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a b s t r a c t

The application of full waveform inversion (FWI) on field data is currently a widely concerned challenge 
in seismic exploration. FWI has been proven on synthetic data to have the ability to obtain high- 
accuracy subsurface velocity and improve the imaging effect of the pre-stack depth migration 
(PSDM). However, its practical application remains constrained by challenges such as cycle-skipping. 
Meanwhile, the method’s capability to recover detailed subsurface properties retains considerable, 
yet underexploited, potential for advanced geological interpretation. In this study, we integrated FWI 
with amplitude variation with angle (AVA) analysis to identify potential gas reservoirs using 2D OBC 
data from the South China Sea. Our workflow began with 0–9 Hz FWI processing to obtain an updated 
velocity model. Comparative analysis demonstrated the FWI model’s superiority over the initial model 
through: (1) improved data fitting, (2) enhanced PSDM imaging with better structural alignment, and 
(3) higher-quality ADCIGs. The FWI results revealed a distinct high-velocity anomaly, which was vali
dated through integration with PSDM images and well data. Subsequent AVA analysis suggested this 
anomaly may represent gas-bearing sandstone, though additional verification would be required to fully 
characterize the formation. Nonetheless, our workflow offers a reference for subsequent interpretations, 
which narrows down the scope for targeted objects. Our findings demonstrate that FWI and ADCIGs can 
obtain more geological information than traditional velocity modeling methods, thereby becoming a 
valuable tool for geological interpretation.
© 2026 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This 
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc- 

nd/4.0/).

1. Introduction

The South China Sea is regarded as China’s principal area for 
offshore oil and gas reserves (Xu et al., 2012). A number of oil and 
gas reservoirs in this area are associated with deep-seated faults 
(Zhou et al., 2019; Gao et al., 2020). These faults serve not only as 
conduits for hydrocarbon migration but are also crucial for form
ing reservoir traps where oil and gas accumulate, which are 
considered favorable accumulation zones for oil and gas reservoirs 
(Li et al., 2012). Consequently, the precise localization and 

extraction of subsurface oil reserves, particularly oil resources at 
greater depths, require accurate imaging of subsurface fault 
structures. This is only a preliminary interpretation that requires 
further analysis to determine the specific attributes of the stratum.

Nevertheless, accurately imaging deep fault structures is still 
challenging in seismic exploration. The most common and 
convincing tool of subsurface imaging is pre-stack depth migration 
(PSDM) (Deng and McMechan, 2007). PSDM can obtain migration 
images that reflect the real position of subsurface structures. Based 
on different principles, several methods were developed to realize 
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PSDM, such as Kirchhoff migration (Buske, 1999), reverse time 
migration (RTM) (Baysal et al., 1983; McMechan, 1983), one-way 
wave equation migration (WEM) (Zhang et al., 2005) and least- 
squares migration (LSM) (Nemeth et al., 1999). These imaging 
methods can obtain detailed images of subsurface structures and 
have been successfully applied in industry (Cabrera et al., 1992; 
Shin et al., 2001).

Although detailed subsurface structures can be revealed by 
migration, it is still difficult to figure out the underground reser
voirs on the PSDM image. The PSDM image can reveal the structure 
or reflection coefficient of the underground strata (Nemeth et al., 
1999), and can reveal the geological properties from further AVA 
analysis, which is important to figure out reservoirs. Besides, more 
physical property information on subsurface structures can also 
aid in geological interpretation, such as subsurface velocity, well 
logging data, and other geological information. In particular, the 
velocity of subsurface media contains geological information, and 
the lithology of subsurface structure can be estimated if the sub
surface velocity model is accurate. Besides, the accuracy of the 
PSDM image also relies on the accuracy of the subsurface velocity 
model, and an inaccurate subsurface velocity will lead to incorrect 
structures in the PSDM image (Versteeg, 1993), which will inter
fere with the results of geological interpretation. These factors 
make it crucial to obtain an accurate subsurface velocity model.

In seismic data processing, many methods have been used to 
build subsurface velocity models for pre-stack migration, such as 
migration velocity analysis (MVA) (Chauris et al., 2002; Fei and 
McMechan, 2006) or travel time tomography (Bording et al., 
1987; Zhou et al., 2016; Yang et al., 2021) and full-waveform 
inversion (FWI) (Tarantola, 1984). The MVA method and travel 
time tomography method are widely used in geophysics to 
reconstruct the subsurface velocity structure (Zhu et al., 2000; 
Taillandier et al., 2009; Yang et al., 2021). However, these 
methods are difficult to apply to fault areas. Usually, the subsur
face velocity of the fault area changes drastically in both horizontal 
and vertical directions. The low-frequency background velocity 
field estimated by MVA or travel time tomography cannot capture 
these dramatic changes, making it difficult to apply this method to 
fault areas (Yang and Zhang, 2019).

Full-waveform inversion (FWI) is a velocity-building method 
proposed in the 1980s (Tarantola, 1984; Gauthier et al., 1986; Mora, 
1987). The objective of FWI is to build a high-resolution subsurface 
velocity model, and this method can automatically update the 
velocity model by matching the waveform record of observed and 
synthetically modelled data. Compared with travel time tomog
raphy, FWI can reconstruct more high-resolution and high-fidelity 
velocity models (Warner et al., 2013).

