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Abstract

The story of seismic imaging over BHP’s Shenzi Gulf of
Mexico production field follows the history of offshore seismic
imaging, from 2D to 3D narrow-azimuth streamer acquisition
and to its leading the wide-azimuth movement with the Shenzi
rich-azimuth (RAZ) survey. Each RAZ reprocessing project
over the last 15 years applied the latest processing technology,
culminating in hundreds of scenario tests to refine the salt
model, but eventually the RAZ data reached a technical limit.
A new ocean-bottom-node (OBN) survey acquired in 2020 has
produced a step-change improvement over the legacy RAZ
image. The uplift can be attributed to several factors. First, an
OBN feasibility and survey design study demonstrated that a
core of dense nodes combined with sparse nodes would improve
the accuracy and resolution of the full-waveform inversion
(FWI) solution. Second, the OBN data acquired following the
survey design and employing FWT as the main model-building
tool realized the predicted improvement. The result was a sub-
stantial change to the complex salt model, verified by a salt
proximity survey as well as other salt markers, and improvement
in imaging over the entire field. In addition to the improvement
arising from a more accurate FW1I velocity model, the steep-dip
imaging also benefited from the new full-azimuth and long-offset
data. However, the best steep-dip and fault imaging comes from
the FWIimage, a direct estimation of reflectivity from the FWI
velocity. As the maximum frequency used by FWI moves toward
the maximum frequency of the final reverse time migration
(RTM), the FWI image approaches the resolution necessary
to compete as the primary interpretation volume. Its subsalt
illumination surpassed that of the RTM and even the least-
squares RTM volumes. These imaging improvements are provid-
ing a new understanding of the faults and stratigraphic relation-
ships of the field.

Introduction

Shenzi Field in the Atwater fold belt of the deepwater Gulf
of Mexico is a set of subsalt Miocene reservoirs below a thick and
complex salt canopy. The field has been producing oil since 2009.
The Shenzi-1 discovery well was drilled in 2002 to a depth of
26,607 ft. The production field currently has more than 30 wells
and produces 45,000 barrels of oil per day.

Shenzi has a long history of seismic imaging, from 2D in
the 1990s and 3D narrow azimuth in the early 2000s to the
Shenzi rich-azimuth (RAZ) survey (Howard, 2007), an almost
full-azimuth survey acquired in 2005 that was the first multi-
wide-azimuth survey in the industry. The RAZ data have since
been processed several times, with each reprocessing taking

advantage of the latest technology to further improve the imag-
ing. In 2014, the last time the RAZ data were reprocessed, the
subsalt image coherence improved significantly over the first
RAZ processing, and it appeared to resolve most of the subsalt
imaging challenges. However, a zone of poor imaging persisted,
primarily around the salt stock. This zone shrank with each
successive reprocessing effort, but it remained considerable in
size. In particular, poor image quality on the east side of the
field made well planning difficult. Fault interpretation was
problematic due to challenges in distinguishing complex geology
from noise. The amplitudes were also not consistent across
reservoir events, indicating possible illumination gaps or an
incorrect model. Overall, the subsalt resolution was inadequate
for the detailed interpretation needed. It was determined that
the RAZ data had reached a technical limit, and additional
reprocessing likely would yield only small incremental benefits
rather than the major uplift needed to continue optimal field
production and identify new opportunities. Due to recent
successes with full-waveform inversion (FWI) using long-offset
ocean-bottom-node (OBN) data (Michell et al., 2017; Shen
etal., 2018; Zhang et al., 2018; Nolte et al., 2019), a new OBN
survey was considered the best way to achieve the required
improvement in image quality. A feasibility study was performed
to ensure that an OBN survey would address the specific imaging
challenges that had been identified. This OBN survey was
acquired from late 2019 to early 2020.

