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Abstract

Results are presented from the processing of a recent survey in the deep waters of the Campos Basin, offshore Brazil. The acquisition configuration was a result of extensive survey design and modelling studies, designed to meet both the technical needs of the area and the regulatory requirements of Brazil. Survey planning considered characteristics of the existing legacy data, specific geological targets, imaging challenges in resolving the pre-salt syn-rift section, and sampling requirements of high-end imaging methods. We show that the combination of a legacy survey with an appropriately designed new survey provides the basis for robust velocity building and notable improvements in image quality. We also present least-squares migration examples highlighting the value of this approach for both broad, regional interpretation and more focused reservoir characterization work.


Introduction

Exploration and reservoir development in Brazil’s Campos Basin continues to add new seismic data to areas that have been previously covered with 3-D surveys. Combining multi-sensor, broadband fidelity with richer azimuth illumination is a proven concept for providing upgraded seismic data in a practical and efficient manner (e.g., Oukili et al., 2020; Reiser and Mueller, 2021). This technology was deployed in the Campos Basin as part of a pragmatic strategy to upgrade existing data. The new narrow-azimuth survey was acquired with a north-south orientation, complementing the east-west legacy survey acquired more than twenty years earlier. The combination of these two datasets with their different azimuths and the harmonizing of the pre-processing, velocity model building and imaging brings important uplift to subsurface illumination.


Survey Design

Survey design and planning for this survey focused on ensuring the new data would benefit the velocity model building and imaging challenges in the Campos basin. Multi-azimuth streamer acquisition is not a new development in Brazil; surveys over several blocks/fields have shown good uplift in imaging with the inclusion of additional azimuthal information (e.g., Cooke et al., 2011; Burren et al., 2013; Comeaux et al., 2013, Vieira de Luca et al., 2017). Contemporary towed streamer acquisition allows unobstructed areas to be surveyed quickly and efficiently, applying the multi-azimuth concept effectively over large areas, covering many proven and prospective fields.  This acquisition configuration provides a data set which is not only useful for regional exploration but can also support smaller scale prospect analysis using more focused velocity model building and advanced imaging.

As described previously (Burren and Unger, 2022), the legacy data was acquired east-west using a Continuous Long Offset (CLO) configuration, providing offset coverage up to 8 km. CLO is an acquisition configuration using two vessels: one source-only vessel along with a second vessel equipped with both sources and streamers, allowing offsets longer than the streamer length to be acquired (van Mastrigt et al., 2002). The new, second azimuth increased the maximum offset to 10 km.  It also took advantage of the capacity of modern seismic vessels to tow 14 streamers to increase the efficiency of the acquisition program. These two surveys combined provided around 8200 square kilometers of dual-azimuth (DAZ) coverage. Figure 1 shows a schematic of the two acquisition designs.
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[bookmark: _Ref98090834]Figure 1: Schematic of the DAZ configuration: legacy CLO data shot east/west, using two vessels achieving a maximum offset of 8 km, and new survey shot north/south with 10 km cables

The new survey design was developed to bring additional azimuthal information and to increase the maximum offset to aid both imaging and velocity model building. The survey design included modeling studies, based on information from the legacy reprocessing. 
Velocity Model Building

Aspects of the Fast Track (FT) and Full Integrity (FI) velocity model building work in this area have been discussed previously. The FT work took advantage of automated tomography methods to provide an early out image (e.g., Martin and Bell, 2019). The Full Integrity model building picked up from this robust starting point, taking advantage of the new data’s offset and low frequency characteristics by employing Full Waveform Inversion to develop a more detailed velocity model (Alcantara et al., 2021). The basic TTI VMB workflow is shown in Figure 2.
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[bookmark: _Ref135741997]Figure 2: Basic TTI velocity model building workflow.


Imaging

The dataset was imaged using a TTI Kirchhoff Pre-Stack Depth Migration (KPSDM) for high resolution imaging of the post-salt sequence and simpler salt structures. A TTI Reverse Time Migration (RTM) was used to resolve the more complex structures. Both migrations provided image gathers for parallel post-processing and imaging enhancements on the separate surveys. The combined dual-azimuth image provided the anticipated illumination benefits as well as improvement in the signal-to-noise ratio. Figure 3 illustrates the image uplift, comparing the legacy NAZ with the new DAZ. Figure 4 shows and example of the final RTM and KPSDM.
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[bookmark: _Ref135742068]Figure 3: image comparison from the legacy and latest processing.
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[bookmark: _Ref135742117]Figure 4: Example images from the KPSDM (top) and RTM (bottom) dual-azimuth final stacks.

These conventional migrations, produced over a large area, provide robust regional products for initial assessment of the hydrocarbon potential. Once specific areas of interest have been identified, additional work can be performed to further enhance these results, for example Least Squares Migration (LSM).

LSM aims to compensate for data and imaging limitations: restricted apertures, incomplete sampling in the field data, acquisition effects and variable illumination. Correcting for these effects brings more stable amplitude behavior (important for AVA studies), improves vertical resolution, and broadens spatial resolution.

LSM solutions can be broadly divided into two approaches: image-domain and data-domain (Figure 5).
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[bookmark: _Ref135750290]Figure 5: Schematic for the two categories of LSM.

Data-domain solutions involve several loops of modeling, migration, and inversion, which can make them computationally expensive. Image-domain methods provide a simpler, but more efficient approach allowing corrections to be applied to existing migrated images.

Figure 6 and Figure 7 illustrate the uplift brought to these data by an image-domain LSM solution. The broader bandwidth and improved reflector continuity are clear.
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[bookmark: _Ref135743052]Figure 6: Example images from the migration, post-salt (top), pre-salt (bottom).
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[bookmark: _Ref135742900]Figure 7: Example images from least-squares migration, post-salt (top), pre-salt (bottom).

The enhancement in horizontal bandwidth brought by the LSM is clearly illustrated on the depth slices (Figure 8). The least-squares process helps deblur the image, better resolving subtle faulting while sharpening reflectors.
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[bookmark: _Ref135401419]Figure 8: Depth slice through the migration (top) and the least-squares migration (bottom).

The value and importance of the least-square process is further demonstrated by analysis of the frequency content and AVA behavior. The LSM migration has a flatter amplitude spectrum, while the near/far amplitude cross-plots show the AVA behavior is more stable (Figure 9).


[image: ]
[bookmark: _Ref135402507]Figure 9: Amplitude spectra and near/far stack amplitude cross-plot from migration (left) and LSM (right). The red and yellow spectra show measurements in the post-salt and pre-salt, respectively.


Conclusions

New acquisition combined with reprocessed legacy data delivered improved imaging over 8200 square kilometers in the deep waters of the Campos Basin, offshore Brazil. This was achieved using an acquisition configuration based on extensive survey design and modelling studies, designed to meet both the technical needs of the area and local regulatory requirements. Several key factors were considered: characteristics of the legacy data, specific geological targets, imaging challenges in resolving the pre-salt syn-rift section, and sampling requirements of the high-end imaging methods. The combination of the legacy survey with an appropriately designed new survey provided the basis for robust velocity building and notable improvements in image quality. Once the broad, regional interpretation has identified specific areas of interest, least-squares migration can further enhance the value of these data for more focused reservoir characterization work.
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