Although FWI is theoretically more accurate, it still needs to be 
improved in field data application. The forward and inversion in 
FWI are strong nonlinear problems, resulting in relatively harsh 
application conditions for FWI. FWI can be applied in acoustic or 
elastic wave media (Warner et al., 2013) and can estimate sub
surface velocity models using full waveform information or partial 
waveform information, such as reflected waves (Xu et al., 2012). 
These FWI approaches require solving a nonlinear inversion 
problem, and the global optimization algorithms required to solve 
this problem are computationally expensive. A practical alterna
tive is to use local optimization algorithms starting with a suffi
ciently accurate initial velocity model, this approach can mitigate 
the non-linearity of the inversion problem, instead of solving 
nonlinear problems directly (Li et al., 2016), which has also made 
FWI obtain some good results in synthetic data (Lee and Kim, 
2003; Hu et al., 2009).

Although the local optimization method can avoid directly 
solving the nonlinear FWI problem and obtain accurate results 

when the initial model is good enough, it is still challenging to 
apply FWI to field  data. The local optimization method may fall 
into a local minimum when the initial model is not accurate 
enough, especially when the low-frequency information is not 
available in the field  data.M�etivier et al. (2018) and Pladys et al. 
(2021) optimized the objective function to avoid cycle-skipping. 
To improve the applicability of FWI, several inversion strategies 
are applied to improve the accuracy of FWI results (Warner and 
Guasch, 2016; Davy et al., 2018; Borisov et al., 2020). First, a bet
ter starting model is obtained to make sure the model is close 
enough to the true model. Second, the FWI iterations are per
formed step by step from the low-frequency band to the high- 
frequency band using a multiscale inversion strategy (Bunks 
et al., 1995; Wang et al., 2019; Huang et al., 2021). During each 
band, the velocity model is updated gradually to match the 
observed data and forward modeling data from long-wavelength 
to short-wavelength.

After optimizing the inversion process through updates in al
gorithms and strategies, FWI has been applied to streamer seismic 
data and ocean-bottom cable (OBC) and has gotten reliable results 
in recent years. Sirgue et al. (2010) used this method to a 3D OBC 
dataset at Valhall in the North Sea. They obtained a high-accurate 
velocity model, which improved the PSDM image and revealed 
many geological features. Dickinson et al. (2017) obtained a reli
able FWI result at North West Shelf offshore Australia by using a 
layer-stripping scheme. Jamali Hondori et al. (2021) used the 
migration velocity analysis method to build an accurate initial 
model and applied FWI to limited-offset marine streamer seismic 
data at the Japan Trench Forearc Slope. These application cases 
proved that accurate FWI results can help subsurface imaging and 
can also help reveal hidden geological details.

With the progress of FWI application, the ADCIGs can be 
calculated during migration processing. In addition to reflecting 
the velocity accuracy, ADCIGs also contains the amplitude varia
tion with angle information (Wang et al., 2014). The AVA curve of a 
formation with specific properties can be obtained through theo
retical calculation. By comparing the AVA curve of actual data with 
the theoretical AVA curve, its possible formation properties can be 
inferred (Wang et al., 2005).

The accuracy of ADCIGs is crucial for AVA analysis, which is 
dependent on the precision of the velocity model and the al
gorithms employed to compute ADCIGs. Two main primary al
gorithms, the subsurface offset-to-angle (Sava and Fomel, 2003) 
and directional vector (Yoon and Marfurt, 2006) methods, are 
widely used in computing ADCIGs and can obtain convincing 
results when the subsurface velocity is locally smooth. However, 
when the subsurface structure is complex, the subsurface offset- 
to-angle method may provide low-accuracy subsurface reflec
tion angles, and the directional vector method may provide a 
result with crosstalk noise. To generate accurate ADCIGs, Zhang 
et al. (2022, 2023, and 2024) proposed a series of algorithms on 
computing ADCIGs based on the Poynting vector. A Hilbert 
transform to the wavefields  is added to the algorithm to calcu
late the stabilized Poynting vector, which is more stable and 
accurate.

In this paper, we utilized FWI and AVA analysis to infer po
tential gas reservoir locations during seismic data processing on a 
2D OBC dataset from the South China Sea. We first apply FWI on 
the field data to establish a subsurface velocity model in this area, 
and a potential reservoir is inferred by integrating the petro
physical information provided by the velocity model with the 
structural information provided by PSDM. In this survey area, large 
faults are cutting through the sedimentary rock basement and 
complex shallow stratigraphic structures subsurface, which makes 
the FWI in this area representative.
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This paper presents a case study on the application of FWI. A 
high-accuracy subsurface velocity model is obtained through FWI, 
and a jointly interpretation is applied based on the velocity, PSDM 
profile and ADCIGs. This workflow successfully reveals subsurface 
velocity anomalies, and further interpretation reveals that the 
anomalies have a potential to be a gas bearing reservoir. A series of 
quality control measures support the reliability of these results. 
Although further geological interpretation is required to deter
mine the exact attribute of the reservoir, our work provides a 
preliminary geological explanation and enhances the efficiency of 
the interpretation process.

