
Enhancing salt model resolution and subsalt imaging with elastic FWI 

Abstract
Full-waveform inversion (FWI) has become the centerpiece 

of velocity model building (VMB) in seismic data processing in 
recent years. It has proven capable of significantly improving the 
velocity model and, thus, the migration image for different acquisi-
tion types and geologic settings, including complex environments 
such as salt. With the advent of FWI imaging, the scope of FWI 
applications has extended further from VMB into the imaging 
landscape. However, current FWI applications in the industry 
prevalently employ the acoustic approximation. One common 
problem of acoustic FWI (A-FWI) is the apparent salt halos at 
the salt-sediment interface in the resulting FWI velocity and 
FWI image, the presence of which hinders direct interpretation 
and imaging focusing around salt bodies. With synthetic and field 
data examples, we demonstrate that this salt halo is caused mainly 
by the large mismatch between the elastic recorded data and the 
acoustic modeled data, particularly at middle to long offsets. To 
overcome limitations imposed by acoustic assumptions, we devel-
oped an elastic FWI (E-FWI) algorithm that combines an elastic 
modeling engine with the time-lag cost function, which we call 
elastic time-lag FWI (E-TLFWI). With a more accurate modeling 
engine, E-TLFWI significantly reduces the salt halo observed in 
its acoustic counterpart. However, we also observe that the images 
migrated using the A-FWI and E-FWI velocity models remain 
similar overall, with some slight improvements around and beneath 
salt boundaries, particularly near steep salt flanks, as a result of 
the reduced salt halo. By contrast, FWI images derived from 
E-TLFWI show considerable benefits over those from acoustic 
time-lag FWI, such as improved event focusing, better structural 
continuity, and higher signal-to-noise ratio. The sharpened salt 
boundaries and enhanced quality of the FWI images reveal the 
significant value of E-FWI and provide the justification for its 
greatly increased cost.

Introduction
Historically, salt velocity model building (VMB) has relied 

heavily on manual interpretation and scenario tests, which are 
known to be time consuming, labor intensive, and highly prone 
to human misinterpretation. As a result, subsalt images often 
remain very poor in areas where the salt geometry is complex, 
even after strenuous efforts. Since originally proposed by Lailly 
(1983) and Tarantola (1984), full-waveform inversion (FWI) as 
a data-driven approach has been considered the holy grail for 
automatically solving the VMB problem with complex structures. 
Only recently, however, has FWI realized this potential of auto-
matic velocity model updates in salt settings, with significantly 
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improved subsalt images regardless of input data type and geologic 
setting (Michell et al., 2017; Shen et al., 2017; Zhang et al., 2018; 
Nolte et al., 2019; Wang et al., 2019).

Velocity models conventionally have been perceived as the 
low-wavenumber components of the earth model, as in Claerbout’s 
diagram (Claerbout, 1985). It is migration that takes a known 
velocity model and processed input data to produce reflectivity 
images, the high-wavenumber components of the earth model. 
However, migration algorithms generally use adjoint modeling 
operators to approximate the inverse of the forward modeling. 
Consequently, migration images often suffer from migration 
artifacts and uneven illumination (Claerbout, 1992). To overcome 
this drawback, least-squares migration (LSM) has been proposed 
to approximate the inverse of the forward modeling operator 
through a linear inversion problem (assuming an accurate velocity 
model) and consequently reduce migration artifacts and compensate 
for uneven illumination (Baysal et al., 1983; Schuster, 1993; 
Nemeth et al., 1999; Wang et al., 2016). Unfortunately, in complex 
areas where the illumination is too low and/or the velocity model 
has relatively large errors, LSM often shows limited efficacy. 
Another way to improve illumination is to utilize the multiple 
energy in the input data that is discarded in primary-based migra-
tion approaches. Different flavors of multiple migration and least-
squares multiple migration have been proposed to take advantage 
of the extra illumination (Liu et al., 2010; Lu et al., 2011; Wong 
et al., 2014; Yang et al., 2015). However, such approaches often 
suffer from crosstalk noise while still discarding some valuable 
information in the recorded data, such as diving waves. By contrast, 
FWI imaging naturally handles these issues by employing the 
full-wavefield data as the input and by utilizing a nonlinear least-
squares process to derive velocity and reflectivity in one go (Zhang 
et al., 2020; Huang et al., 2021). This approach not only simplifies 
the seismic processing workflow significantly, it also produces 
much better images that conventional migration and LSM cannot 
rival. Furthermore, unlike most VMB tools that can only resolve 
low-wavenumber components, FWI can readily reveal high-
wavenumber components of the subsurface velocity by proceeding 
toward high frequencies. This is crucial for focusing complex 
wavefields including multiple scattering in FWI imaging that 
demands highly accurate model kinematics (Wei et al., 2021). 