The processing project was scoped to include reprocessing
of the RAZ data, velocity model building centered on time-lag
FWI (Zhang et al., 2018; Wang et al., 2019), and a merge of
the RAZ and OBN final reverse time migration (RTM)
volumes. The project started before the OBN acquisition was
completed. The RAZ reprocessing included FWI, with the
aim of generating an improved starting model for the OBN
FWI. The migrations of the reprocessed RAZ data were used
to evaluate the OBN FWI model in the early iterations. As
the OBN FWI used raw data to derive a full velocity model
from top to bottom, it was possible to produce a RAZ RTM
fast-track volume from an OBN FWI model one month after
acquisition completion, early enough to influence the planning
of an upcoming well.

Although the Shenzi velocity model had been worked and
reworked over many years, the changes resulting from FWI
enabled by the OBN data were substantial. This paper will review
the major components of the survey design, velocity model
building, and imaging that contributed to the step change in
subsalt image quality. We also describe the impact that the new
OBN imaging has made on the interpretation.
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Feasibility and survey design

Understanding the imaging challenges was key to demonstrat-
ing that a new OBN survey would be able to resolve them. To
that end, synthetic data were generated from a detailed 3D syn-
thetic model in order to analyze the imaging issues and design
an OBN survey with optimal parameters.

'The density model was builtin SKUA-GOCAD using several
layers, including salt and reservoir horizons. Twenty-seven density
well logs were propagated within the layers. Faults were inserted
manually to ensure that sharp discontinuities were included in
the model (Figure 1). Once the finite-difference data were gener-
ated, noise and multiples from the real RAZ data were added to
the synthetic RAZ data. However, even with this noise inserted,
the RTM image of the actual RAZ data was still much noisier

2y-0BN_72.Block mode)-050818

Figure 1. The density model used for synthetic generation was built with information from density logs propagated along the

layers. Faults were inserted manually into the model.

Figure 2. (a) A node hit map from the feasibility study on a target horizon. Warm colors indicate higher contribution of the node
location to the target horizon. The red and cyan polygons represent smaller and larger target areas, respectively. The green
polygon shows the optimal dense-node coverage. The 0BN node and source layouts are shown in (b). The feasibility study
recommended a dense core of approximately 2500 nodes for imaging and model building and an outer ring of approximately
1000 sparse nodes to further aid FWIin resolving the complexity of the velocity field. The sparse node ring extends 10 km
outside of the dense-node core, and the shot halo extends an additional 2 km beyond the sparse node boundary.
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and less coherent than the image of the synthetic data. To simulate
the effect of an incorrect model, changes were made to the true
model. Sediment inclusions were removed in the salt, and the top
of salt (TOS) was smoothed. After these changes, the migration
image of the synthetic data approached the degraded subsalt image
observed with the RAZ data. This indicated that velocity error
was likely the main reason for the poor subsalt image in the real
data. With an inaccurate velocity model identified as the primary
cause for poor subsalt imaging and FWI as the best hope to
improve it, the focus shifted to determining the OBN survey
parameters needed to optimize the FWI outcome.

Acquisition parameters were selected based on tests using the
synthetic data set while taking into account cost considerations.
The node footprint was chosen based on node contribution maps
for a number of key subsalt horizons
(van Gestel et al., 2015; Chakraborty
etal., 2017). These maps show the rela-
tive contribution of each node to the
amplitude of the migrated image on
selected target horizons using a normal-
ized root-mean-square measurement
(Figure 2a). Migration and FWI check-
erboard inversion tests were used to
determine the other main acquisition
parameters, such as shot halo, crossline
offset, shooting direction, blending
noise effect, and node sampling.
Although 200 x 200 m node sampling
gave the best imaging results, the chosen
node sampling was 400 x 400 m due to
the availability of nodes and because
the RAZ offered a relatively good
complement to the OBN. In addition,
the study showed that there would be
significant FWI resolution improve-
ment from placing sparse nodes at a
1 x 1 km spacing within a 10 km halo
around the core dense-node footprint,
which led to the final design in
Figure 2b. This decision proved to be
12km Source Boundary  yise, as the sparse nodes ended up being
critical to the success of the project.