This paper will be organized as follows. The principles of the 
FWI will be introduced in the Method section. We then present a 
specific  introduction to this field  data example. Because the 
inverted field  dataset is a single OBC line, we limit our imple
mentation to a 2D geometry. The setup of the initial model and 
inversion process will be discussed in detail. A subsurface velocity 
model in this area was obtained by applying FWI to this dataset. A 
series of migration results and comparisons with velocity models 
demonstrate the accuracy of the velocity model acquired by FWI. 
Based on the FWI inverted velocity, the ADCIGs were calculated, 
and then an AVA analysis was applied to the field data. Finally, we 
summarize the obtained results and discuss perspectives.

2. Method

2.1. Full waveform inversion

The nonlinear FWI can be considered as an unconstrained least 
squares problem: 

min
m

Φ(m) =

{
1
2
‖d − F [m; s]‖2

2

}

; (1) 

where d represents the observed data that FWI needs to fit with 
the forward modeling operator F , m represents the discrete model 
and s represents the source function. After obtaining the source 
function and initial model, the velocity model can be updated 
iteratively from a starting model m0: 

mn+1 =mn + αnδmn; (2) 

where mn+1 represents the (n+1)th updated model, α represents 
the velocity update step length of nth iterate calculated by line 
search methods, δm represents the velocity perturbation, which is 
the negative gradient of Eq. (1). The starting model m0 is assumed 
to be close enough to the true model. If the velocity model is 
updated correctly, the misfit function in Eq. (1) will decrease. The 
residual data of the nth iteration δdn is defined to be the difference 
between the modelled and observed data, and it is clear that δdn is 
related to the inverted model mn. The iteration problem has now 
become to obtain the gradient δmn from the previous model mn, 
then the new model can be updated by Eq. (2).

The velocity perturbation δm can be calculated using local 
optimization algorithms, but most of these algorithms need to 
calculate the Hessian matrix, and the computation of the Hessian 
matrix will be expensive. To avoid the expensive cost of computing 
the Hessian matrix, the preconditioned velocity perturbation δmn 

of nth iteration can be obtained using the Gauss-Newton method 
by solving the following linear least squares problem (Nocedal and 
Wright, 2006; Li et al., 2022): 

δmn = arg min
δm

‖δdn − ∇F [mn]δm‖
2
2; (3) 

where ∇F [mn] represents the Jacobian of the nth iteration, δdn 

represents the data residual between observed data d and forward 
modeling data F [mn] of mn. The FWI iteration will be repeated 
until the ℓ2 -norm of data residual ‖d − F [m]‖2 is small enough.

Eqs. (1)–(3) show the process of FWI iteration. To apply this 
inversion process to a field  dataset, a computational imple
mentation of this process is needed. In this paper, we used a 
frequency-domain inversion method of Brossier et al. (2009). This 
iteration process includes forward modeling in the frequency 
domain for each source within the initial model to generate a 
synthetically modelled dataset. During the forward modeling and 
following gradients calculating, an irregular grid (Moczo, 1989) is 
applied to make the FWI processing more efficient. Then, the data 
residual is computed by subtracting the modelled and observed 
data trace-by-trace, a time-dependent gaining is applied to the 
field data to compensate the realistic variation of amplitude with 
offset, and the contribution to the gradient from each source is 
then calculated from the residual data. These gradients are then 
stacked to form a global gradient, which is mentioned in Eq. (3). 
After the calculation of the gradient, a linear search method is used 
to find  the best step length, which makes the misfit  function 
converge the fastest. Two strategies for determining the termi
nation of iteration are applied to the inversion: when the step 
length is less than a certain threshold for multiple consecutive 
iterations, or when the number of inversion iterations reaches the 
maximum set value, the inversion iteration terminates.

Except for the computational implementation of FWI, some 
information is also needed for the FWI process. As discussed 
above, a best-guessed initial model and a source wavelet are also 
needed as input. The accuracy of the initial model and source 
wavelet is very important to FWI. When the initial input to the 
inversion is not accurate enough and lacks low-frequency com
ponents, the inversion will cause cycle skipping, finally leading to 
an inaccurate inversion result. The inverted model will not be good 
enough or worse than the initial model when cycle skipping oc
curs, but the misfit function will converge normally. An unreliable 
source wavelet will lead to wrong forward modeling result, which 
will finally  cause the misfit  function to not converge. Thus, an 
effective FWI requires quality control methods to ensure that the 
inversion proceeds toward the global minimum.

2.2. Data acquisition

Ocean bottom cable (OBC) is a special receiver cable that is 
deployed on the ocean bottom and is widely used for wide-azimuth 
seismic exploration to obtain large-angle waveform information. 
Since OBC data has a good illumination range and can obtain wide- 
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Shot position of OBC cable 1
Shot position of OBC cable 2
Receiver position of OBC cable 1
Receiver position of OBC cable 2D
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Fig. 1. Geometry of the field data. The shot points are plotted on top and the receiver 
points are plotted on the bottom. The shot points and OBC cable of Survey 1 is plotted 
in red and Survey 2 in blue. The distance between shot points is 200 m, and the 
distance between receiver points is 25 m.
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angle information, a series of OBC seismic data acquisitions were 
performed to explore this fault area in the South China Sea.

