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Summary 

Seismic imaging is particularly challenging in the Middle 
East. The shallow geology is often characterized by strong 
velocity contrasts from layered sands and carbonates that 
create multiples and mode conversions. Capturing these ve-
locity variations is essential for accurate imaging. While re-
cent developments in full-waveform inversion (FWI) make 
it a powerful velocity model building tool, its application to 
land data, with poorer data quality and stronger elastic ef-
fects, remains challenging. Elastic FWI further advances ve-
locity model building in these complex geological settings, 
allowing for a more physically accurate description of the 
subsurface. We present a workflow based on a combination 
of diving-wave anisotropic elastic FWI and joint refraction-
reflection tomography. With synthetic and real data, we 
show that it permits inverting a larger part of the diving-
wave train compared to acoustic FWI. With the real data ex-
ample, we demonstrate the Vp model inverted from elastic 
FWI gives better focused stack image with improved event 
continuity and flatter gathers with enhanced coherence. 

Introduction 

The geological structure of the Middle East is often charac-
terized by strong velocity contrasts in the top kilometer of 
the subsurface due to layered sand and carbonate formations 
(Bharti et al., 2016). The associated strong internal multiples 
(El-Emam et al., 2012) and mode conversions are particu-
larly challenging for velocity model building and imaging. 
Characterizing this part of the velocity model is necessary 
for accurate imaging of deeper structures. Reflection-based 
tomography is penalized by the low fold of the data, low sig-
nal-to-noise ratio (S/N), and multiples. It can be combined 
with refraction tomography, surface-wave inversion, or 
other multi-physics techniques (Bardainne, 2018; Speziali et 
al., 2019; Rebert et al., 2022), but the development of land 
FWI offers promising new opportunities.  
Several successful examples of land FWI applications in the 
Middle East have been published (Stopin et al., 2014; Cheng 
et al., 2017; Sedova et al., 2019; Hermant et al., 2020; Mas-
clet et al., 2021). It has also been observed that the acoustic 
approximation could suffer in geologically complex areas 
with high velocity contrasts (Plessix and Pérez Solano, 2015; 
Pérez Solano and Plessix, 2019). A solution to mitigate the 
impact of elastic effects when applying diving-wave acous-
tic land FWI is to limit the data mute to very early arrivals 
(Cheng et al., 2017). However, Stopin et al. (2014) and 
Cheng et al. (2017) also report that artifacts start to appear 
when increasing frequencies above 8 Hz and mention that it 
could be caused by elastic effects. This motivated elastic 
FWI investigations to solve the challenges of land FWI in 
the Middle East (Plessix and Pérez Solano, 2015; Bharti et 

al., 2016; Pérez Solano and Plessix, 2019; Adwani et al., 
2021). 
We present an elastic land FWI workflow for anisotropic ve-
locity model building. The workflow leans both on an elastic 
land FWI algorithm (Leblanc et al., 2022) and the acoustic 
land FWI experience based on diving-wave inversion 
(Sedova et al., 2019; Messud et al., 2021), combined with 
joint refraction-reflection tomography (Allemand et al., 
2020). One key difference between the applications of elas-
tic and acoustic FWI on land data is the portion of the data 
that is used to generate model updates. To illustrate this 
point, we present synthetic tests that analyze the influence of 
data selection on the inversion results. We then apply the 
same data selection strategy to a real land data example. For 
our tests, we employ the 3D VTI elastic land FWI algorithm 
presented by Leblanc et al. (2022).  

Elastic land FWI  

There are specific challenges to elastic land FWI. One of the 
key points is the selection of the data entering the inversion. 
Aiming to invert the diving waves and faced with the chal-
lenge of low-frequency ground-roll removal, Plessix and Pé-
rez Solano (2015) propose a modified boundary condition 
used in several elastic land FWI applications in the Middle 
East (Bharti et al., 2016; Pérez Solano and Plessix, 2019). 
Going a step further, He et al. (2019) and Adwani et al. 
(2020) propose to jointly invert diving and surface waves 
(using a free-surface condition), emphasizing their comple-
mentary role in retrieving elastic Earth parameters. 
In line with these conclusions, Leblanc et al. (2022) stress 
the importance of using a free-surface condition rather than 
a modified boundary condition. Indeed, when inverting div-
ing waves with long-offset data, the mute of the ground roll 
can be easily determined, while the use of a modified bound-
ary condition significantly reduces the part of the diving-
wave train that can be accurately interpreted. Therefore, we 
consider diving-wave elastic land FWI with a free-surface 
condition. 

