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Abstract

Velocity model building and depth imaging are known to be
complicated endeavors in numerous onshore areas in the Middle
East. Despite recent advancements toward denser, wide-azimuth,
and low-frequency seismic acquisitions, the application of full-
waveform inversion (FWI) remains challenging. The main dif-
ficulties arise from complex near-surface geology that creates wave
mode conversions (P to S waves but also strong multiples) and
very energetic and complex ground roll overlaying reflected waves
and dominating low frequencies, with the diving waves being less
energetic and noisier. This paper presents recent progress in land
FWI toward higher-resolution velocity models, with successful
applications to case studies from the Sultanate of Oman. The first
example shows an application of land FWI imaging. It shows
that we are able to invert jointly diving and reflected waves in
acoustic FWI. With proper input data conditioning and initial
model preparation, we successfully ran acoustic FWI up to 45 Hz,
resulting in a high-resolution velocity model and derived FWI
image that significantly improved subsurface imaging and geologic
understanding. The inverted high-frequency velocity could also
be more reliably used for subsequent reservoir characterization
steps. Given the important role of a good-quality near-surface
model for stabilizing high-frequency FWI updates, the second
example highlights the creation of a detailed shallow velocity
model. We propose using elastic FWI of surface waves for char-
acterization of the near surface in complex geologic settings. Here,
we demonstrate the effectiveness of this workflow to enhance
imaging of the shallow subsurface. Compared to conventional
methods such as surface-wave inversion, elastic FWI of surface
waves has the advantage of 3D full-wavefield modeling with no
requirement for picking. Our workflow also benefits from the
ultra-low frequencies recovered by interferometry to obtain a more
stable deeper update.

Introduction

Velocity model building and depth imaging is a very demand-
ing process for onshore projects in the Middle East. For this
reason, land seismic acquisition in the Sultanate of Oman has
adopted several technological improvements in recent years. The
use of vibrators starting from 1.5 Hz (Mahrooqi et al., 2012;
Baeten et al., 2013) provides an improvement in low-frequency
content compared to conventional vibrators starting from 6 or
8 Hz. Moreover, high-density nodal geophones not only increase
the stacking signal-to-noise ratio (5/N), they also record longer

offsets and wide-azimuth (WAZ) geometries. The recent use of
continuous recordings in blended acquisition surveys (Zhao et al.,
2018) enables the opportunity to reconstruct ultra-low-frequency
surface waves through interferometry of natural and ambient
noise (Le Meur et al., 2020). These technologies provide better
seismic input for full-waveform inversion (FWI). However,
despite these improvements in the recorded data, FWI still
struggles with challenges in the region. First, ground roll domi-
nates the low-frequency energy where diving waves are very weak.
Also, while high-density and high-fold acquisitions improve the
stack image, single-node traces are noisier than conventional
geophone group traces. Simultaneous shooting may further add
interference noise that particularly affects the low-frequency
S/N, where the blended noise appears coherent. Second, the
geologically complex, laterally and vertically, heterogeneous near
surface not only generates strong noise (elastic wave mode conver-
sions and multiples), it also makes near-surface velocity estimation
particularly challenging.

This paper highlights recent progress and breakthroughs in
land FWI with two examples from the Sultanate of Oman (one
from the north and one from the south, as shown in Figure 1).
Specifically, we focus on two key achievements. First, the utiliza-
tion of diving and reflected waves in acoustic FWT achieves
high-frequency high-resolution velocity models and produces the
FWI image (Zhang et al., 2020), which significantly enhances
subsurface imaging and geologic understanding (Guo and Aziz,
2024). Second, recent advances in near-surface velocity model
building, notably through elastic FWI of surface waves (Sedova
et al., 2024), enable the creation of a shallow initial model that
contributes to stabilizing the application of FWI for P-wave
velocity inversion.