The dataset used for FWI is one of the 2D datasets collected in 
this area. OBC surveys were deployed perpendicular to the 
important fault zones in the area to reveal structural details be
tween the fault zones. This dataset contains two OBC cables and 
the geometry is shown in Fig. 1. Each OBC cable has 140 nodes, and 
the distance between nodes is 25 m. Each survey line has 70 shots, 
and the shot points are spaced 200 m apart. The total length of the 
shot line is about 20 km, and the max offset of each OBC cable is 
about 13 km, which is long enough to detect deep structural 
information.

Our workflow of data preprocessing followed by FWI is shown 
in Fig. 2. The data preprocessing part includes observed data 
denoising, wavelet estimation, and initial model building. The 
principal objective of denoising observed data is to enhance the 
signal-to-noise ratio while preserving maximal low-frequency 
information. Then a wavelet is obtained from denoised observed 
data, which is unaffected by noise, including surface waves and 
ghost waves. The initial model of FWI in this paper is built by the 
traditional travel time tomography method (Taillandier et al., 
2009). After all preprocessing steps are completed, the FWI pro
cessing can be applied to the field data as described previously.

2.2.1. Data processing
Since the OBC was well coupled to the seafloor, a strong 

surface wave overlapped with reflection  in near-offset traces, 
which makes it difficult to obtain a seismic wavelet. Besides, the 
water depth of this area is about 30 to 40 m. The shallow water 
environment in this area also caused the data to contain 
receiver ghost waves and complex multiple reflections.  More
over, linear noise and random noise were also recorded in the 
raw dataset.

To make the data more suitable for FWI and migration imaging, 
processing steps were applied to the dataset to remove the influ
ence of linear and random noises, including f–k domain slope 
filtering and frequency domain random noise attenuation (RNA). 
Multiples and ghost waves in the data are not removed, a free 
surface boundary condition was applied on top of the model to 
simulate these waves. Furthermore, while surface waves are 
typically regarded as noise, they are not removed via high-pass 
filtering  techniques during data processing to avoid the loss of 
low-frequency information, which may be adversely affected 
during filtering.  Instead, these traces containing strong surface 
waves were excluded from the inversion to avoid the influence of 
surface waves. Fig. 3 shows a single shot field records at shot 70 
before and after preprocessing. The records after processing look 
much better prepared for FWI purposes.

2.2.2. Wavelet estimating
As mentioned above, the correct wavelet is another critical 

factor affecting the accuracy of FWI. Wrong wavelets make it 
impossible to fit  the observed data, eventually leading to an 
unconverging inversion. The acquisition of wavelets in this OBC 
dataset is interfered by surface waves and ghost waves. In our 
processing, the wavelet is first roughly calculated by stacking near 
offset traces after excluding traces containing surface wave to 
avoid the interference of surface wave. The S/N ratio is also 
increased after stack processing, but this wavelet still contains 
ghost waves. Since the influence  of ghost waves on wavelets is 
mainly reflected in the tailing after the wave peak and the wavelets 
are assumed to be symmetrical, we use peak of the wavelet as 
mirror axis to fold the first part of the wavelet after the peak in a 
mirror style.

However, assuming that the wavelet is symmetric is idealistic 
for field data. This assumption may introduce inaccuracies in the 

Set initial model for FWI using
travel time tomography

Obtain wavelet from observed
data

Denoise for observed data 

Synthetic forwarded data  

Calculate misfit function and
gradient

Update models

Is model
converged?

No, next iteration

Output final model

Yes

Fig. 2. Workflow for data preprocessing and FWI. Denoising process is applied to the observed data to make the data more suitable for wavelet obtaining and FWI. The initial 
model for FWI is built by traditional travel time tomography. Then the FWI is applied to calculate residuals between synthetically modelled data and observed data and update the 
model iteratively.
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wavelet, which could further affect the inversion results. There
fore, a quality control process is conducted by comparing the field 
data with the synthetically modelled data generated by the esti
mated wavelet. A high-accuracy wavelet will produce a similar 
waveform to the field data. Fig. 4 shows the estimated wavelet and 
the match effect between the synthetic data and the field  data 
waveform at an offset of 200 m. It can be seen that the field data fit 
well with the synthetically modelled data, which proves that the 
obtained seismic wavelet is reliable.

2.2.3. Initial model
Based on the dataset after processing, an initial model was 

developed using traditional first arrival time tomography. The first 
arrival time was picked manually, and the initial model of FWI was 
built by fitting the picked travel time and travel time calculated by 
solving the Eikonal equation. Due to the sparse shot points, a smooth 
factor was applied to the velocity model to mitigate the influence of 
the ray path. The initial model shown in Fig. 5(a) is smooth, with a 
low-velocity layer at a depth of 3 km to 4 km, and shows the general 
structure of the subsurface in this area. However, the details of the 
low-velocity layer top interface, deep faults, and shallow sedimen
tary layers are still lacking. Therefore, the purpose of FWI is to obtain 
a higher-resolution velocity model to reveal these subsurface 
structures.

2.3. ADCIGs calculating

After a high accurate velocity model is inverted by FWI, the 
angle domain common imaging gathers (ADCIGs) can be calcu
lated during the PSDM processing. The ADCIGs can not only 
evaluate the accuracy of the velocity model but also proposed as a 
technique for validating seismic amplitude anomalies when the 
wavefield direction and amplitude relationship is calculated 
correctly. In our PSDM processing, we used a true-amplitude one- 
way wave equation migration (WEM) (Lu, 2021; Zhang et al., 
2005) with a deconvolution imaging condition (Lu, 2021; 
Guitton et al., 2007) to generate a PSDM image, which can 
ensure the true amplitude relationship is preserved. Additionally, 
the ADCIGs were calculated using a stabilized Poynting vector 
method, which has been proven accurate and efficient  in calcu
lating imaging angles. A coverage correction is also applied when 
calculating ADCIGs to eliminate the effect of footprints.

