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Introduction

In recent years, full-waveform inversion (FWI) has become a cornerstone of velocity model building in seismic processing. The
technique has repeatedly proven its effectiveness in delivering significantly more accurate velocity models, resulting in improved
migration images across a wide range of acquisition configurations and geological settings. Further, the latest progress has emphasized
the clear benefits of moving from acoustic FWI (A-FWI) to elastic FWI (E-FWI).

This paper presents a case study from offshore Indonesia using narrow-azimuth towed-streamer data, highlighting the importance of E-
FWI over A-FWI for properly accounting for elastic effects, particularly near carbonate layers. The results demonstrate that E-FWI
substantially reduces halo effects at carbonate interfaces, provides a more accurate representation of carbonate velocities, and delivers
superior imaging within the carbonate section together with enhanced continuity of the underlying clastic sediments.

Case study

The study area is one of Indonesia’s most prolific hydrocarbon provinces and represents the most structurally and stratigraphically
complex region among the Indonesian back-arc basins, located along the margin of the Sunda Craton. Exploration efforts have primarily
focused on carbonate reservoirs and the underlying clastic sediments. Although largely underexplored, the area holds significant potential
that requires high-quality seismic data to be effectively unlocked.

The complex geology — characterized by fractured carbonates and extensive fault systems — poses substantial challenges for seismic
interpretation and well planning. To address these challenges, a new 3D marine seismic data set was acquired using twelve multi-sensor
streamers, each 8 km long. State-of-the-art processing and imaging technologies were applied, including visco-elastic time-lag FWI and
least-squares Q Kirchhoff pre-stack depth migration (PreSDM).

The long offsets provided deeper penetration of diving waves, which played a key role in building the background velocity model through
FWI. Additionally, towing the streamers at a depth of 18 m enhanced the low-frequency content, enabling better recovery of long-
wavelength velocity components, and mitigating cycle-skipping issues associated with the initial velocity model.

Elastic time-lag FWI

FWI provides an elegant and comprehensive framework for extracting information from the entire seismic wavefield, including diving
waves, primaries, ghosts, and both surface and internal multiples. Time-lag FWI (TLFWI; Zhang et al., 2018) has emerged as a
particularly robust algorithm for velocity model building in complex geological settings. By effectively mitigating cycle-skipping and
amplitude mismatches, TLFWI has significantly broadened the applicability of FWI across various data types and geological
environments (Zhang et al., 2018; Wang et al., 2019).

In complex subsurface environments characterized by strong elastic contrasts, such as carbonate formations, significant elastic wave
phenomena can render the acoustic approximation inadequate. Accurate velocity model reconstruction in such settings therefore
necessitates the use of the elastic wave equation. To address the limitations inherent in acoustic FWI, we employ an elastic time-lag FWI
(E-TLFWI) method that integrates elastic forward modeling with a time-lag misfit function (Wu et al., 2022).

A well-known limitation of acoustic FWI (A-FWI) is the introduction of halo artifacts around interfaces exhibiting strong elastic contrasts.
These artifacts compromise velocity accuracy near the boundaries, hinder reliable geological interpretation, and degrade seismic imaging
both within and below the overburden. Such effects arise primarily from the mismatch between the elastic nature of the recorded field
data and acoustically modelled data. By employing more accurate elastic wavefield modeling, E-TLFWI yields superior velocity models,
with reduced artifacts, improved reflector continuity, and higher signal-to-noise ratio relative to acoustic FWI (Wu et al., 2022).

Results

Application of acoustic time-lag FWI (A-TLFWI) revealed several geological features not evident in the initial velocity model (Figure
la), including clear velocity contrasts across fault planes and within carbonate intervals (Figure 1b). Following the use of the elastic
wave equation in E-TLFWI, the halo artifacts prominent in the A-TLFWI results were significantly reduced, yielding a more accurate
velocity distribution within the carbonate layers (Figure 1c).

Figure 1g displays a common-shot gather from the area affected by halo artifacts in A-TLFWI. At 10 Hz, the elastic TLFWI synthetics
show a clear improvement in matching the observed data, particularly in the mid- to far-offset events (blue arrow). Figures 1d, le and
1f compare the migrated sections obtained from the initial model, after A-TLFWI, and after E-TLFWI, respectively. The more accurate
velocity model derived from E-TLFWI resulted in improved reflector continuity and enhanced focusing of the deeper clastic sediments.

Finally, Figures 1h and 1i show comparisons between filtered reverse-time migrated (RTM) stack versus E-TLFWI Image. FWI Imaging
provides superior structural definition compared to conventional RTM, owing to its use of the full wavefield and least-squares data-
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fitting, which enhances illumination and mitigates migration artifacts (Zhang et al., 2020). This improvement enables clearer delineation
of deeper structures and detailed imaging of carbonate build-ups.

Conclusion and Discussion

In complex geological settings, E-TLFWI reduces exploration risk by delivering a more reliable structural image and enhancing seismic
interpretation through sharper velocity contrasts and greater structural detail. Additional improvements could be achieved by
incorporating multicomponent ocean-bottom node data, which provides the low-frequency, long-offset, and multi-azimuth data that FWI
requires to accurately resolve deep and complex geological structures.
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Figure 1 Vp model section displays: (a) input to FWIL, (b) after 10 Hz A-TLFWI, and (c) after 10 Hz E-TLFWI. Migrated stack sections:
(d) using the input Vp, (e) using the A-TLFWI Vp, and (f) using the E-TLFWI Vp. (g) Comparison of observed data, acoustically
modeled data after 10 Hz A-TLFWI, and elastically modeled data after 10 Hz E-TLFWI. Comparison of: (h) filtered RTM stack, and (i)
E-TLFWI Image.