Despite the fact that FWI has gained tremendous popularity 
in the industry, most of its applications are based on the acoustic 
formulations for three main reasons: (1) elastic modeling is sub-
stantially more compute-intensive than acoustic modeling; (2) it 
is still very challenging to obtain good shear-wave velocity (VS) 
models for elastic FWI (E-FWI); and (3) acoustic modeling can 
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explain most events in the recorded data and typically produce 
decent acoustic FWI (A-FWI) velocities and FWI images. 

Still, the elastic effects in the recorded data leave their marks. 
One well-known example is the salt halo with a significant length 
scale that cannot be explained by the limit of the inversion fre-
quency (Wu et al., 2022). This phenomenon can be demonstrated 
by a synthetic example using the BP 2004 velocity model (Billette 
and Brandsberg-Dahl, 2005) in Figure 1. When running A-FWI 
up to 10 Hz using the acoustic input data, the salt boundary is 
properly resolved (Figure 1b). Conversely, if we switch to elastic 
input data and still run A-FWI up to the same frequency, a larger 
salt halo can be observed in the output velocity model, which 
smears the salt boundary and contaminates the sediment and 
salt velocity around the salt body (Figure 1c). Furthermore, 
crosscutting artifacts can be observed in the sediment area, which 
reduces the signal-to-noise ratio (S/N) of the inverted model. 
Mora and Wu (2018) use synthetic examples to demonstrate that 
acoustic inversion of large-offset data could have slow convergence 
because of the difficulty of acoustic modeling in matching the 
recorded data with strong elastic effects. There are studies that 
propose preprocessing input data to remove the elastic effects, 
for example by a data-matching approach between elastic and 
acoustic modeled data (Agudo et al., 2020). Nevertheless, this 
is a challenging task and cannot be done perfectly, especially 
when the wavefield is complex.

Elastic time-lag FWI
Ideally, the elastic wave equation should be included in FWI 

to account for the elastic effects, particularly for long-offset data 
in the presence of large impedance contrasts (Plessix and 
Krupovnickas, 2021). To incorporate the elastic effect, Wu et al. 
(2022) combine an elastic modeling engine with the full 21 elastic 
moduli and a time-lag cost function that is proven to be effective 
in stably improving velocity models and images in different geologic 
settings (Zhang et al., 2018; Wang et al., 2019). The synthetic 
data example using the BP 2004 model shows that, unlike its 
acoustic counterpart, elastic time-lag FWI (E-TLFWI) can 
properly handle elastic input data and thus construct a decent salt 
boundary as expected (Figure 1d). This indicates that the salt halo 
observed in the A-FWI velocity model is caused by unaccounted 
elastic effects in the input data.

In the next sections, we examine the effectiveness of E-TLFWI 
with two ocean-bottom-node (OBN) data sets and one 

towed-streamer data set. All these examples confirmed that the 
salt halo observed on the A-FWI velocity model can be greatly 
reduced by E-TLFWI. Moreover, while reverse time migration 
(RTM) images using A-FWI and E-FWI models are overall 
qualitatively comparable, except at locations around and beneath 
complex salt bodies, the E-FWI images exhibit convincing uplifts 
compared to their acoustic counterparts, with improved event 
focusing, better structural continuity, and higher S/N. 