One of the early applications of land acoustic FWI in Oman
using low-frequency diving waves to achieve a good long-wave-
length velocity update was illustrated by Stopin et al. (2014).
Later, several studies demonstrated the value of multiwave inver-
sion (MWTI) (Bardainne, 2018) to enhance the initial near-surface
model and diving-wave FWI (Farooqui et al., 2021; Masclet
etal., 2021) to further improve the shallow velocity resolution in
areas with strong shallow vertical velocity contrasts. The first
examples of achieving high-frequency land FWI (Sedova et al.,
2019; Hermant et al., 2020) presented a workflow for initially
inverting diving and refracted waves using a data mute and then
inverting conventional depth migration preconditioned data
tailored to enhancing reflection energy. The first step updated the
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Figure 1. Satellite map of the Sultanate of Oman showing the locations of the two study
areas (blue squares).

background velocity, and the reflections added details. The fact
that in these workflows the long-offset diving waves are not
retained throughout the inversion process may alter the long-
wavelength components of the velocity model when pushing FWI
to higher frequencies. While still challenging for land data,
successful applications of FWI with marine data, even in geologi-
cally complex regions, are well established (Wang et al., 2019).
There are numerous examples of detailed velocity models and
FWI imaging obtained with high-frequency FW1 in both shallow
and deep water for various geologic challenges (Zhang et al.,
2020). These results have enabled the interpretation of complex
structures, such as those in salt regions (Huang et al., 2021), and
can be used for shallow hazards (Espin et al., 2023). In this paper,
we show that these advances toward high-frequency FWI imaging
can be applied to land data with proper handling of the input data
conditioning and a good starting velocity model.

The near surface in the Middle East, particularly in the
Sultanate of Oman, is characterized by very shallow fast carbonates
and anhydrites interleaved by slow-velocity clastic layers, resulting
in sharp velocity inversions in the first few hundred meters below
the surface (Forbes et al., 2010). This complex geology creates
strong wave mode conversions and multiples. Acoustic FWTI seems
unable to address these very shallow velocity complexities due to
inaccurate physics of the modeling. Conventional approaches for
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near-surface characterization are first-arrival traveltime tomog-
raphy (Taillandier et al., 2009), surface-wave inversion (Socco
and Strobbia, 2004), and joint inversion methods such as MWI
(Bardainne, 2018). While MWI can provide reliable velocity
models of the near surface by jointly inverting first breaks and
surface-wave dispersion curve picks (Donno et al., 2021), its
limitations include the use of surface-wave dispersion curves
rather than full-waveform information and 1D dispersion curve
modeling (Socco and Strobbia, 2004). Surface waves (i.e., ground
roll) represent the strongest recorded energy for most of the land
data sets in Oman, reaching up to 95% of the total recorded energy.
While often treated as noise during processing, these waves contain
useful near-surface information. Elastic FWI of surface waves
can be considered a better choice for characterization of the near
surface in complex geology settings because it leverages 3D full-
wavefield modeling and can handle all surface-wave modes
simultaneously with no requirement for picking. Furthermore,
the use of surface waves in elastic FWI does not suffer from
parameter crosstalk between ¥}, and 5, as surface-wave propaga-
tion depends almost exclusively on V5. While elastic FWI of
surface waves is not a new topic in academia (Pérez Solano et al.,
2014; Borisov et al., 2018), it has only recently been investigated
in the oil and gas industry by Leblanc et al. (2022) with virtual
data built by interferometry (Le Meur et al., 2020) using continu-
ous recording and by Adwani et al. (2022) by inverting surface
waves from active deblended data. We present an application of
elastic FWI of surface waves for near-surface characterization,
which provides detailed and valuable information for velocity
model building.