The deconvolution imaging condition is as follows: 

IADCIGs(x; θn)=

∫Tmax

0

udown
s (x; t)⋅uup

r (x; Tmax − t)

udown
s (x; t)⋅udown

s (x; t)
δ(θ − θn)dt

(4) 

where IADCIGs represents the angle gather for PSDM imaging. x 
represents the subsurface location, udown

s represents the source- 
side down-going wavefield  and uup

r represents the receiver-side 
up-going wavefield.  θn represents the binning angles in the im
aging processing, which is calculated using 

θn = arccos

[(
ph

s ⋅ph
r

)

⃒
⃒ph

s
⃒
⃒
⃒
⃒ph

r
⃒
⃒

]/

2 (5) 

where ph
s and ph

r represent the source-side and receiver-side sta
bilized Poynting vectors, respectively, and |⋅| denotes the norm of 
stabilized Poynting vectors. Different from the traditional Poynting 
vector calculation algorithm, stabilized Poynting vector is calcu
lated as follows: 

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

ph
s (x;t)=−

∂udown
s (x;t)

∂t
∇udown

s (x;t)−
∂uh;down

s (x;t)
∂t

∇uh;down
s (x;t)

ph
r (x;t)=−

∂uup
r (x;t)
∂t

∇uup
r (x;t)−

∂uh;up
r (x;t)

∂t
∇uh;up

r (x;t)

(6) 

where udown
s and uup

r represent the source-side down-going and 

receiver-side up-going wavefields, respectively. uh;down
s and uh;up

r 
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Fig. 5. (a) Initial model built by traditional travel time tomography, (b) final FWI 
result and (c) velocity update between (b) and (a). The initial model is smooth and 
more structures are revealed in FWI result.
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represent the wavefields with the Hilbert transform along the time 

axis corresponding to udown
s and uup

r . The phase of uh;down
s and 

uh;up
r is 90◦ shifted to the original wavefields,  which resolve the 

instability problem induced by the oscillatory nature. Therefore, 
the imaging condition of angle can be calculated by combining Eqs. 
(4)–(6).

3. Results

As the data processing section mentioned, the minimum offset 
was limited to 200 m to remove surface waves. We sequentially 
apply FWI in a frequency band range of 0–9 Hz. Therefore, all data 
processing steps and wavelet generation were performed after a 
low-pass filter of 0–9 Hz to ensure data consistency. During the 
inversion process, the velocity model is gradually inverted from 
low frequency to high frequency. The inversion is divided into two 
frequency bands: 0–6 Hz and 0–9 Hz, and each band contains 40 
iterations, which prevents local optimal solutions caused by 
different signal strengths between different frequency bands. After 
an inversion of 80 iterations, the final  velocity model of FWI is 
shown in Fig. 5(b) and the velocity update between the initial and 
FWI inverted model is shown in Fig. 5(c). The inversion results 
appear to contain more detail than the initial model, and further 
comparisons are required to demonstrate the accuracy of the 
inversion results.

3.1. Data fitting comparison

To further prove the accuracy and reliability of the inverted 
velocity, a series of quality control comparisons are needed before 
and after performing migration. Usually, the criterion for judging 
the accuracy of FWI inversion results is whether the forward 
modeling data and the observation data can fit  well. The most 
direct and convenient way is to directly compare the observed and 
synthetically modelled data. If the inversion is successfully per
formed, the forward data of the inverted model will be more 
similar to the observed data than the initial model.

Fig. 6 shows the comparison between the synthetically 
modelled data of the inverted and initial model and the observed 
data. Some of the refracted waves in the observed data are marked 
with red dots in Fig. 6(a)–(c). The forward modeling results of both 
the initial and final models fit well with the observational data at 
near offsets, proving the accuracy of the obtained wavelet. As the 
offset increases, the error between forward data and observation 
data gradually increases. At the maximum offset, the waveform 
details at the red dots in Fig. 6(a) do not match the observed data, 
while the FWI result fits well with the observed data in Fig. 6(c).

Besides, Fig. 6(d) and (e) show splicing results of modelled and 
observed data of the initial model and the FWI model respectively. 
The part with a red two-way arrow at the top of the picture rep
resents synthetically modelled data, and the other parts are 
observed data. The refraction waveform information in syntheti
cally modelled data and observed data cannot be fitted in the initial 
model splicing result shown in Fig. 6(d), which suggests a significant 
discrepancy between the initial model and the actual subsurface 
structure. In the FWI model splicing result shown in Fig. 6(e), the 
synthetically modelled data and observed data have good conti
nuity, indicating that the data fit well between the FWI result and 
observed data, and proving the accuracy of the FWI inverted model.

It can be seen from the above comparison that, after FWI pro
cessing, synthetically modelled data generated from the inverted 
results are more similar to the observed data in both near and far 
offset, and the waveform details of the inverted results also match 
the observed data well.