Field data examples
Atlantis OBN in the Gulf of Mexico. The Atlantis Field is one 

of the largest oil fields discovered in the Gulf of Mexico (GoM), 
lying directly below the Sigsbee Escarpment. A significant portion 
of the field is shadowed by a complex allochthonous salt body with 
several thin salt fingers pinching out over the crest of the reservoir. 
Faulting within the subsalt reservoir further increases the imaging 
challenge. An OBN data set was acquired with the aim of facilitat-
ing VMB in addition to its normal reservoir monitoring task 
(Lewis et al., 2016). The data set has decent S/N for low frequencies 
down to 1.5 Hz and long offsets up to 30 km. Acoustic time-lag 
FWI (A-TLFWI), starting from a smoothed legacy model built 
by the conventional workflow, was able to correct salt misinter-
pretation and delineate the sediment velocity close to the salt body. 
The A-TLFWI updated velocity model led to considerable 
improvements in the RTM image. FWI imaging, empowered by 
iterative least-squares data fitting of the full-wavefield data, further 
improves the event continuity and amplitude balance as well as 
reducing migration swings and noise (Huang et al., 2021). Yet, 
there is a considerable salt halo in the A-TLFWI model and FWI 
image even after driving the inversion frequency up to 18 Hz, 
which poses a problem for direct interpretation around salt bodies 
(Figures 2a and 2d). As indicated by the earlier synthetic examples, 
this salt halo is due to the missing elastic effects in the A-TLFWI. 
As expected, E-TLFWI at the same frequency reduces the span 
of the salt halo and the ambiguity of the salt-sediment boundary 
(Figure 2b). Furthermore, the E-TLFWI velocity model shows 
clearer velocity contrasts and more details in the sediment and 
subsalt areas. The resulting E-FWI image has improved event 
continuity and S/N throughout the entire section (Figure 2e). 
When running to an even higher frequency, 25 Hz, E-TLFWI 
further sharpens the image, including the salt boundary, and 
reveals fine structures that are not resolved in the 18 Hz velocity 
model and FWI image (Figures 2c and 2f). On the depth slice, 

Figure 1. (a) True model. (b) A-TLFWI model with acoustic input data. (c) A-TLFWI model with elastic input data. (d) E-TLFWI model with elastic input data.
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a sharper salt boundary and more clear-cut faults can also be 
observed in the E-FWI image (Figure 3c) compared to the A-FWI 
image (Figure 3b). The events from an open basin to the subsalt 
area (highlighted by the green circle and arrows) show more 
consistent amplitudes and higher S/N. 

Herschel OBN in the GoM. The Herschel Field sits within the 
giant Na Kika oil and gas field in Mississippi Canyon in the GoM, 
located approximately 140 miles southeast of New Orleans, 
Louisiana, USA. Salt at the Herschel Field has an hourglass shape 
with a salt diapir in the shallow section that connects by steep 
salt flanks all the way to the autochthonous Louann salt in the 
deep section. The low impedance contrast with the surrounding 

high-velocity Cretaceous carbonate at the deeper section makes 
it challenging to delineate the salt boundaries in seismic images. 
Sedimentary layers at the Herschel Field feature high-dipping 
Cenozoic truncations against salt flanks, and faulted Mesozoic 
sediment is deposited on the deep Louann salt. The field occurs 
in a three-way closure with a major fault down to the northwest 
and steeply updipping sediment truncations against a salt flank. 
Although the acquired OBN data had limited offset coverage, a 
maximum of approximately 12.5 km, A-TLFWI provides good 
kinematic updates and captures detailed velocity features around 
the Norphlet Formation at 9–10 km depth (Yao et al., 2020). 
However, there is still an apparent salt halo in the A-TLFWI 

Figure 3. Depth view of FWI images from Atlantis OBN: (a) 18 Hz FWI image from A-TLFWI, (b) 18 Hz FWI image from E-TLFWI, and (c) 25 Hz FWI image from E-TLFWI. The E-TLFWI images 
show improved continuity, higher S/N, and better-defined faults than the A-TLFWI counterpart.