10 km Sparse Nodes
1 km x 1 km

FWI for velocity update

The velocity model building com-
menced with the existing RAZ data
while the OBN acquisition was ongoing,

Dense Nodes
400 m x 400 m

with the goal of improving the input
model for the OBN FWI. Beginning
from a smoothed version of the legacy
velocity model, three rounds of RAZ
FWI with frequencies up to 6 Hz were

Source Turn Boundary

run. Each time, edits were made to the
initial model based on well information,
subsalt velocity updates from RTM
surface offset gathers, or modifications
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to the salt as indicated by the changes made in the previous round
of FWI (Kumar et al., 2019).

Figures 3a-3d show the legacy and third-round RAZ FWI
models and their corresponding 15 Hz RAZ RTM images. These
initial rounds of RAZ FWI produced a clear improvement in
imaging over legacy results, increasing event continuity and
coherency. The salt feeder was reshaped, widening in the shallow
section, with indications of faster velocities in the Mesozoic
packages observed at the bottom of the subsalt basins, and climbing
along the feeder flank. The deep autochthonous base of salt (BOS)
and basement events began to flatten and come into focus, indicat-
ing an improved velocity above.

While the RAZ FWI updates delivered good uplift to the
image and gave some indication of the potential improvement to
come from OBN FWI, the 8.5 km maximum offset of the streamer
data set limited the ability of FWI to update the deeper section
of the model. Here, the inversion is driven almost entirely by
reflection energy, and the update is not able to move far enough
from the starting model (Figure 3b). To better resolve the velocity
in the deeper section, the OBN data with their clean low-frequency
signal and substantially longer offsets were needed.

By the time the OBN acquisition ended, the starting velocity
model was ready. Maximum offsets for the OBN data range from
approximately 20 to 45 km, depending on the location of the
node within the survey area. A good signal-to-noise ratio (S/N)
at low frequency combined with the advanced time-lag FWI
algorithm enabled the OBN inversion to start at 1.6 Hz, reducing
the chance of cycle skipping. The maximum frequency of the
OBN inversion was 11 Hz, and while
we did see improvements in focusing
and coherency up to the maximum
frequency, the bulk of the kinematics
was captured by 67 Hz.

Figures 3e and 3f show the OBN
FWI model and RAZ RTM image for
comparison with legacy and RAZ FWI.
The OBN FWI further expanded the
salt stock and changed details of its
shape. It also changed the subsalt veloci-
ties essentially everywhere. Most nota-
bly, velocities in the Mesozoic sections
were increased, with the trend becoming
more conformal to the geology.
Compared to the RAZ FWI, events
are repositioned and more coherent at
the reservoir level with the OBN FWI.
Basement and deep BOS events con-
tinue to flatten, which is another indica-
tion of improved kinematics. To reduce
turnaround time for a fast-track product,
an inversion using only the dense nodes
was run to 6 Hz. The production-level

Figure 3. (a) 15 Hz RAZ RTM images migrated with the legacy model, (c) 6 Hz RAZ FWI model, and (¢) 11 Hz OBN FWI model with
models overlaid. The same RTM images without models overlaid are shown in (b), (d), and (f). The dashed yellow lines show

the fast-track and production inversions to gauge the impact of
the sparse nodes on the update. Introducing sparse nodes into the
acquisition shot halo is a cost-effective means to increase the node
footprint, and even though the S/N of the inverted solution is
lower over the sparse node footprint, the resulting RTM image
is not significantly different (Mei et al., 2019; Xue et al., 2020).
As predicted by the synthetic study, the additional constraints
from sparse nodes enable FWTI to further resolve the model in
the more complex areas. Figure 4 shows the 15 Hz RAZ RTM
images migrated with the legacy model, the dense-node-only
6 Hz FWI model, and the all-node 6 Hz FW1 model. The inline
and crossline pass through the TOS marker of a salt wing protrud-
ing from the feeder. This wing was encountered unexpectedly
while drilling. The legacy model ties the marker due to manual
insertion of the wing, but little information was available for the
interpretation aside from the marker position (Figures 4a and
4d). The dense-node-only FWI reshapes the salt geometry, dra-
matically improving the image, but increases the mis-tie (Figures 4b
and 4e). Adding the sparse node data to the inversion further
refines the salt geometry in this complex location and greatly
reduces the mis-tie (Figures 4c and 4f).