3.2. Cross-correlation comparison

However, the waveform comparison cannot show the data 
fitting  improvement trend of all traces. To directly compare the 
data fitting, we use cross-correlation criteria as it is a convincing 
method to judge the quality of data fitting. Cross-correlation de
scribes the similarity of two waveform signals. If the inversion 
results can perfectly fit the observed data, the maximum lag of the 
cross-correlation output will be at a delayed time of 0.0. Besides, 
the value of the cross-correlation coefficients at maximum lag can 
also evaluate the data fitting, which will be 1 if the modelled data 
fit the observed data perfectly.

The cross-correlation of all shot between modelled and 
observed data of the initial model and the final inverted model is 
calculated trace by trace. The cross-correlation lag and co
efficients comparison of initial model and FWI inverted model is 
shown in Fig. 7. Fig. 7(a) and (b) represents the cross-correlation 
lag of initial and FWI inverted model, respectively. The cross- 
correlation lag is arranged horizontally by shot number and 
vertically by traces. The maximum cross-correlation lag of a 
perfect data fitting result should be 0. The lag of the initial ve
locity model in Fig. 7(a) shows significantly  larger deviations 
from 0, indicating that the modelled and observed data does not 
fit  well. In contrast, the lags from the FWI inverted model in 
Fig. 7(b) are tightly clustered around zero, demonstrating a crit
ical improvement in temporal alignment achieved through the 
FWI process. Fig. 7(c) and (d) represents the cross-correlation 
coefficients  of initial model and FWI inverted model, respec
tively. It can be observed that the cross-correlation coefficients 
value of FWI inverted model in Fig. 7(d) show a striking increase 
than initial model, especially in large offset, which proves that 
the waveform cross-correlation after FWI processing is better and 
the synthetically modelled dataset of inverted data is more 
similar to observed data.

3.3. Migration comparison

The data fit  comparisons can only show the fit  improvement 
between the forward modeling data and the observed data. Still, 
they cannot directly indicate that the inverted velocity model has 
become more accurate. As mentioned above, the final goal of FWI 
is to improve the imaging fidelity in fault areas. A velocity model 
with better accuracy can get a better migration result. Thus, the 
migration imaging effect was used to judge the accuracy of the 
inverted model. A convincing FWI result should improve the im
aging effect of the fault zone.

Therefore, pre-stack depth migration (PSDM) was performed 
using initial velocity and inverted velocity to compare the accuracy 
of the initial model and inverted model. Fig. 8 shows the PSDM 
result using the initial and FWI inverted models. The fault struc
ture in the initial model result shown in Fig. 8(a) is discontinuous, 
and the deep fault cannot be imaged (red dotted line box), and the 
imaging of the intersection between strata and faults is not clear. 
The migration results generated using the inverted model shown 
in Fig. 8(b) has a better imaging effect at deep fault areas. The deep 
fault structure has better continuity than the initial model, and the 
imaging of the intersection between strata and faults is more 
precise. These improvements in imaging effects prove that the 
inversion velocity model has higher accuracy.

3.4. ADCIGs comparison

The accuracy of the velocity model can also be proven by 
comparing angle-domain common-image gathers (ADCIGs) based 
on the PSDM results. The ADCIGs can be calculated from migration 
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results by using the Poynting vector (Zhang and Lu, 2022; Zhang 
et al., 2023; Zhang et al., 2024). The event in ADCIGs will be 
aligned horizontally along angles within a gather if the velocity 
model is accurate. To compare the effect of velocity model updates 
on the ADCIGs results, 9 ADCIGs along the PSDM image from 5 km 
to 13 km are extracted. Fig. 9 shows the ADCIGs using the FWI 
inverted model and the initial model. Due to the velocity update 
between the initial model and the FWI inverted model, discrep
ancies in the depth of the strata appear within their ADCIGs. The 

position of deep faults is marked by red arrows. The initial velocity 
model is built through first  arrival time tomography methods 
(Taillandier et al., 2009). This approach faces challenges in 
obtaining short wavelength velocity perturbation, and may 
resulting in a velocity with less high-resolution details, which will 
affect the migration result, especially in fault area. Consequently, 
the event of the initial velocity model ADCIGs shows a more 
curved shape. The event of FWI results is straighter in the deep 
fault area, which proves that the FWI inverted model is of higher 
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accuracy. These comparative tests show that the FWI model has 
better accuracy and can obtain clearer and more accurate sub
surface structures through migration imaging.

The aforementioned comparison has demonstrated that FWI 
enhances the accuracy of the inversion model. Nonetheless, a 
direct comparison between the inversion velocity model and the 
actual subsurface velocity remains absent. To further demonstrate 
the accuracy of the FWI result, we compare the inverted subsur
face model with the acoustic well log velocity located on the right 
of the profile. The well velocity data is located at x = 13.25 km, and 
the data is recorded from 2.7 km to 3.3 km. The initial velocity, 
inverted velocity, and the well data are represented in Fig. 10. The 
velocity update is evident, and the FWI inverted model is consis
tent better with the well log’s velocity, while the initial velocity 
model obtained from the traditional method does not match the 

well log velocity. Velocity anomalies are one of the indicators of oil 
and gas reservoirs. Therefore, it is necessary to further analyze 
these high-velocity anomaly areas.