Figure 2. Section view of Atlantis OBN data: (a) 18 Hz A-TLFWI velocity model, (b) 18 Hz E-TLFWI velocity model, and (c) 25 Hz E-TLFWI model; (d) 18 Hz A-TLFWI image, (e) 18 Hz E-TLFWI 
image, and (f) 25 Hz E-TLFWI image. The E-TLFWI velocity models exhibit sharpened salt boundaries and improved details in sediments, and the corresponding E-TLFWI images show better-
defined salt boundaries and improved focusing and S/N.  
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velocity model, even up to 15 Hz 
(Figure 4a). On the other hand, the salt 
halo is greatly reduced in the 15 Hz 
E-TLFWI velocity model (Figure 4c), 
which again confirms our observations 
from the previous examples that the 
missing elasticity is responsible for the 
strong salt halo in the A-TLFWI veloc-
ity model. The sharper salt boundaries 
both on the top of salt and around the 
salt flank in the E-TLFWI velocity 
model can be better seen in the zoomed-
in section (Figures 4b and 4d). In addi-
tion to the sharper salt boundaries, the 
E-TLFWI velocity model also shows 
clearer velocity contrasts and higher 
S/N in the sediment and subsalt areas 
(Figures 5a and 5b). Even though the 
E-TLFWI velocity model is more 
geologically sensible, the uplift has not 
translated to clear benefits on the RTM 
images. The acoustic RTM (A-RTM) 
images show comparable quality with 
the A-TLFWI and E-TLFWI velocity 
models (Figures 6a and 6b). The dim 
zone below the salt flank with low S/N 
remains unchanged in the RTM image 
with the E-TLFWI velocity model. 
This similar image quality indicates that 
A-TLFWI has resolved most of the 
kinematic errors solvable by E-TLFWI 
in the velocity model, and RTM is not 
benefiting from the relatively small 
details captured by the E-TLFWI 
velocity because it is more susceptible 
to fundamental issues such as low and 
uneven illumination. Thanks to the use 
of the full-wavefield data and the itera-
tive data-fitting process, the A-FWI 
image has shown significant improve-
ment over RTM with more balanced 
amplitudes and improved event conti-
nuity in the dim zone (Figure 7a). 
However, even with such improve-
ments, crosscutting noise parallel to the 
base of salt is still visible in the A-FWI 
image, and the subsalt events right 
below the base of salt are smeared and 
masked by the salt halo. The E-FWI 
image, on the other hand, reveals the 
reflectors around and below salt with 
even more balanced amplitudes, 
improved continuity, and higher S/N 
(Figure 7b). On the depth view, the 
events closer to the salt diapir (high-
lighted by the ellipses in Figure 8) show 

Figure 4. Section view of (a) the 15 Hz A-TLFWI velocity model and (b) the zoomed-in display of the blue rectangle in (a); (c) the 
15 Hz E-TLFWI velocity model and (d) the zoomed-in display of the blue rectangle in (c). The E-TLFWI velocity model exhibits 
sharpened salt boundaries and improved details in sediments.

Figure 5. Section view of (a) 15 Hz A-TLFWI velocity model and (b) 15 Hz E-TLFWI velocity model. The E-TLFWI velocity model 
exhibits sharpened salt boundaries and improved details in sediments.

Figure 6. Section view of (a) 15 Hz A-RTM image with 15 Hz A-TLFWI velocity model and (b) 15 Hz A-RTM image with 15 Hz 
E-TLFWI velocity model. The RTM images indicate similar kinematics of the acoustic and elastic velocity models. The image with 
the E-TLFWI model shows slight improvements in the subsalt area, but the dim zone beneath the salt body remains.
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higher S/N and better continuity in the E-TLFWI images than 
the A-TLFWI images. The faults are also better defined in the 
E-TLFWI images.