Elastic versus acoustic diving-wave land FWI 

It is critical to evaluate the update in quality of elastic land 
FWI in the Middle East compared to the computationally 
less intensive acoustic land FWI. With this objective in 
mind, we first perform a synthetic modeling exercise. We 
design an isotropic elastic velocity model derived from a 
well log, shown in Figure 5, that exhibits important shallow 
velocity contrasts typical of the challenging Middle East ge-
ology. VP is a smoothed version of the log and VS is derived 
from a constant VP/VS ratio inferred from regional 
knowledge.  
By overlaying the resulting acoustic and elastic data mod-
eled at 5 Hz (Figure 1), we observe that both data sets are 
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similar at early arrivals but exhibit significant differences at 
later arrivals due to elastic mode conversions. This exercise 
indicates that acoustic FWI may require a more severe inner 
mute (yellow line in Figure 1) to isolate usable data to 
properly converge, as illustrated by Cheng et al. (2017). The 
mute is critical to avoid most of the phase differences caused 
by elastic effects.  

 
Figure 1: Modeled acoustic data in wiggle overlaid on top of mod-
eled elastic data in blue-white-red. Several shot lines are displayed, 
and traces are sorted by increasing offset. The inner mutes used for 
the acoustic and elastic FWI are indicated by the yellow and green 
lines, respectively. 

To further analyze the impact of the acoustic approximation 
on the inversion results, we generate another synthetic later-
ally invariant velocity model, again inspired by the geology 
of the Middle East. Figures 2e and 2f show the VP model as 
a black curve. VS is derived from a constant VP/VS ratio and 
density is constant. We compute an elastic synthetic seismo-
gram with 12 km maximum offset. The source signature fre-
quency band ranges from 1.5 to 12 Hz. Starting from an er-
roneous smoothed version of the true velocity (yellow line 
in Figures 2e and 2f), we perform acoustic and elastic FWI 
from 2 to 12 Hz. An Optimal Transport FWI objective func-
tion (Messud et al., 2021) is used for the initial low frequen-
cies, and a least-squares objective function is used for higher 
frequencies.    
Figure 2 shows the resulting VP velocity models and the as-
sociated data QC for acoustic and elastic FWI. While the 
elastic FWI converges towards the true model (red line in 
Figure 2e and 2f), the acoustic FWI does not converge when 
using the same inner mute (blue line in Figure 2e). The data 
fit when using acoustic FWI (Figure 2c) is compared to elas-
tic FWI (Figure 2b).  
A more severe inner mute allows acoustic FWI to recover 
the long wavelengths of the velocity model (blue line in Fig-
ure 2f). However, it struggles to retrieve the first velocity 
inversion at approximately 400 m, due to the limited portion 
of the diving-wave train that it can interpret (Figure 2d).  
Our analysis shows that elastic FWI enables the interpreta-
tion of a larger portion of seismic data, which increases the 

vertical resolution of the resulting shallow velocity model. 
For real data application, the inner mute for elastic and 
acoustic FWI can be chosen based on analysis of the ob-
served data and a modeling exercise similar to the one shown 
in Figure 1.  

 

A 
Figure 2: Synthetic case: a) observed data, mutes, and location of 
red and blue boxes for QCs shown in b, c, d. b, c, and d) data fit 
QC: observed (wiggle) versus modeled data (blue/red) for the final 
12 Hz elastic FWI model (b), and acoustic FWI models obtained 
with elastic (c) and acoustic mutes (d). e and f) VP profiles: true 
model (black line), initial model (yellow line) and models inverted 
with elastic FWI (red line) and acoustic FWI (blue lines), with elas-
tic (e) and acoustic (f) mutes. 
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Application to real data 

We applied our elastic land FWI to a 231 km2 subset of a 
2012 acquisition in the Middle East. The survey was ac-
quired using vibroseis sources with a sweep of 2 to 84 Hz. 
The maximum offset used for the test is 9 km. 