The comparison of the inversion velocity model and the well 
log velocity proved that FWI can obtain more accurate subsurface 
velocity than the traditional method. Furthermore, the velocity 
model obtained from FWI accurately reflects  the subsurface 
acoustic properties, which can also reveal some of the physical 
properties of the subsurface media. However, the identification of 
the boundary structures of the high-velocity anomalies is limited 
by the resolution of the velocity model, because only low- 
frequency information is used in the inversion. The PSDM image 
can provide subsurface structure information, but the fidelity of 
subsurface structure is contingent upon the accuracy of the ve
locity used in the migration process. The previous quality control 
process has proven that the velocity models obtained from FWI 
have higher accuracy, which makes the PSDM image more precise 
in revealing the subsurface structure. Therefore, by combining the 
velocity model with the migration image, its structural and lith
ological parameters can be obtained simultaneously, which helps 
analyze the possible location of oil and gas reservoirs in subse
quent reservoir interpretation.

Fig. 11 shows the velocity and PSDM result using FWI inverted 
model in the high-velocity anomalies area. A positive reflection 
coefficient  layer can be seen on both migration images, marked 
with red in Fig. 11(b) and (c). The positions of high-velocity 
anomalies are also marked in the PSDM image and velocity 
models. In the FWI results, the high-velocity area at this location is 
revealed, and the structure corresponds well to the layer structure 
in the migration image. High-velocity anomalies are one of the 
possible characteristics of oil or gas reservoirs. The depth of this 
area is consistent with the Liushagang 2 formation (L2 formation) 
in Wei Xi’nan Sag. The L2 group is mainly composed of source 
rocks and is a potential oil and gas layer (Liu et al., 2008; Xu and 
Wang, 2012; Xu et al., 2021). Since the high-velocity anomalies 
in the L2 group are located near the fault zone, it is inferred that 
this area is valuable for further analysis and exploration. The good 
correspondence between subsurface velocity and layer structure 
further proves the reliability of FWI. Also, it proves that FWI can 
not only provide a better migration velocity model but also be used 
to reveal areas with high value for oil and gas interpretation.

Although the location of high-velocity anomalies has been 
revealed by FWI, further analysis is required to infer its specific 
properties, such as AVA analysis. AVA (amplitude versus angle) 
analysis is a method that discerns the properties of subsurface 
materials by detecting variations in seismic wave amplitude cor
responding to different incident angles. After the area for AVA 
analysis is selected, the properties of the substance are ascertained 
by acquiring the curve depicting amplitude variations with respect 
to the incident angle and contrasting it with a standard reference 
curve. The amplitude versus angle curve (AVA curve) can be 
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derived through various methods, one of which is using ADCIGs. 
Before analyzing the AVA curve, it is necessary to ensure that the 
reflection coefficients at different angles in the ADCIGs have the 
correct relative relationship. The ADCIGs are calculated from the 
RTM process, which can maintain the relative relationship be
tween the amplitudes at different incident angles. Besides, the 
ADCIGs are obtained by using the Poynting vector (Zhang et al., 
2023), which can maintain amplitude consistency and ensure 
that the AVA curve obtained correctly reflects the properties of the 
subsurface media.

Since the ADCIGs have been calculated in the previous analysis, 
the AVA curve of high-velocity anomalies is obtained and shown in 

Fig. 12(b) with a blue line and red cross, the location of the AVA 
curve is marked using a yellow line in Fig. 8. Standard AVA curves 
of four typical gas-bearing sandstones (Wang et al., 2017) are 
shown in Fig. 12(a). The AVA curve of Class I gas-bearing sandstone 
is also plotted in Fig. 12(b) with a red line. The comparison of Class 
I gas-bearing sandstone and potential reservoirs shows that the 
AVA curve of potential reservoirs and Class I sandstone exhibits 
similar trends. Class I gas-bearing sandstones are characterized by 
high impedance (Rutherford and Williams, 1989) and manifest as 
high-velocity anomalies in seismic velocity models, and concur
rently, the FWI results present a high-velocity anomaly, suggestive 
of a possible Class I gas-bearing sandstone.

15 1716
4.0

3.5

2.5

2.2

D
ep

th
, k

m

Horizontal distance, km

14.15 15 1716

Horizontal distance, km

14.15

3.0

(b)

4.0

3.5

2.5

2.2

D
ep

th
, k

m 3.0

(c)

50 10 15 20
6

4

2

0

D
ep

th
, k

m

1500

5500

Ve
lo

ci
ty

, m
/s

Horizontal distance, km

(a)

Fig. 11. Overlay of the PSDM image and FWI results. (a) Represents the overlay of PSDM image and FWI inverted model results, and the position of the high-velocity anomalies 
area is marked with black dotted box. (b) Represents the magnified PSDM image of the high-velocity anomalies area, and (c) represents the magnified FWI velocity model. The red 
box in (b) and (c) indicated the position of the high-velocity layer.