Model accuracy

Even after many years of refining the velocity model over
Shenzi Field, FW1 still delivered significant broad-brush changes
to the salt model and subsalt velocities. While the uplift on the
image is clear and subsalt markers match the seismic, the amount

of change to the salt geometry naturally raised questions about

- -

inversion started from the same input
model but used all nodes (dense and
sparse). We compared the 6 Hz models
and corresponding RTM images from
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the extent of the legacy salt feeder, which was expanded by RAZ FWI and further expanded by OBN FWI. Noise on the RAZ FWI
update (red arrows) is not present on the 0BN FWI updated model. Faster velocities in the Mesozoic section (black arrows)
are detected. RAZ FWI shows some hints, while OBN FWI better defines the high-velocity packages, and the zones can be seen
climbing along the feeder flank. The RTM images show improved event coherence and continuity (yellow arrows). The strong
hasement event begins to flatten and focus after RAZ FWI. With OBN FWI, the focusing and continuity improve further.
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the validity of the new model. Evaluation of the model accuracy
and FWI convergence was performed through a number of quality-
control measures including diving-wave analysis, model compari-
sons against data from a salt proximity survey, and FWI tests
using different initial models.

Diving-wave analysis. Diving-wave illumination maps from
large scattering-angle RTM images (Ahmed, 2018) were produced
for three different data-model combinations: (1) real data migrated
with the OBN FWI input model, (2) real data migrated with the
OBN FWTI output model, and (3) synthetic data generated and

Figure 4. Inline view of 15 Hz RAZ RTM images with velocity model overlaid for (a) legacy, (b) 6 Hz dense-node-only FWI, and

(c) 6 Hz all-node FWI taken through the TOS marker for the salt wing (yellow). The crossline view is shown on the bottom row.
Zoom-ins are shown in the upper right. (a) and (d) Before FWI, the legacy model matched the salt marker well due to manual
interpretation. (b) and (e) After dense-node-only FWI, the shape of the salt is changed dramatically, but the mis-tie becomes
worse. (c) and (f) Adding the sparse nodes to the inversion further refines the salt geometry, and the well tie is greatly improved.
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migrated with the OBN FWI output model. These maps give a
qualitative picture of the diving-wave illumination in the subsurface
and, for the real-data case, the accuracy of the model. The synthetic
case represents the ideal situation (true model and high S/N).
Because the true model is used to generate and migrate the synthetic
data, the forward- and back-propagated wavefields will be in phase
along the entire wavepath, and the map can be interpreted as a
guide for diving-wave penetration (Figure 5¢). In the real-data
case, our model is still not completely correct, and the S/N of the
data can be poor, especially at very long offsets (greater than
approximately 20 km). The large increase
in amplitude of the real-data output
model illumination map over the input
model map indicates a stronger cross-
correlation between source and receiver
wavefields, implying a more accurate
velocity model (Figures 5a and 5b). The
real-data output model and synthetic
data maps show similar illumination
patterns and relative amplitudes, with
the deeper subsalt basins and the feeder
itself being relatively well illuminated
by diving waves and weaker zones of
illumination at BOS. Although this is
a qualitative technique, it does indicate
that the updated model is more accurate
and the real-data illumination is
approaching the ideal synthetic case.
Salt proximity survey. As a blind
test, a vertical seismic profile salt prox-

imity survey was provided only after
the model was derived by the OBN
FWI. Figure 6 shows the estimated
position of the salt flank compared to
different velocity models. The salt flank
of the legacy model, built following a