Walker Ridge towed-streamer in the GoM. After two OBN 
data examples, we now examine the effectiveness of E-TLFWI 
on towed-streamer data, which are less favorable for both VMB 

and imaging, around the Monument 
Field in Walker Ridge, GoM. The 
Monument Field is in the outer basin 
of the central GoM, with a subsalt 
Paleogene sandstone reservoir approxi-
mately 9 km below the sea surface. The 
complicated overburden of low-reflec-
tivity mobile shale bodies and complex 
salt geometries — which are character-
ized by steep salt flanks and overhangs, 
many sutures and inclusions, and 
multilevel weld systems — poses great 
challenges to subsalt imaging. Besides 
the geologic challenges, the existing 
streamer data are also suboptimal for 
VMB and deep subsalt imaging owing 
to its limited maximum offset and 
azimuthal coverage as well as poor 
low-frequency S/N. Two streamer 
surveys, one staggered acquisition, full 
azimuth from 2013 and one wide azi-
muth from 2007, were available for 
this study. 

The VMB workflow driven by 
A-TLFWI adds sediment inclusions, 
modifies the salt geometry, and thins 
the weld. It also identifies the slow gas 
hydrates near the water bottom and 
the slow shale bodies above the salt 
weld, which leads to a simplified struc-
ture of the salt weld and improved 
continuity (Figure 9). With the better-
resolved overburden and updated salt 

Figure 7. Section view of (a) 15 Hz A-TLFWI image and (b) 15 Hz E-TLFWI image. The poor illumination in the subsalt observed 
on RTM images is largely compensated for on both the A-FWI and E-FWI images. Compared with the A-FWI image, the subsalt 
events in the E-FWI image have much improved continuity and reduced crosscutting noise. 

Figure 8. Depth slice of (a) 15 Hz A-TLFWI image and (b) 15 Hz E-TLFWI image. The E-FWI image shows better-defined structure 
and higher S/N than the A-FWI image. 

Figure 9. Inline section of (a) 8 Hz A-TLFWI velocity model, (b) its 15 Hz A-RTM image, and (c) 8 Hz A-TLFWI image. The FWI image shows improved amplitude balance and higher S/N than the 
RTM image.
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model, the reservoir structure is more geologically plausible, 
with reduced undulations and improved focusing and continuity 
(Ren et al., 2022). However, because A-TLFWI cannot properly 
model the strong elastic effects around salt boundaries with 
large impedance contrasts, the salt boundary is smeared in the 
A-TLFWI velocity model (Figure 9a). On the other hand, 
E-TLFWI effectively reduces the mismatch between synthetic 
and recorded data in inversion by using an elastic wave propaga-
tion engine to simulate the reflection and transmission energy 
at salt boundaries with better amplitudes and phases. 
Consequently, the E-TLFWI velocity model renders significantly 
reduced salt halos along with cleaner subsalt sediment velocity 
updates in comparison with the A-TLFWI model (Figure 10a). 
Although some improvements in the RTM image can be observed 
around and below salt flanks, inclusions, and other locations 
with large velocity contrasts, the overall comparable kinematics 
of the acoustic and elastic velocity models deliver similar RTM 
imaging quality (Figure 10b). The FWI images appear to better 
exploit the benefits of E-TLFWI than the conventional RTM 
images. The E-FWI image shows much sharper salt boundaries 
with greatly reduced halos and more balanced amplitudes, better 
subsalt event continuity, and higher S/N than its acoustic coun-
terpart (Figure 10c). In particular, the E-TLFWI impressively 
reduces the noise level in the FWI image, thanks to an improved 
data match between the elastically modeled synthetic data and 
the recorded data.