Moving toward high-resolution FWI and FWI imaging

The study area is located in the gravel plain in the northern
part of the Sultanate of Oman (Figure 1) that lies between the
mountains and the desert area. One of the exploration targets of
this area is regional fault-related structures, as shown in Figure 2a.
The legacy result failed to resolve the horizontal and vertical
velocity variations. Encouraged by the successes and benefits of
marine FWI imaging, particularly in terms of sharp faulting
resolution, we implemented FWI imaging in this land data case
study. The data for this survey were acquired in 2022 with vibrators
of 1.5-86 Hz sweep frequency and simultaneous shooting with
25 x 25 m shot spacing and 75 x 100 m geophone node spacing.
The data for this survey have WAZ coverage with a maximum
offset of approximately 13 km. All of the main acquisition param-
eters are therefore suitable for FWI. Using a smoothed version
of the legacy model and the input data geometry, we also analyzed
the diving-wave illumination because it is well known that the
diving wave is the main driving force for FWI. From the result
in Figure 2a, we can see that the maximum penetration depth of
the diving waves is limited by the presence of strong velocity
inversion at a depth between 2 and 4 km, and the diving waves
can well sample the main fault structure.

After deblending (Guillouet et al., 2016), the low-frequency
signal (1-6 Hz) was still noisy (Figure 2b), only enabling identifica-
tion of ground roll. This was the only coherent signal visible at
this stage, with diving and reflected waves being much weaker
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Figure 2. (a) The initial J} velocity model overlaid on migrated seismic stack. The diving-wave illumination analysis shows that the penetration depth of diving waves is limited by the presence
of the layer with strong velocity inversion between 2 and 4 km depth. (b) Receiver gather after deblending with a low-pass filter at 6 Hz (c) after matching-pursuit linear radon surface-wave
attenuation and (d) after further advanced denoising by joint low-rank and sparse inversion and remnant linear noise attenuation (a 20 dB gain has been applied to this image).
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Figure 3. Updated velocity models, overlaid on migrated seismic stack, using input data with different denoising. Results in (a) use data after matching-pursuit linear radon surface-wave
attenuation (Figure 2c). Results in (h) use data with advanced denoising (Figure 2d). The QC well is about 10 km away and is only shown here for reference of the major layers.

and obscured by noise. We therefore applied different denoising
processes to the input data and analyzed their impact on the FWI
velocity. Industry experience of FWI with marine data has shown
that denoise is generally not critical for data with a reasonably high
sampling density. So, we wanted to see if the same observation
applies to land data. Because acoustic FWI was used for high-
frequency FWI imaging, the ground roll needed to be removed.
Matching-pursuit linear radon surface-wave attenuation (Ng and
Perz, 2004) was initially used to remove the strong ground roll.
The result in Figure 2¢ shows that the strong ground roll has been
attenuated without obvious signal leakage. However, after ground-
roll attenuation, we can still hardly see the signal from diving
waves and reflections. For this reason, we further cleaned the input
data with (1) a 4D joint low-rank and sparse inversion (Sternfels
et al., 2015) to attenuate the random noise and (2) a linear-noise
attenuation method (Le Meur et al., 2008) to remove any residual
ground roll and linear noise. The receiver gather in Figure 2d is
much cleaner, and the weak diving waves and reflections, that
were indeed recorded by the nodes, are now visible after applying
220 dB gain. We ran FWI from 2.5 to 6 Hz using these two input
data sets without any data mute. The minimum reliable frequency
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of 2.5 Hz to start FWI was chosen using the phase ring stability
QC, as shown in Messud et al. (2021). The updated velocity model
using the noisier data set (Figure 3a) looks stable within the diving-
wave illumination area and matches the nearby sonic well log.
Then, it becomes less stable and deviates from the sonic velocity
trend below the velocity inversion, as indicated by the blue arrow.
The updated velocity model using data with more advanced
preconditioning (Figure 3b) is very similar within the diving-wave
illumination zone, showing that FWT is robust with diving waves
to achieve a good velocity update. Moreover, beyond the diving-
wave penetration depth, the more advanced denoise helps stabilize
the velocity update and match it better with the well sonic trend.
Overall, we can observe that even though the individual receiver
gathers are noisy, dense and WAZ acquisitions make denoise less
critical, especially within the diving-wave illumination zone. Other
factors that may influence the velocity update are the acquisition
geometry and receiver density. The result shown in Figure 4a was
obtained using the available WAZ data, with maximum offset in
inline and crossline directions of 12 and 6 km, respectively. When
reducing the maximum offset in the crossline direction to only
2 km to simulate a narrow-azimuth (NAZ) acquisition (Figure 4b),
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Figure 4. Updated velocity models, overlaid on migrated seismic stack, using input data with different denoising and acquisition geometry parameters: (a) using data after ground-roll
attenuation with a WAZ geometry (6 x 12 km offset), (b) using a narrow-azimuth geometry (2 x 12 km offset) compared to (a), (c) using data with advanced denoising compared to (b), and
(d) using a denser receiver carpet (75 x 100 m grid) compared to the one (150 x 100 m) used in (b).