Figure 5. Diving-wave illumination maps for (a) real data migrated with the BN FWI input model, (b) real data migrated with the 0BN FWI output model, and (c) synthetic data generated
from and migrated with the OBN FWI output model. Blue shades indicate areas of positive correlation, and browns indicate areas of negative correlation. The amplitude increases
significantly after the FWI update, and the illumination along the salt feeder is relatively good. The areas directly beneath BOS have weaker illumination. The map from real data with the

FWI output model is consistent with the ideal synthetic case.
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Figure 6. (a) Legacy model overlaid with the corresponding RTM image along the shallow part of the salt interface according to the salt proximity survey. (b) The same legacy model but

overlaid on the enhanced legacy stack. (c) and (d) The RAZ FWI and OBN FWI models overlaid o

n their respective RTM images. (e)—(h) The corresponding deeper sections. The interface is

marked by the green lines, and the red dots indicate where the seismic slice intersects the interface estimated by the survey. The legacy model is missing a large amount of salt, and the
legacy postmigration enhancement extended some events across the interface estimated from the proximity survey. The RAZ FWI model already starts refining the salt wing but cannot

correct the large error in salt geometry. The OBN FWI model shows a very good match with the

conventional top-down model-building flow with manual inter-
pretation of salt horizons and the best velocity model at the time,
is far from the location given by the proximity survey (Figures 6a
and 6e). Consequently, selective dip-filtering postmigration
enhancement on the legacy image extended some sediment events
beyond the estimated salt-flank position, highlighting the danger
of such techniques (Figures 6b and 6f). The RAZ FWI already
brings the salt flank closer to the salt proximity survey location,
but it underestimates the amount of salt in the shallow section
and overestimates the amount of deep salt (Figures 6¢ and 6g).
The OBN FWI model gives the best match to the salt proximity
data, refining the shape of the salt feeder so it agrees well in the
shallow and deep sections (Figures 6d and 6h). The good match
of the model, derived by FWI with the salt proximity survey,
supports the validity of the large salt increase in the feeder.
Although the estimated flank position from the salt proximity
survey has its own uncertainty, it is good to see that the two
independent approaches arrive at similar conclusions. This quality
control also highlights the power of the data-driven FWI workflow
to construct accurate velocity models in complex regions where
conventional interpretation-based model-building approaches can
be severely inadequate.

Starting model. The size of the Shenzi salt feeder increased
considerably with OBN FWI, but this had already started with
RAZ FWI, making us question whether RAZ FWI put us in
a local minimum. To test the convergence of the FWI solution
and the corresponding data constraints at this location, another
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proximity survey data.

inversion was run, starting directly from the smoothed legacy
model. This model has far less salt in the neck of the feeder. The
two starting models also had large differences in the deep basin
velocities and in the velocities along the salt flank (Figures 7a
and 7b). Aside from the difference in starting model, the two
inversions were carried out in the same manner (identical starting
frequency, maximum frequency, input seismic data, and number
of iterations). The output models from the two inversions, shown
in Figures 7c and 7d, are quite consistent despite starting from
very different points. The amount of salt in the feeder was
increased by FWI in both cases and more significantly for the
inversion starting from the legacy model. Fast carbonate velocities
at the bottom of the basins and along the salt flanks were detected
in both cases as well. The two starting models result in images
of comparable quality, with some small differences in depths.
This indicates the OBN data provide good constraints for FWI
to successfully converge.

Imaging

The feasibility study indicated that an inaccurate velocity
model was the main reason for poor subsalt image quality, and
the updated velocity from OBN FWI greatly improved the image,
increasing event coherency and continuity. While this achieved
the main goal for acquiring OBN data, there was an expectation
from the synthetic study that the subsalt image would also benefit
from the additional offset and azimuth coverage. As it turned
out, the imaging uplift it provided was significant. Offsets up to
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approximately 20 km led to substantial benefits for steep-dip
imaging of events along the Shenzi salt stock. Many of these
events along the feeder flank could not be imaged at all with the
RAZ data, even with a much-improved velocity model, but are
now visible on the OBN RTM image (Figures 8a and 8b). The
sparse node data, which were acquired to aid the model building,
also gave a sizeable contribution to the steep dips along the feeder,
albeit with some trade-off in S/N (Figure 8c).