Discussion
Employing FWI to automatically update the salt model has 

been the dream of the seismic imaging industry because salt 
VMB based on manual interpretation and scenario tests is not 
only time consuming and labor intensive but also largely ineffec-
tive. However, FWI has failed to deliver this dream for a long 
time. Insufficient data, ineffective inversion algorithms, and 
inaccurate physics were frequently cited as the cause of failure. 
In particular, the acoustic approximation was once considered as 

one of the reasons that FWI failed in salt environments where 
strong elastic effects exist due to the large impedance contrast at 
the salt-sediment boundary. In recent years, many field data 
examples have shown that A-FWI can reasonably update the 
velocity models in the presence of complex salt bodies and sig-
nificantly improve subsalt images with different input data sets 
from OBN data to less favorable wide-azimuth and narrow-
azimuth towed-steamer data (Shen et al., 2017; Zhang et al., 
2018; Wang et al., 2019). This suggests that the inversion algo-
rithm had been the largest bottleneck for the success of FWI in 
the salt environment all along, and a good inversion algorithm 
(particularly the cost function) should be used for A-FWI to 
mitigate the negative impact of the amplitude discrepancy between 
the modeled and recorded data. One would hope that E-FWI 
with an elastic modeling engine could naturally solve the problem 
of amplitude discrepancy. However, inaccuracies in model param-
eters (e.g., VS and density), anelastic effects (e.g., Q), and other 
uncertainties (e.g., source wavelet) could still make the discrepancy 
between the modeled and recorded data significant, and therefore 
a good inversion algorithm is similarly required for E-FWI even 
with a more realistic modeling engine. In other words, the benefits 
of E-FWI would likely be limited if A-FWI using the same cost 
function does not work well. Based on the time-lag cost function 
that has proven to be effective for salt velocity update, we extended 
our A-TLFWI to E-TLFWI. In addition to the three field data 
examples shown in this paper, we have applied E-TLFWI suc-
cessfully to many other field data sets. Here, we share some of 
the observations from all these applications and attempt to provide 
some explanations. We then discuss ways to evaluate E-FWI 
results as well as possibilities to derive additional elastic attributes 
other than P-wave velocity (VP).

Observations. Like the A-TLFWI case, the performance of 
E-TLFWI is dependent on geology and data type, and the observa-
tions vary accordingly. Here, we share some of the consistent 
observations we have made based on all of our E-TLFWI applica-
tions so far:

Figure 10. Inline section of (a) 8 Hz E-TLFWI velocity model, (b) its 15 Hz A-RTM image, and (c) 8 Hz E-TLFWI image. The results of E-TLFWI show sharper salt boundaries on the velocity 
model, slightly improved RTM image, and more pronounced uplifts on the FWI image compared with the acoustic counterparts.
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• E-TLFWI can significantly reduce the salt halo typically 

observed in A-TLFWI models.
• With the exception of some improved focusing around salt 

complexities, RTM images using E-TLFWI velocity are 
qualitatively comparable to those using A-TLFWI velocity 
with some slight depth shifts.

• FWI images from E-TLFWI clearly show better event focus-
ing, improved structural continuity, and higher S/N than 
those from A-TLFWI. 

To better understand these observations, we compare acoustic 
and elastic modeling in the data domain using the BP 2004 
velocity model (Billette and Brandsberg-Dahl, 2005). Acoustic 
modeling successfully simulates most events with traveltimes 
comparable to elastic modeling (Figures 11a and 11b). Reflections 
at the top of salt exhibit relatively large traveltime and phase 
differences, especially at middle to far offsets beyond the critical 
angle (Figures 11g and 11h), which we hypothesize are the origin 
of the salt halo that is observed in A-FWI models. The reflection 
waves mostly contribute to high-wavenumber construction, such 
as material interfaces, instead of overall model kinematics. 
Therefore, the sharpness of salt boundaries, where the elastic 
effects are strongest, highlights the differences between A-FWI 
and E-FWI velocity models. This large difference observed in 
reflection energy also explains why FWI images from A-TLFWI 
have much lower S/N than their elastic counterparts because the 
mismatch between the elastic input data and acoustic synthetic 
data can be translated easily into noise in the A-FWI model. 
Conversely, diving waves, the main driver for a low-wavenumber 
velocity update, exhibit a small traveltime difference between 
acoustic and elastic modeling. This is expected given the physical 
nature of diving waves. As a result, the kinematics of the A-FWI 

and E-FWI models, which are mostly 
dictated by low wavenumbers, are simi-
lar if both A-FWI and E-FWI converge 
to their own optimal models. In addi-
tion, RTM as a migration approach is 
insensitive to the high-wavenumber 
details in the velocity model and is 
susceptible to other issues such as poor 
and uneven illumination. All these 
together explain why RTM images 
using A-TLFWI and E-TLFWI veloc-
ity are qualitatively comparable in terms 
of event focusing, structural continuity, 
and S/N, with just some slight depth 
shifts. 