we observe that the velocity update in the diving-wave illumination
zone starts to be affected by noise as it becomes less conformal to
the shallow dipping structures (red arrows). Moreover, the velocity
update is more chaotic in the deeper part of the model, below the
strong velocity inversion (blue and orange arrows). However, the
result after our advanced denoising (Figure 4c) shows a more stable
update both in the shallow and deeper part, which indicates that
the NAZ geometry acquisition needs more denoise to obtain a
stable result. Finally, we also considered a denser receiver grid
(75 x 100 m) with the NAZ geometry (Figure 4d) and observe
that the use of a denser receiver grid compensates for the noise
and stabilizes the update. We can therefore conclude that, in the
case of NAZ geometry and sparser receiver density, the impact of
denoise is more obvious on the results.

The starting velocity model is another important factor for
FWI (Virieux and Operto, 2009). For land data, the near surface
is generally very challenging. Among several possible methods
proposed in the literature, the near-surface model can be obtained
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using MWTI (Bardainne, 2018). We therefore created two dif-
ferent starting velocity models for FWI and analyzed the impact
of the initial model on the result of high-frequency land FWI.
The first starting velocity model comes from a legacy project
after smoothing (Figure 5a), while the second one in Figure 5b
has been obtained by replacing the first 200 m of the near surface
with the MWI result for this data set and by improving the
deeper part (beyond approximately 2 km depth) with a velocity
scan, as indicated by the yellow arrows. After running FWI up
to 35 Hz (Figures 5c and 5d) using the two different velocity
models, we can observe that FWT is able to achieve a very detailed
velocity model that captures both vertical and horizontal velocity
variations and well delineates the reverse and smaller fault
structures both in the shallow and deep part. However, the result
using the legacy starting model (Figure 5c) has fast velocity
leakage in the shallow layers, and the deep velocity update is
not consistent across the fault, while the result using the improved
starting velocity (Figure 5d) is more consistent in both shallow
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and deep sections, better matches the well sonic (embedded in
Figure 5d), and has higher shallow resolution and reduced
ringing. Using the 35 Hz FWI result, we also computed the
corresponding FWI image (Zhang et al., 2020) in Figures 5e
and 5f. We can see that the FWI image starting from the

~ Depth (km)

£
=1
=
=
(o
[
)
2

improved shallow starting model (Figure 5f) gives better shallow
reflectivity (red arrows), resulting in less multiple ringing in the
deeper part, as indicated by the blue arrows, because multiples
are better modeled (we have a free-surface condition in our
acoustic modeling) to match the recorded data.

~ Depth (km)

Figure 5. Starting velocity models for FWI coming from a legacy project (a) after replacing the first 200 m with the MWI model and (b) by improving the deeper part with a velocity scan. The
corresponding 35 Hz FWI updated velocity models are in (c) and (d). The associated FWIimages are in (e) and (f). Note that the overlaid seismic in (a) and (c) is the FWI image in (e), while
(b) and (d) show the FWIimage in (f). The yellow arrows indicate the locations where modifications from the starting velocity model in the shallow and deep parts are more visible. The red
arrows indicate locations with better shallow reflectivity. The blue arrows indicate less multiple ringing in the deeper part when using the starting velocity model in (b). The QC well shown