Nevertheless, the RTM image shows that the illumination
is still relatively poor in many places, even with OBN data. The
image domain single-iteration least-squares RTM (LSRTM),
which is based on matching filters in the curvelet domain (Wang
etal., 2016) and runs on angle gathers, offers good improvement
in these low-illumination zones. A comparison of 15 Hz RTM
and LSRTM images is shown in Figures 9a and 9b. Amplitudes
of the steeply dipping events along the feeder flank are enhanced
by LSRTM. Yet, some events still appear weak or even nonexistent
in several locations. The FWTI image volume, an approximation
of the reflectivity derived directly from the FWI velocity model

(Zhang et al., 2020), provides the best compensation and most
balanced amplitudes. The FWI image is calculated by taking the
derivative of the velocity model along the normal direction to the
reflector dips, assuming that the density is constant.

There are some key differences between RTM or LSRTM and
the FWI1 image. First, the input to RTM is the processed downgo-
ing primary reflection energy after free-surface multiple attenuation,
while FWT uses raw data containing transmission waves, primary
reflection energy (both upgoing and downgoing), and their free-
surface and internal multiples. These additional modes can provide
increased subsurface illumination, which is critical for imaging in
complex areas. Second, the FWI image is derived from the FWI
velocity model generated through a least-squares data-fitting
process. Therefore, the FWI image exhibits many of the charac-
teristics typical of least-squares migration, including more balanced
amplitudes due to compensation of input fold heterogeneity and
illumination variations and reduced migration artifacts.

In Figure 9¢, the FWI image shows a more balanced amplitude
along the poorly illuminated steep dips, similar to LSRTM. The

Figure 7. (a) Smoothed legacy model. (b) Smoothed RAZ FWI model. (c) OBN FWI output starting from (a). (d) OBN FWI output starting from (b). Depth slices are shown at 23,000 and
25,000 ft. The salt feeder is much larger on the RAZ FWI model than the legacy model, and the deep basin velocities are quite different between the two starting models. FWI converges
to a very similar solution starting from either model with comparable images.
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FWI image is superior in the most
illumination-challenged areas, such as
the shallow subsalt just below BOS. The
steep events extend all the way to BOS
with relatively strong amplitudes, while
they cannot be seen at all on the LSRTM
image. It is difficult to know for certain
if this region could be illuminated by
modes other than downgoing primary
reflections. Illumination from nonpri-
mary modes would make it nearly impos-
sible for Born-modeling-based LSRTM
to compensate the amplitudes properly.
Another point to note is that although
the FWI image is not free of noise, its
S/N is higher than the raw RTM image
and comparable to LSRTM.

'The initial scope of the project was
to rely on FWI for model building and
RTM for imaging, with a planned
maximum frequency for FWI of 11 Hz.
However, since the FWI image at 11 Hz
showed clear imaging benefits over
RTM, the decision was made to increase
the maximum frequency of the inversion
to 20 Hz with the purpose of generating
a high-frequency FWI image more
comparable to the final 25 Hz RTM
volume. Figure 10 compares the 11 and
20 Hz OBN FWI images with the
25 Hz final RTM. At 20 Hz, the resolu-
tion of the FWI image is approaching
that of the 25 Hz final RTM subsalt,
but with higher S/N and more balanced
amplitudes. The high-frequency FWI
image is particularly good at imaging
steep dips and faults. The combination
of high resolution, improved illumina-
tion, and good S/N make the FWI
image a direct competitor to RTM as
the primary structural interpretation
volume. Note that even though its
amplitudes are consistent with those
from RTM, they still need to be taken
with caution, as a constant density is
assumed for its derivation.

Seismic interpretation

Figure 8. Comparisons of (a) 15 Hz RAZRTM, (b) 15 Hz OBN RTM with dense nodes only, and (c) 15 Hz OBN RTM with dense and
sparse nodes. The additional illumination from the long-offset 0BN data provides better steep-dip imaging. The sparse nodes
provide further illumination along the feeder flanks, but they also bring increased noise (seen within the basins, within the salt
hody, and at hasement level).

