; (d) acoustic FWI updates overlain on its image with interpretation; (e) elastic FWI updates overlain on its image with

interpretation.

speeding up as shown in the acoustic FWI update (Figure 6b).
This velocity decrease in sediment above the top of salt is
in fact the right direction due to the smoothness in the ini-
tial model. The subsalt update is less patchy in the EFWI,
and this can be attributed to the better amplitude handling
from the elastic consideration. Last, but not least, the steeply
dipping events and salt feeders in the image from the EFWI
updated model (Figure 7e) are more pronounced than those
in the counterpart image using the acoustic FWI updated
version (Figure 7b), which suggests that the EFWI could gen-
erate better model updates than acoustic FWI. Both inversions
returned improvements when their results are compared to the
initial model image as shown in Figure 7a. However, when the
interpretation is carried out on the EFWI image, mapping of

the welding system and the Top Cretaceous is improved on the
EFWIimage (Figure 7e). We overlaid markers on the acoustic
FWI image to demonstrate the accuracy of the EFWI, in that
the sedimentary section terminations are more visible in the
EFWI image.

CONCLUSION

The results support the proposition that long-offset, full-
azimuthal sparse ocean-bottom node acquisition is a viable
data collection technique for regional studies, especially to
derive an accurate velocity field by full-waveform inver-
sion (FWI). The FWI workflow enabled building a velocity
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model in this extraordinarily complex salt geology environ-
ment, and FWI showed its ability to reshape salt geometry
automatically and update the deep model without requiring
major human intervention. The improvement in the salt and
sediment velocity field resulted in superior subsalt imaging
and better understanding of the deep geologic trends. Elas-
tic FWI (EFWI) generates better P-velocity updates around
salt and in the subsalt areas, compared to acoustic FWI. By
taking more realistic physics into the simulation and inver-
sion, EFWI resulted in more reliable velocities in complex
areas and the images show better delineated salt geometries,
more focused continuous steep-dip events and more geolog-
ical consistencies. Even though the computational cost can
still be significantly more expensive than acoustic propaga-
tors, it has become feasible to run EFWI for 3D surveys within
a reasonable time frame.
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