 
Figure 3: Dedicated pre-processing per octave: left) raw data after 
despiking, and right) after all pre-processing steps. 

We focus on the inversion of diving waves. Their pre-pro-
cessing (Figure 3) aims to improve the S/N at low frequen-
cies and long offsets. It includes de-spiking, 3D ground roll 
attenuation, and random noise attenuation (Sedova et al., 
2019). As shown in Figure 3, we remove most of the ground-
roll energy without damaging the data, and any remaining 
ground-roll energy may be removed using an inner mute.  
The initial VP (Figure 4a) and VS  models for elastic FWI are 
derived from the smoothed vintage model and from regional 
well knowledge, respectively, and combined with the result 
of multi-wave inversion in the shallow part (Rebert et al., 
2022). The diving waves are inverted using the inner mute 
displayed in Figure 6. Bharti et al. (2016) point out the im-

portance of including anisotropy parameters in FWI. How-
ever, we believe that diving-wave FWI struggles to update 
the long wavelengths of both velocity and anisotropy, due to 
crosstalk. We therefore use the anisotropic FWI workflow 
proposed by Allemand et al. (2020). It combines elastic FWI 
and joint refraction-reflection tomography, allowing to rec-
oncile the kinematics of diving and reflection waves. Two 
passes of elastic FWI are required. The first one allows to 
model the first breaks used in joint tomography. The second 
one uses the resulting vertical transverse isotropic (VTI) ε 
parameter from the joint tomography.  
The VP velocity model obtained by elastic VTI FWI is dis-
played in Figure 4b. The velocity inversions (pointed by ar-
rows) corresponding to two important regional geological 
formations and visible on the sonic log (Figure 5c or 5f) are 
recovered.  

 
Figure 4: Initial Vp (a) and inverted Vp (b) velocity models obtained 
by 8 Hz elastic FWI. 

Figure 5 displays the migrated stack produced with the final 
elastic FWI VP model and the associated common image 
gathers (CIGs). They are compared with the stack and gath-
ers migrated with the initial VP model. The velocity model 
provided by elastic FWI results in a better focused stack im-
age with improved event continuity and flatter gathers with 
enhanced coherence in the middle part of the section, which 
contains strong velocity inversions.  
Figure 6 (left) shows the good data fit obtained at 8 Hz with 
the final elastic FWI model, which explains a large part of 
the selected diving-wave data. For reference, we also per-
form a similar anisotropic workflow using acoustic FWI, but 
with a tighter mute (yellow line in Figure 6, right) designed 
to mitigate the impact of elastic converted events as shown 
in our synthetic tests. Figure 6 (right) displays the data fit 
between the same observed data and 8 Hz acoustic modeled 
data with acoustic FWI inverted model. Although the fit is 
equally good for acoustic and elastic inversions on the early 
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events, later events that are related to converted waves could 
not be interpreted correctly by acoustic FWI. As a result, 
elastic FWI allows us to use a larger part of the data to obtain 
a better constrained velocity model for depth imaging, as in-
dicated in the synthetic result of Figure 2. 

Conclusions 

We describe an anisotropic diving-wave elastic land FWI 
workflow able to address some challenges of land FWI in 
the Middle East. We highlight the importance of the mute 
definition by comparing results obtained from acoustic and 
elastic FWI. While it is possible to obtain good results with 
an acoustic approximation using a severe mute (Sedova et 
al., 2019; Farooqui et al., 2021), the elastic full-wave mod-
eling explains a much larger part of the diving-wave data, 
resulting in an improved inverted VP model. An improved 
near-surface initial model for both VP and VS, possibly 
through FWI of surface waves, could pave the way for joint 
inversion of diving and surface waves.  
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Figure 6: Overlay of observed (wiggle) and modeled data (blue-
white-red) obtained with elastic FWI (left) and an equivalent acous-
tic FWI (right) with a tighter mute (yellow line). 

 

Figure 5: a) Migrated stack with initial velocity model; b) corresponding common image gathers (CIGs); c) initial velocity Vp (yellow curve) over 
the sonic data (black). d) Migrated stack with the velocity model from elastic FWI workflow; e) corresponding CIGs; f) Vp velocity model updated 
by elastic FWI (red curve) over the sonic data (black). 
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