Figure 9. (a) 15 Hz OBN RTM. (b) 15 Hz OBN LSRTM. (c) 15 Hz FWI image. lllumination remains poor even with OBN data, but
LSRTM provides some compensation for the weak amplitudes along the steep flanks of the feeder. The best compensation is
provided by the FWIimage. An estimate of the reflectivity comes directly from the FWI velocity model. The poorly illuminated
events (steep dips and basement) show more balanced amplitude, and the steep dips extend all the way to BOS.

Figure 10. (a) The 11 Hz FWI image already shows the benefits of increased illumination and more balanced amplitudes but lacks
resolution. A comparison of (b) the 20 Hz FWI image and (c) the final 25 Hz 0BN RTM shows much better imaging of the faults
(yellow circles) on the FWI image. They are more continuous with more balanced amplitude and higher S/N. The resolution of the
20 Hz FWIimage is comparable to the final 25 Hz 0BN RTM.

help identify critical faults and stratigraphic features that act as
baffles or barriers to fluid flow. Uplift from OBN seismic and FWI
images enables higher confidence and more detailed seismic inter-

OBN seismic and FWI image technology are proving to be
key enablers to unlock the potential of midlife fields in the subsalt
Gulf of Mexico. Subsalt seismic interpretation in the Atwater fold
belt is historically difficult due to poor-quality seismic data created
by the rugose Sigsbee salt canopy and steep structural flanks of
salt stocks. In Shenzi Field, seismic interpretation of particularly
challenging areas has relied on supplemental information from
well penetrations, reservoir simulations, and history matching to
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pretation, providing opportunities to extend the longevity of Shenzi
Field. These new technologies have unlocked our subsurface
understanding of three key features at Shenzi: (1) fault interpretation
of Miocene reservoirs, (2) salt-sediment interactions during
Paleogene to Neogene deposition, and (3) structural conformance
of amplitudes in largely untested Paleogene reservoirs.

Detailed interpretation of faults and stratigraphic horizons is
the backbone to understanding any producing field. The structural
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setting at Shenzi includes upturned and faulted strata flanking a
centralized salt feeder. Multiple episodes of faulting throughout
the Cenozoic, concurrent with a pulse of hydrocarbon migration
from the underlying Mesozoic source rocks, set up pockets of oil
and gas accumulations in sand-rich Miocene reservoirs. Prior to
the OBN survey, seismic interpretation of the legacy 25 Hz dip-
enhanced RAZ RTM supported a relatively low density of faults
through north-south crosslines in the main producing area of Shenzi

Field (Figure 11a). Legacy fault and horizon picks were of relatively

Figure 11. A comparison of the fault interpretation based on (a) the legacy 25 Hz dip-enhanced RTM and (b) the 20 Hz FWI image.
High resolution, balanced amplitudes, and good S/N contribute to improving the subsalt image, giving greater confidence to

fault picks on the FWIimage.

Figure 12. Enhanced 15 Hz RAZ RTM (a) migrated with the final model and (b) with the interpretation overlaid. The same is
shown for the 20 Hz FWI image in (c) and (d). The interpretation of the shallow strata east (right) of the feeder has changed
substantially. The Paleogene section is upturned and reaching BOS with Miocene layers onlapping (red arrow in d) rather than
decreasing in dip near the salt as in (b). In the west (left side of the feeder), an amplitude anomaly (red arrow in ¢) was observed
with early investigations pointing to the possibility of a previously undetected DHI.
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low confidence in this challenging region. Seismic interpretation
of the 20 Hz FWI image paints a very different picture, with a
series of gravity-driven slump faults cutting across stair-stepped
Miocene reservoirs and likely detaching in a ductile unit above or
near the Oligocene (Figure 11b). Higher-confidence fault interpreta-
tions are attributed to better imaging of shallower and deeper
sections, where amplitude breaks are largely absent. Large-scale
reverse faults through deeper strata are also more clearly imaged
and interpreted. Horizon interpretations from the FWI image also
show a consistent thinning trend toward
the crest, compared to legacy interpreta-
tions that have abrupt thickness changes
across faults.