We further compare the modeling-
engine-induced traveltime and phase 
differences with those caused by slight 
velocity errors in the salt model (Figure 
11c) using the same elastic modeling 
engine. We observed that the difference 
caused by the latter is much larger for 

both reflection and diving waves (Figures 11f and 11i). This 
means that A-FWI can be used first to fix most of the kinematic 
errors in the model and can be followed by E-FWI to correct 
high-order errors. This is attractive in a practical sense because 
it often takes multiple FWI passes to fix large model errors, 
especially when input data are suboptimal, which would be very 
expensive if E-FWI were required for this entire process. 

Evaluation of E-FWI. RTM images using an E-FWI velocity 
model do not show much image uplift away from the salt com-
plexity because of the comparable kinematics between A-FWI 
and E-FWI velocity models, the insensitivity of RTM image 
quality to the high-wavenumber information in the FWI velocity 
model, and the inconsistency of the modeling engine between 
E-FWI and A-RTM. Considering that migration images have 
been the final products of seismic imaging, these limited, or 
even disappointing, uplifts on image quality cast a shadow over 
the necessity to upgrade from A-FWI to E-FWI. Do we have 
more advanced imaging approaches that can better demonstrate 
the benefits of E-FWI?

One obvious candidate would be elastic RTM (E-RTM) that 
uses a modeling engine consistent with E-TLFWI. Figure 12 
shows a comparison between A-RTM (Figure 12a) and E-RTM 
(Figure 12b) using the same E-TLFWI model. The E-RTM 
image shows improved truncation toward the salt boundary and 
better focused structure and event continuity in the subsalt. Those 
uplifts may not seem large given the comparable kinematics 
between the A-FWI and E-FWI models, but they can be sig-
nificant for detailed reservoir interpretation. Nonetheless, the 
A-RTM and E-RTM images are still mostly comparable — almost 
identical in the sediment area and very similar in other areas away 
from the salt. This may be because the migration input data are 
muted to smaller angles and elastic effects are not as strong as 
those in FWI input data. The uplift seen in E-RTM is still far 

Figure 11. (a) Acoustic modeling data with a shot in the middle of (b) the BP 2004 model. (c) Model with slight salt errors 
compared with model (b). (d)–(f) Zoomed-in display of the diving waves shown within the blue rectangle in (a) by acoustic and 
elastic modeling of model (b), and elastic modeling of model (c). (g)–(i) Zoomed-in displays of the wide-angle reflections shown 
within the green rectangle in (a) by acoustic and elastic modeling of model (b), and elastic modeling of model (c).
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less impressive than that in the E-FWI 
model, although both use an elastic 
modeling engine and have similar kine-
matics, if not the same due to the need 
to smooth the E-FWI velocity for 
E-RTM in some cases. We think this 
is due to three fundamental differences 
between RTM and FWI: (1) RTM 
takes processed primary data as input, 
while FWI takes the full-wavefield data 
including transmission and reflection 
waves and their multiples, which pro-
vides superior illumination over only 
primary reflections; (2) RTM adopts a 
single-scattering approximation, while 
FWI works with the full wavefield, 
which affords FWI the ability to better 
simulate and account for transmission losses; and (3) RTM uses 
an adjoint operator, while FWI is an iterative least-squares data-
fitting process, which has the benefit of balancing illumination 
and mitigating migration artifacts. Least-squares RTM could be 
used to improve the result over RTM; however, least-squares 
RTM still carries the first two limitations listed above and, 
consequently, delivers results inferior to the FWI image (Huang 
et al., 2021; Wray et al., 2021), which is the normal derivative of 
the FWI velocity and inherently carries the benefit of FWI (Zhang 
et al., 2020; Huang et al., 2021; Wei et al., 2021). 