in (d) is about 10 km away and is only shown here for reference of the major layers.
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Furthermore, we compared the FWI image in Figure 5f
(repeated in Figure 6b for comparison), created from the velocity
model inverted by acoustic FWT up to 35 Hz (Figure 5d), with
the migrated image using the legacy model. The legacy velocity
(Figure 5a) captured the background velocity trend but could not
resolve the horizontal and vertical velocity contrasts near the
major fault. Indeed, its resolution is not sufficient to obtain a
good-quality Kirchhoff-migrated image (Figure 6a). Therefore,
we used the input data after premigration demultiple (same input
as used in Figure 6a) and the 35 Hz high-resolution FWI velocity
model of Figure 5d for the migration, using both Kirchhoft and
reverse-time-migration (RTM) algorithms. With such detailed
velocity, Kirchhoff migration (Figure 6¢) gives an improved image,
except at the major fault where the presence of the sharp velocity
contrast may not be adapted for the ray-tracing algorithms. RTM
better handles the velocity contrast (Figure 6d), as we can observe
less swings across the fault and better amplitude compared to the
Kirchhoff result. However, the RTM image is still limited by the
use of primary-only reflections in such a complex region. Thanks
to the utilization of additional diving waves and multiple reflections
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and the least-squares iterative data fitting from low to high fre-
quencies, the FWI image (Figure 6b) offers significant improve-
ment in the complex fault area, offering a much better geologic
understanding of the faulted structures from shallow to 4 km in
depth. Enhancement of the shallow fault definition in the top-left
part of Figure 6b can also be appreciated by examining a depth
slice at 450 m depth (Figure 7). When compared to the Kirchhoff
image obtained using the legacy velocity model (Figures 7a and
7b), the complex system of faults is imaged with significantly
higher resolution in both the 35 Hz FWI image and velocity
model (Figures 7c and 7d, respectively). This improved imaging
can be attributed to the additional illumination provided by diving
waves in the shallow layers.

'The previous examples demonstrate that by employing a dense
and WAZ acquisition, adapted preconditioning, and a good
starting model, it is possible to obtain a high-frequency land FWI
image. To analyze the potential benefits of increasing to an even
higher frequency for improved imaging of shallow targets, we
applied the same workflow to a nearby area. Figures 8a and 8d
show the legacy velocity model and the corresponding Kirchhoft

Figure 6. (a) Kirchhoff depth-migrated section using a legacy velocity model. (b) FWIimage computed from the 35 Hz acoustic FWI updated velocity. (c) Kirchhoff depth-migrated section
using the 35 Hz FWI model. (d) RTM-migrated section using the 35 Hz FWI model. The blue arrows indicate the location with the most significant improvements achieved by the FWIimage.
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Figure 7. Depth slice at 450 m depth of: (a) Kirchhoff depth migration using legacy velocity model, (b) legacy velocity model, (c) FWIimage computed from the 35 Hz acoustic FWI updated
velocity, and (d) 35 Hz acoustic FWI updated velocity model.

migration, respectively. We can observe that the legacy velocity
is variable across the fault for the layers, and unnecessary undula-
tions are visible in the migrated stack section. The result of the
20 Hz FWI gives a good background velocity model update
(Figure 8b), which helps correct the structure undulation if used
for Kirchhoff migration. This structural improvement is also
visible in the 20 Hz FWI image (Figure 8e) corresponding to the
model in Figure 8b. The fault definition (red arrows) is also already
very sharp at this low frequency; however, the 20 Hz FWI image
has low resolution for the shallow target, indicated by the blue
arow. The result of the 45 Hz FWI updated velocity and FWI
image (Figures 8c and 8f, respectively) restores the details com-
pared to legacy Kirchhoff migration, including high-resolution
imaging of the clinoforms (blue arrow). Overall, FWI imaging
shows very clear fault delineation from shallow to deep and
produces rich low-frequency content due to the accurate kinematic
background velocity. This low-frequency content minimized
dependency on the well-interpolated low-frequency model for
subsequent reservoir characterization steps.