On the eastern flank of Shenzi, the
relationship between Paleogene and
Neogene strata changes drastically with
the FWI image interpretation.
Interpretation of the 15 Hz RAZ fast
track shows strata thinning updip and
reaching the crest of the structure,
truncated by salt (Figures 12a and 12b).
Interpretation of the 20 Hz FW1image
upends that geologic scenario by defin-
ing a clearly upturned Paleogene section
on which Miocene strata onlap downdip
of salt (Figures 12c and 12d). This step
change in seismic interpretation impacts
our understanding of nearly every aspect
of the Shenzi petroleum system, includ-
ing source migration pathways and
timing, structural and stratigraphic
trapping elements, and reservoir storage
and deliverability.

Lastly, seismic uplift on the western
flank of Shenzi shows a newly identified
amplitude anomaly that conforms to
structure in the Paleogene section
(Figure 12). Preliminary investigations
indicate that the amplitude anomaly is
not an illumination artifact, suggesting
it could represent a previously unde-
tected large direct hydrocarbon indica-
tor (DHI) in an actively producing field.

Conclusions

In the many years of refining the
Shenzi velocity model and interpreta-
tion, new technology has always been
adisruptor in terms of our understand-
ing of the salt and subsalt structure. This
time, recent advances in FWI and an
OBN acquisition enabled us to move
past the limitations inherent in the
existing streamer data set. The sparse
node halo added to the core node foot-
print provided ultra-long offsets that
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helped FWI resolve details even beyond the deep autochthonous
BOS. Although a more accurate FWI velocity model was the
primary expectation from the OBN survey, the long offsets of the
OBN also imaged the steep salt flanks for the first time. The
sparse nodes proved useful again, contributing to the imaging of
these steep salt flanks. Ultimately, the best image of steep dips
and faults did not come from the RTM image, but from the image
derived directly from the FWI velocity.

Planning for the OBN survey was important to ensure that the
acquired data would enable us to meet the imaging objectives. Yet,
we also gained new insight from the processing. First, we learned
that with the existing streamer survey we could produce a fast-track
volume within a month of completing the OBN acquisition, which
could provide important imaging uplift and help influence well
planning. Reducing cycle time of imaging projects has been a
long-standing industry goal. With FWI using OBN data for
automatic salt model building, this goal has become reality.

'The second lesson learned was that velocity models can never
be fully resolved with a manual interpretation workflow. While
evaluating our result, we tested several salt scenarios that modified
the FWI velocity to better fit our previous understanding of the
structure. These changes always made things worse. In comparison,
a data-driven approach and its image improvements, from increased
focusing and continuity in the shallow subsalt down to a very
coherent and rather simple basement structure, together with the
different quality controls we conducted, gave much higher con-
fidence in the validity of our final image. Yet, in areas with reduced
diving-wave illumination, such as just below BOS, well informa-
tion was useful to manually guide the FWI solution. Even though
the impact of these edits was minor, it shows that an understanding
of the limitations of the FWI-driven method is important.

'The third lesson learned was that a high-frequency FWIimage
can compete as the primary interpretation volume. With an FWI
frequency of 20 Hz, the subsalt resolution approached that of the
final 25 Hz RTM. Its structural benefits, such as coherence of
events, especially steep dips and faults, is superior in many places
to the RTM. The FWI image becomes a new addition to the
imaging and interpreter toolbox. This could become increasingly
powerful as more physics is incorporated into the modeling and
inversion, such as density, anisotropy, absorption, and elasticity.

'The step change achieved in Shenzi imaging was the result
of the new technology used in the acquisition and processing.
After many years of incremental changes, this is an exciting time
to be involved in seismic imaging. HE
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