K. Ren, S.-P. Lu, X.-T. Dong et al. Petroleum Science 23 (2026) 3906–3919

3916



4. Discussion

We have presented a 2D field data case study of complex fault 
imaging using full waveform inversion. The application of FWI to 
2D dataset is affected by lateral reflections and diffractions, which 
complicates the 2D field data and makes it difficult to match the 
predicted data with the field data. Consequently, we employ the 
first arrival wave, excluding reflections, for inversion purposes and 
utilize a lower frequency band to mitigate the effects of lateral 
diffraction. Compared with traditional methods, FWI obtains a 
more accurate velocity model and some velocity anomalies are 
revealed based on FWI results and PSDM images. However, the 
resolution of FWI results is limited by the incomplete utilization of 
high-frequency information and the interpretation of these 
inverted velocity anomalies is still constrained by some limita
tions. For example, our FWI method is based on the acoustic wave 
equation, which can only reveal the acoustic property of subsur
face media. Other important properties like elastic property are 
still lacking for oil and gas interpretation. It is hard to identify the 
material composition of the velocity anomalies from the velocity 
and PSDM images obtained by FWI, and further arguments are still 
needed. Using 3D data for FWI or utilizing the elastic wave FWI 
method to obtain the elastic properties of subsurface media will 
significantly  enhance the effect of inversion, and provide more 
arguments for inferring the presence of oil and gas reservoirs.

After we obtained the FWI inverted result, many quality control 
methods are also used to detect whether the FWI operates 
correctly. The most direct and convenient quality control method 
is to compare the differences between modelled and observed 
data. This comparison can describe whether the FWI converges 
normally, but due to the nonlinearity of FWI, it cannot detect 
whether the velocity model is accurate. Another effective method 
is to compare whether the PSDM imaging accuracy is improved, 
which is also applied in our quality control (QC) process. We 
conducted a thorough analysis of the pre-stack depth migration 
images obtained using the inverted model. The results show that 
the PSDM image obtained by the inversion model has a higher 

resolution and better imaging effect at the fault location. This 
method can check whether the overall velocity model has been 
improved, but it cannot intuitively show the improvement of ve
locity details. Angle domain common imaging gathers (ADCIGs) is 
an effective tool for revealing velocity accuracy details (Zhang and 
Lu, 2022). Like CIG, ADCIGs will become flat when velocity is ac
curate, and the resolution of ADCIGs is higher than traditional CIG. 
The ADCIGs based on the migration results are compared to pro
vide a more in-depth demonstration of the accuracy of the inver
sion results, and the ADCIGs at the fault location also prove the 
accuracy of the inversion model. The overlay of the inversion 
model and the migration results also confirmed that the velocity 
model obtained by FWI is more consistent with the subsurface 
geological structure, which also ensures the reliability of subse
quent analysis. Through these comparisons, effective quality con
trol of FWI can be carried out.

Moreover, more geological details are revealed by combining 
the PSDM image and FWI inverted velocity model. Unlike travel 
time tomography, which can only acquire background velocities, 
FWI provides a higher-resolution subsurface velocity model. 
Higher resolution velocity models can better correspond with the 
subsurface geological structures. In our study, the FWI inverted 
model shows good consistency with the structure of the PSDM 
images. Utilizing the physical property information provided by 
the velocity model and the structural information provided by the 
migration images allows for a preliminary interpretation of the 
subsurface stratigraphic attributes. High-velocity anomalies cor
responding to the migration images were discovered in the FWI 
velocity model, with the surrounding background velocity being 
close to the average velocity of the source rocks in this area. These 
source rocks are considered the primary source of hydrocarbons, 
and the high-velocity anomalies may represent potential gas- 
bearing sandstone layers. Summarizing all the previous results 
and analyses, FWI results and ADCIGs images reveal that the 
inverted high-velocity anomalies area has the potential to be gas- 
bearing sandstone layer, but further analysis and arguments are 
still needed to identify its properties. This provides geologists with 
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a reliable preliminary interpretation, thereby streamlining future 
research efforts. Through further analysis such as well logging 
chemical analysis, reservoir inversion and other analysis, the 
properties of these high-velocity anomalies can be confirmed, 
thereby accelerating the process of geological interpretation. 
These advantages of FWI are validated in this 2D OBC dataset.

5. Conclusion

In this paper, we applied the FWI method on 2D OBC data of 
fault area in the South China Sea, and obtained convincing PSDM 
image and ADCIGs. We also proved that the potential gas reser
voirs can be revealed using FWI and AVA analysis. It should be 
noted that to achieve such effects, seismic data need to be pro
cessed specifically, and comprehensive quality control must be 
carried out to ensure the correct convergence of FWI. We pro
cessed the 2D OBC data with the primary goal of preserving low- 
frequency information while maximizing the signal-to-noise ra
tio, then finally obtained the FWI results and the corresponding 
migration image. There are fault structures beneath the survey 
area, and conventional velocity analysis methods make it hard to 
obtain high-resolution subsurface velocity results, presenting 
difficulties in using subsurface velocities to reveal material prop
erties. The FWI results and the migration images have been proven 
to be of higher accuracy and have revealed potential gas-bearing 
reservoirs, which demonstrates the advantages of the FWI 
method in imaging and geological interpretation. It is important to 
note that our FWI method can only provide the location and 
acoustic velocity of potential hydrocarbon reservoirs, and the re
sults still have uncertainty because it is limited by the resolution 
and the lack of other physical properties. Our intent in this paper is 
to present a possible application of full waveform inversion, the 
AVA analysis using FWI and ADCIGs is far from a true AVA inver
sion. But explorationists can use the analysis presented here as the 
first  step in a more rigorous AVA analysis, because this analysis 
does not require additional computational cost and may accelerate 
the overall interpretation process.
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