Elastic FWI of surface waves for near-surface characterization

The previous example illustrated the value of using a high-
quality near-surface starting velocity model for FWI imaging of
deeper structures. The shallow geology in the southern part of
the Sultanate of Oman (Figure 1) features strong vertical and
lateral velocity contrasts from layered sands, carbonates, and
anhydrites, generating strong elastic effects. Therefore, elastic
FWI could be more appropriate for near-surface characterization
in the case study presented in this paper. The data set was acquired
with a typical dense blended acquisition of vibroseis sources, a
minimum frequency of 1.5 Hz, and vertical geophones as receivers.
For these data, surface waves account for about 95% of the total
recorded energy, making them attractive to exploit. These waves
propagate parallel to the earth’s surface at a slightly lower velocity
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than ¥ and penetrate down to a depth roughly equal to the S-wave
wavelength. By using virtual data reconstructed by interferometry
of the ambient noise recorded during blended continuous acquisi-
tions (Le Meur et al., 2020), we can access surface waves with
frequencies as low as 0.5 Hz. Incorporating virtual data into our
workflow allows us to update the 7 model to greater depths and
avoid cycle-skipping issues. Figure 9 shows the comparison of
one shot gather at the same location for deblended active data and
virtual data obtained by interferometry. The virtual shot gather
in Figure 9a is very similar to the active one in Figure 9c, even
though the virtual data exhibit lower-frequency content. Figures 9b
and 9d are time slices at 2.4 s of virtual and active data, respectively,
with a low-pass filter applied at 1.5 Hz, which is the minimum
frequency of the active sweep source. The active data in Figure 9d
contain no coherent signal, while the reconstructed virtual data
contain clear signal (Figure 9b). Moreover, the virtual data exhibit
a strong directionality (perpendicular to the coastline in this case),
as indicated by the orange arrow in Figure 9b. This dominant
direction is attributed to the orientation of ocean waves impacting
the shoreline, which likely serve as the primary source generating
the low-frequency ambient noise.

The first step of our workflow is elastic FWI (Leblanc
et al., 2022) using the ultra-low-frequency virtual data created
by 3D interferometry. For the observed input data, we selected
the traces of the virtual shot gathers along the azimuth with the
dominant energy (orange arrow in Figure 9b). We updated the
Vi model by elastic FWT inverting the virtual data from 0.5 to
2 Hz, starting from very smooth regional velocities (Figure 10a).
This step provided a long-wavelength ¥ update down to nearly
2 km. In the second step, the 7 model was updated by elastic
FWI of the ground roll from the active data from 2 to 7 Hz. It
provided a detailed shallow 75 model characterized by both lateral
and vertical velocity variations (Figure 10c¢). The data-fit QC in
Figures 10b and 10d, obtained by overlaying the observed and
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Figure 8. (a) Legacy velocity model overlaid on migrated seismic stack and (d) corresponding Kirchhoff depth migration. (b) The
20 Hz FWI updated velocity model overlaid on FWIimage and (e) corresponding 20 Hz FWI image. (c) The 45 Hz FWI updated
velocity model overlaid on FWIimage and (f) corresponding 45 Hz FWIimage. The red and blue arrows indicate the improved

resolution obtained by the FWIimage.