The success of FWI imaging over conventional migration 
and LSM approaches makes it a potentially better tool to appreci-
ate the full benefits of E-TLFWI. In particular, FWI images 
from E-TLFWI need to be substantially better than those from 
A-TLFWI to justify the greatly increased compute cost, given 
the benefit of E-TLFWI observed in conventional imaging 
products falls short of expectations in most cases. For all field 
data examples shown in this paper, FWI imaging demonstrates 
the significance of the elastic effects in FWI with better event 
focusing, improved structural continuity, and higher S/N 
(Figures 2, 7, and 10). 

Attributes beyond VP. Theoretically, E-TLFWI can be for-
mulated to invert for elastic parameters. In practice, however, 
there are major challenges in multiparameter E-TLFWI, such 
as the strong coupling among different elastic parameters and 
insufficient constraints for all the parameters from the seismic 
data. Therefore, as of today, VS and density are still mostly used 
as auxiliary models to assist a better inversion of VP. In all of the 
examples shown in this paper, we only updated the VP model 
while assuming empirical relationships between VP and VS and 
between VP and density. However, more in-depth interpretation 
of rock properties for prospecting and reservoir analysis would 
require an accurate estimation of elastic parameters such as VP, 
VS, and density. In conventional migrations, elastic parameters 
can be derived through amplitude variation with angle (AVA) 
inversion of the gathers output from migration. To achieve the 
same goal in the framework of FWI imaging, we could formulate 
the inversion to output the offset- or angle-dependent reflectivity. 
One straightforward approach is to divide the input data into 

offset or subsurface angle groups and run FWI using each group 
respectively. Compared with conventional approaches, gathers 
obtained in this way automatically leverage the benefit of FWI 
imaging and, therefore, have the potential to offer more reliable 
AVA analysis for elastic parameter inversion. There is still more 
to explore in this approach, for instance whether the input separa-
tion in the time domain is acceptable, what role multiples and 
diving waves may play, and how to improve the affordability of 
FWI image gathers. 

Ultimately, we would like to perform multiparameter E-FWI 
to directly invert for VP, VS, and density (or other equivalent 
parametrizations). To achieve this goal, a few things need to be 
investigated: (1) optimizing the inversion scheme to best decouple 
different elastic parameters; (2) exploiting the full benefit of 
multiple-component data (e.g., pressure data and three-
component velocity data from OBN surveys); and (3) designing 
sensors/surveys that can acquire data with more constraints for 
key elastic parameters. 

Conclusions
The synthetic example demonstrated that, although A-TLFWI 

with elastic input could construct a reasonable VP model, it led to 
considerable salt halos, which smear the salt-sediment boundary 
and pose a problem for direct interpretation of the FWI velocity 
and FWI image around salt bodies. By taking elastic effects into 
account, E-TLFWI alleviated the salt halo problem and sharpened 
the salt-sediment boundary. Meanwhile, the E-TLFWI velocity 
model largely maintains the kinematics of the A-TLFWI, which 
are mainly determined by diving waves. The field data examples 
confirmed our findings and supported our observations in the 
synthetic tests that E-TLFWI significantly reduces the salt halo 
observed in A-TLFWI models. Moreover, the E-TLFWI velocity 
models also have clearer velocity contrasts and better details in 
the sediment and subsalt. While the improvements on the 
E-TLFWI velocity models are not well reflected in the quality 
of the corresponding RTM images, they are better appreciated 
through the E-FWI images, which show consistently better event 
focusing, improved structural continuity, and higher S/N than 
their acoustic counterparts. 

Figure 12. Section view of (a) 15 Hz A-RTM image with 15 Hz E-TLFWI velocity model and (b) 15 Hz E-RTM image with 15 Hz 
E-TLFWI velocity model. The E-RTM shows similar quality as the A-RTM except for slight improvements around salt boundaries 
and in the subsalt.
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