modeled data, shows that we were able to successfully fit not only
the surface waves but also later reflection arrivals, corresponding
to S-S reflections (yellow arrows in Figure 10d). These energetic
reflections are likely generated by strong velocity contrasts in
both the shallow and deeper sections (Figure 10c). Figures 11a
and 11c show a depth slice 150 m below the surface of the legacy
V5 model (obtained with MWTI in the shallow part) and the
associated migrated image. The corresponding depth slice of
the 7§ updated by elastic FWI of surface waves up to 7 Hz
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(Figure 11b) displays high-resolution
velocity variations that correlate with
shallow features (indicated by the red
arrows in Figure 11) visible in the
migrated depth slice and satellite image
(Figure 11d). These features were not
detected by the conventional model
building workflow (Figure 11a). The
advantages of elastic FWT of surface
waves are (1) it requires minimal data
preprocessing (as surface waves are the
strongest energy) and (2) it takes advan-
tage of the ultra-low frequencies of
virtual data to obtain high-resolution
velocity updates. In contrast, MWI
relies on a simplified physics and a more
complex and cumbersome workflow.
In this study, we integrated the
model obtained by elastic FWI into a
conventional ¥ velocity model building
workflow by scaling the first 500 m of
the inverted J5 model by a constant
V4 /V; ratio, ensuring the calibration of
P-P reflections with the well markers.
The resulting shallow ¥, model was
combined with the legacy 7, model,
and a pass of global tomography below
500 m ensured seamless integration of
the shallow update into the legacy veloc-
ity model. The results of the described
workflow are shown in Figure 12. For
comparison, the data were migrated
with the legacy 7} model (obtained with
the combination of MWI, acoustic
FWI, and reflection tomography) and
with the proposed approach integrating
the scaled 75 model into the legacy 1
model. The migrated inline section
indicated by the black line in Figure 11
is shown in Figure 12. We note that the
shallow velocity variations help flatten
— the shallow reflections and simplify the
geologic structures. The red arrows in
Figure 12d indicate the position of the
base of the high-velocity anhydrite
Rus Formation, typical of this region
at shallow depth, which marks a strong
vertical velocity contrast. This reflector is flattened and more
continuous along the whole section with the proposed approach.

Conclusions

FWTI using marine data is a well-established technology,
with numerous examples of detailed high-frequency velocity
models and FWTI images solving various challenges in both
shallow and deep water. However, application of FWI remains
more challenging for land data, despite the recent progress of
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Figure 9. Virtual data from interferometry: (a) shot gather and (b) time slice at 2.4 s with a low-pass filter at 1.5 Hz. The orange arrow indicates the dominant direction of interferometry-
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Figure 11. Depth slice at 150 m depth of the I model obtained with (a) MWI and (b) elastic FWI of surface waves. (c) Depth slice at 150 m of the reference migration using MWI velocity.
(d) Satellite image of the same area.
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Figure 12. Shallow section (a) before and (b) after integration of the scaled I elastic FWI model in the legacy migration model, with the associated PP-migrated stack sections in (c) and
(d), respectively. The red vertical line represents the location of a well, with a formation marker in blue.

onshore seismic acquisitions. In this paper, we presented two
successful applications of land FWI to achieve high-resolution
velocity models, with examples from the Sultanate of Oman.
First, we demonstrated that with proper handling of the input
data conditioning, a good acquisition geometry, and starting
near-surface velocity model, we were able to obtain a stable
high-frequency velocity model and the corresponding FWI
image that substantially improves geologic understanding of
the faulted structures and reduces exploration uncertainties.
Second, as the use of a good near-surface model is important
for stabilizing high-frequency FWI updates, we proposed using
elastic FWI of surface waves to better deal with the strong
elastic effects generated by complex shallow geology, as in the
case study from the southern part of the Sultanate of Oman.
Our approach benefits from the very energetic surface waves
observed in this region, which require minimal preprocessing,
and from the ultra-low frequencies recovered by interferometry
to achieve a more stable and deeper update. We demonstrated
the effectiveness of this workflow to enhance imaging of the
shallow subsurface. The inverted ¥z model could also be used
for shallow-hazard and geotechnical studies. The examples
presented here show that FWI is now becoming a key component
in the velocity model building and imaging toolbox for land
data. The natural next step for land FWTI is to move toward full
elastic FWI, which provides more correct physics to explain
the recorded waves. Elastic FWI of surface waves can be used
to create an S-wave near-surface velocity and a starting point
for subsequent updates of 7, or other elastic parameters using
not only surface but full elastic waves. HIE:
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